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CHAPTER I 

INTRODUCTION 

1. 1. BACKGROUND 

The primary aim of lubrication consists in achieving complete sep
aration of the rubbing surfaces of the lubricated machine element 
so as to reduce detrimental friction and wear to a minimum. In 
many cases such a separation can be materialized by interposing 
some flowing oil between the rubbing surfaces. In the consequent 
hydrodynamic lubrication the load imposed on the rubbing surfaces 
is completely borne by the oil film created. This oil film - whose 
thickness frequently amounts to only a few microns - may thus be 
stated to act, by its very nature, as a real constructional element. 
Accordingly, the lubricating oil should be regarded and treated as 
a real constructional material. 

The latter concept has been introduced and consistently applied by 
Blok, whilst demonstrating convincingly its great impo.rtance to 
the designer of lubricated machine elements .L-6). 

It is 'viscosity that has proved the essential constructional property 
of oils employed in hydrodynamic lubrication. In general, however, 
viscosity does not simply assume a uniform level throughout a given, 
hydrodynamically created, oil film. This accrues from the non-uni
formity of the temperature and/or pressure prevailing in the oil 
film. Indeed, many hydrodynamically lubricated machine elements 
operate over ranges of temperature and/or pressure so extensive 
that the consequent variations of the oil's viscosity may become quitl' 
considerable and, in turn, may seriously affect its lubrication per
formance. 

Consequently, sufficient knowledge of the viscosity-temperature
pressure relationship of lubricating oils is indispensable. 

The indicated importance in hydrodynamic lubrication alone would 
constitute sufficient reason for delving as deeply as possible into thl' 
pertinent aspects of the viscosity-temperature -pressure relationship 
of liquids, notably those currently employed in lubrication practicl'. 
In addition, howe\ ",r, the knowledge thus gained may advantageollsly 
be applied in many other problems encountered with flowing liquids 
in general. 

Therefore, the importance of the present investigation covers vari
ous fields of modern technology, and the applicability area is still 
expanding as widely varying temperatures and pressure's' are increas
ingly encountered nowadays. The temperature variation of viscosity 
plays a significant part in numerous kinds of morC' or less famili:11' 
problems. However, problems where the pressure varhttion of ds
cosity has to be accounted for are not quitl' so numc rOllS a Ild 1';1111-

iliar. 
Besides in the lubrication of (he,avily-loaded) machinl' l'll'J))l'l1i8 
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(see also Section 1. 3), the viscosity-pressure effect may become 
a significant factor in the lubrication of metal-working tools. Other 
problems where the pressure variation of viscosity assumes con
siderable importance can be found in the fields of hydraulic engineer
ing and of geophysics (subterraneous flow of oils and molten silicates). 
More specifically, the viscosity-pressure .effect has to be accounted 
for in the design of fuel-injection equipment. 

It would appear that most of the investigations into the viscosity
temperature -pressure relationship of liquids have been induced pri
marily by the indicated engineering importance. However, such in
vestigations also offer very interesting possibilities for gaining a 
more profound insight into the viscosity characteristics of liquids 
and into the nature of the liquid state in general. This holds espe
cially for high-pressure viscometry, as certain particulars of the 
molecular structure may be greatly accentuated by the high pres
sures applied 7-18). It stands to reason that such more fundamental 
studies can be really fruitful only if pure compounds of rather simple 
structure are considered. 

Unfortunately, the results achieved with such relatively simple 
liquids are of comparatively little practical value in the field of the 
usually very complex lubricating oils. 

1. 2. GENERAL REMARKS ON THE VISCOSITY-TEMPERATURE
PRESSURE RELATIONSHIP OF LUBRICATING OILS 

1.2.1. Dejlnitions and Units 

According to Newton's definition, the shearing stress, T, between 
two adjacent layers in a flowing liquid is proportional to the applied 
rate of shear, du/dz, taken perpendicular to the direction of flow. 
The proportionality constant, which is characteristic of the liquid 
considered, is termed the viscosity, 11. In mathematical terms one 
may thus write: 

(1-1) 

It follows from this definition that the viscosity of a given liquid 
represents a measure of its resistance against flow or, more pre
cisely, a measure of the frictional forces between its moving mol
ecules. For a given liquid the viscosity will be governed by the forces 
between, and the flexibility of, its molecules. 

For the commonly used liquids viscosity has proved to be essen
tially independent of the applied rate of shear, at least up to fairly 
high rates. Such liquids are denoted as Newtonian in that they con
form 1.0 Newton's Definition (1-1). For such Newtonian liquids vis
cosity Is u true quantity of state and thus a function solely of tem
perature and pressure. 

In lubrication practice the great majority of oils currently in use 
may be regarded as Newtonian under the operating conditions normal-
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ly encountered in machine elements. For all the various kinds of 
~ineral oils tested, for example, not any appreciable deviation from 
Newton's law could be detected up to shear rates of the order of 
10;'-10 6 sec-I, whilst it has been conjectured that significant de
viations would occur only beyond something like 10 7 sec -1. The only 
exceptions that may assume practical significance are represented 
by polymer-blended mineral oils and certain types of synthetic (poly
meric) lubricating oils 1;19-22). 

As can easily be derived from Newton's Definition (1-1), viscosity 
has the dimension of (force x time)/(length)2. In the c. g. s. -system 
of units it is thus expressed in (dyne x sec)/cm2 , which is equiva
lent to g.mass/(cm x sec). To honor Poiseuille for his fundamental 
studies on viscometry the latter unit has been called the Poise, 
P. In practice, viscosity is normally expressed in terms of centi
poises, cP (of course, 1 cP = 0.01 Pl. 

I. 2. 2. Dynamic and Kinematic Viscosity 

Besides the above-defined viscosity, 1'/, a second "viscosity" cri
terion is frequently employed, namely the so-called kinematic vis
cosity, v. However, the latter criterion is not a true viscosity in 
that it denotes the ratio of viscosity, 1'/, to density (taken at 
the same temperature and pressure). Accordingly, kinematic vis
cosity has the dimension of (length)2/time. In the C. g. s. -system 
kinematic viscosity is thus expressed in cm2 /sec; as a rule. 1 cm2 /sec 
is called a Stoke, S. 1n practice, kinematic viscosity is normally 
expressed in terms of centistokes, cS (1 cS 0.01 S). 

In order to avoid confusion with kinematic viscosity, v, the true 
viscosity, 1'/, as defined by Newton, is frequently termed the dynam
ic viscosity. But, unless necessary or desirable, the adjective "dy
namic" has been omitted throughout this thesis, the single term "vis
cosity" invariably standing for dynamic viscosity. 

It is well known that in lubrication it is usually the performance 
of an oil in terms of hydrodynamic lubrication that counts most of 
.all in so far as viscosity characteristics are concerned. Since the 
relevant hydrodynamic effects can be judged only from dynamic vis
cosity, it is the latter viscosity that is really significant in both 
the theory and practice of lubrication. 

It is admitted that as long as only mineral oils and (synthetic) oils 
with densities in the same range, say, from 0.8 to 1. 0 g/cm3 , are 
considered, kinematic viscosity might still be taken as not too 
crude a measure of their dynamic viscosity. But nowadays certain 
types of synthetic oils have entered the market whose density, at 
any normal temperature, lies far enough above the aforementioned 
range to make their kinematic viscosity quite untenable as a vis
cosity criterion. For fluoro oils, for example, the density amounts 
to about twice that of mineral oils. Thus, taking such a fluoro oil 
and a mineral oil with the same kinematic viscosity at a given tem
perature, the dynamic viscosity of the fluoro oil will be about twice 
that of the mineral oil. Consequently, the hydrodynamic lubrication 
performance of the two oils will be markedly different and kinematic 
viscosity will give a false impression. 
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All in all, it appears that it is generally inC01'1'ect to compare the 
hydrodynamic lubrication pe1101'mance oj oils on the basis of their 
kinematic viscosity. 

It may be added that the lack of significance, or even the insig
nificanc~, of kinematic viscosity as a viscosity criterion becomes 
particularly evident when such heavy liquids as liquid metals are 
used for lubrication purposes. For example, mercury displays a 
dynamic viscosity, in the conventional temperature range, of about 
1. 5 cP; but the corresponding kinematic viscosity amounts to only 
about O. 1 cS. 

Kinematic viscosity is bound to yield an even more misleading 
impression of the hydrodynamic lubrication performance when a 
gaseous lubricant is employed. Whilst such lubricants display dynam
ic viscosities, in the conventional temperature range, of the order 
of 0.01 cP, their kinematic viscosities may reach - owing to the 
extremely low densities involved - values in the lubricating-oil range. 

I. 2. 3. Effects of Temperature and Pressure 

Our knowledge of the properties of liquids - in contradistinction 
to that of the properties of solids and gases - is not so well founded 
theoretically. None of the many existing theories of the liquid state 
has found general acceptance. This situation is not so surprising, 
since the study of the liquid state is beset not only by difficulties 
characteristic of the solid and the gaseous state, but also those 
typical of this peculiar intermediate state. . 

Viscosity even offers additional complications in being a transport 
property. so that - as distinct from equilibrium properties - it does 
not lend itself to any rigorous thermodynamic treatment. Indeed, 
the theory of liquid viscosity may be regarded as still being in its 
infancy. Nevertheless, particularly in recent years, substantial prog
ress has doubtless been made. But it has simuitaneously appeared that 
much more should be known about the liquid state in general before 
viscosity can be treated theoretically in a really satisfactory man
ner. 

The indicated lack of fundamental knowledge of liquid viscosity is 
felt particularly when it is tried to evaluate the effects of temper
ature and pressure. This applies the more so as these effects assume 
really gigantic magnitudes as compared with those on other familiar 
properties. Moreover, the variations of viscosity with temperature 
and pressure may differ quite spectacularly from one liquid to an
other. In fact, in the latter respects viscosity has proved a truly 
unique property of liquids. 

In order to convey an impression of the magnitude of the effects 
of temperature and pressure on the viscosity of liquids, notably those 
used as lubricating oils, Figs.I-l and 1-2 have been prepared. For 
a great variety of lubricating oils and miscellaneous liquids Fig. I-I 
depicts the relative viscosity changes, I'lo 40oC/l'lo 1000C - brought 
about at atmospheric pressure~') by increasing temperature from 40 

0) Throughout this thesis the subscript "0" relates to atUlospheric pressure. 
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FIG. I-I. 
Viscosity-Temperature Dependence of Lubricating Oils and Miscellaneous Liquids. 
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to 100°C (104 to 212°F) - as a function of the corresponding atmos
pheric viscosities at a standard reference temperature of 40°C, de
noted by I'lO.40oC' For the same liquids*) Fig.I-2 depicts the rel
ative viscosity changes, (111 ooo/l1o)400 C, brought about by increasing 
gauge pressure, at the aforementioned standard reference temper
ature of 40°C, from zero to 1,000 kgf/cm 2 (0 to 14,220 psi). 

The extensive ranges covered by all the various kinds of mineral 
oils investigated so far have been approximately traced in Figs. 
1-1 and 1-2 by two converging dashed lines. Further, three important 
homologous groups of, commercially available, synthetic lubricating 
oils have also been depicted, namely (linear) polymethylsiloxanes, 
polyglycols and polybutenes. In addition, the truly homologous group 
of n-paraffins has been included. Finally, individual points have been 
indicated in Figs. 1-1 and 1-2 for 16 miscellaneous liquids, including 
several important types of synthetic lubricating oils. 

These two figures to demonstrate the really enormous effects that 
temperature and pressure may have on 'the viscosity of liquids. 
Moreover, they illustrate the great differentiation as to the mag
nitude of these effects between the various types of liquids under 
consideration. Even within the group of mineral oils this differen
tiation is seen to be quite considerable. 

The gigantic magnitude of the effects of temperature and pressure 
on viscosity, as compared with the corresponding effects on other 
familiar physical properties of liquids, may be exemplified for their 
density. For all the various kinds of mineral oils investigated so 
far - and likewise for many other types of oils - the density change 
over the temperature range from 40 to 100°C considered in Fig. 
1-1 proved to amount to only about 5%. Approximately the same, 
very small, density change is brought about by increasing (gauge) 
pressure to the reference value of 1,000 kgf/cm 2 considered in Fig. 
1-2. 

The indicated extreme sensitivity of viscosity to both temperature 
and pressure variations forms a considerable obstacle to the anal
ytical description of the consequent viscosity changes, let alone to 
their prediction by means of workable correlations. At constant 
pressure, viscosity has proved to increase more or less exponential
ly with the reciprocal of absolute temperature (see Chapter III). 
Similarly, at constant temperature, viscosity increases more or 
less exponentially with pressure (see Chapter IV). In general, how
ever, the relevant exponential relationships constitute only first ap
proximations and may be resorted to only in moderate temperature 
and pressure ranges. 

I. 3. THE IMPORTANCE OF THE VISCOSITY-TEMPERATURE-PRES
SURE RELATIONSHIP OF OILS IN HYDRODYNAMIC LUBRICATION 

As indicated in Section I. I, an oil utilized for achieving hydro
dynamic lubrication should be regarded and treated as a real con-

") These liquids have also been depicted in Fig. Vll-2. whilst further particulars Oil them can be 
found in the pertinent § Vll. 2. 2. 
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structional material. The constructional value of such a material is 
determined essentially by its viscosity characteristics, 

Apart from a good stability, non-corrosivity and other functional 
requirements, the primary requirement for any lubricating oil does 
consist in that it displays the desired viscosity under the conditions 
prevailing in the oil film. It is true that the theory of hydrodynamic 
lubrication, in its most generalized form, also involves the density. 
specific heat and thermal conductivity of the oil. But, although the 
latter properties may indeed assume some occasional significance 
in hydrodynamic lubrication, this has hardly any practical consequence 
for the selection of oils suitable for a particular application. This 
accrues from the well-known fact that the oils encountered in lubri
cation practice show very little differentiation as to the latter three 
influential properties, particularly in comparison with the really 
enormous differentiation as to their viscosities (compare § 1.2.3). 

All in all, it thus appears that the hydrodynamic lubrication per
formance of lubricating oils or, say, their constructional value, 
may indeed be considered to be essentially determined by their vis
cosity characteristics. In general, these viscosity characteristics 
include not only the oil's viscosity grade, that is the viscosity at 
atmospheric pressure and at some standard reference temperature, 
but also its variations with temperature and pressure as well as 
with the applied rate of shear. Confining oneself to Newtonian oils 
(see § 1. 2. 1), their viscosity characteristics are thus completely 
defined by their viscosity-temperature -pressure relationship. 

The effect of the atmospheric temperature variation of viscosity 
on the oil's hydrodynamic lubrication performance has long been rec
ognized and accounted for. For proper functioning of a given ma
chine element it is generally necessary that the viscosity of the 
lubricating oil employed is kept within a more or less restricted 
range under the varying temperatures the oil is being subjected to. On 
the one hand, at the lowest temperature encountered - which is nor
mally determined by the climatological thermal conditions at which 
the machine element has to be started - the viscosity should not 
exceed a certain upper limit in order to avoid starting difficulties 
and excessive friction. On the other hand, at the highest temperature 
encountered - which is determined primarily by the performance 
characteristics of the machine element considered - the oil should 
remain sufficiently viscous in order to maintain complete separation 
of the rubbing surfaces and thus to avoid excessive friction and wear. 

Whilst the effect of the (atmospheric) temperature variation of 
viscosity on the oil's hydrodynamic lubrication performance has long 
been recognized and accounted for, the effect of its viscosity-pres
sure variation has long been entirely neglected. In fact, data on the 
viscosity-pressure relationship of lubricating oils are still being 
generally omitted from specifications. 

A s indicated in Section I. I, in hydrodynamic lubrication the load 
imposed on the rubbing surfaces is, by definition, completely borne 
by the oil film. This- is possible only through the hydrodynamic gen
eration of pressures in this film. The resulting distribution of pres
sures throughout the oil film determines the load-carrying capacity 
of the machine element considered. 



-26-

In principle, therefore, the viscosity-pressure effect would invar
iably play some part in hydrodynamic lubrication. In practice. how-
ever, the latter effect becomes significant only if the .f11'crage 
film pressure amounts to at a few hundred kgf/cm - (a few 
thousand psi). Such high pressures will only seldom occur in journal 
bearings and thrust bearings. But in oil films between rather rigid 
counterformal surfaces - which, by definition, do not fit on or into 
each other -, such as encountered in rolling bearings and particularly 
in gears, pressures may locally well rise to several thousand and 
sometimes to more than some ten thousands of kgf/cm:!. In the latter 
cases the corresponding average film pressures, though markedly 
smaller than the aforementioned values, are so high that the pres
sure variation of the oil's viscosity does considerably affect its hy
drodynamic lubrication performance. 

Particularly during the last decade, lubrication research has lIlade 
considerable progress. This had led to the establishment of more 
profound and more generally applicable theories and the development 
of improved or completely new design direetives, even for the rather 
revolutionary types of machine elements and unusual operating con
ditions that have reeently entered the field of meehanical engineer
ing. At the same time, the aforementioned progress has demonstrated 
convincingly the ever-increasing importance of basic information on 
the essential constructional materials of hydrodynamic lubrication, 
that is on the viscosity-temperature-pressure relationship of lu
bricating oils. 

1.4. THE PRESENT INVESTIGATION 

1. 4.1. Introduction 

The effects of temperature and pressure on the viseosity of liquids, 
in particular those used as lubricating oils, have been studied 
for many years (see Chapter II). For the great majority, the nu
merous studies have been confined to the temperature variation of 
viscosity at atmospheric pressure. Nevertheless, the number of in
vestigations dealing primarily with the effect of pressure on vis
cosity has gradually become quite considerable. 

Although very interesting results have already been achieved, it 
is only fair to state that the present-day situation with respect to 
the viscosity-temperature -pressure relationship of lubricating oils 
stiU leaves much to be desired. In fact, it appears that the applic
ability of many previous results obtained in this field is quite re
stricted. On the other hand, one, should not lose sight of the fact 
that many previous results date back to quite some ago, whilst 
it is only during the last two decades that really and exten-
sive experimental data on the complete viscosity-temperature-pres
sure relationship of representative oils have become available. 
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1.4.2. Object aud Scope of Ill£' Investigation 

The object of the present investigation consists in improving. at 
least to some extent, the indicated unsatisfactory situation with re
spect to the viscosity-temperature-pressure relationship of lubrica
ting oils, whilst trying to cast the results into a form that will 
prove convenient also in the theory and practice of hydrodynamic 
lubrication. 

First, it has been attempted to describe the effects of temperature 
and pressure on the viscosity of liquids, notably those currently 
employed as lubricating oils, by means of convenient, yet suf
ficiently ac cura te. analytical equatiolls. 

The resulting equations involving a minimum number of para-
meters - are shown to combine utmost simplicity with an almost 
universal applicability. Thus, a minimum amount. of experimental 
information is required for making the desired calculations and es
timates. Though designed primarily for mineral oils - not only 
natural, but also hydrogenated and polymer-blended ones - and var
ious types of synthetic oils encountered in modern lubrication prac
tice. these new equations have proved to apply equally to all the 
other divergent kinds of liquids investigated so far. 

Further, the present equations have appeared particularly suitable 
as an analytical framework for correlations aiming at the prediction 
of the effects of temperature and pressure either from easily as
sessable physical constants or from the chemical constitution of the 
oils. 

The relevant correlational attempts have been concentrated upon 
mineral oils, which, notwithstanding their great variety and com
plexity' are interrelated in being essentially built up from hydro
carbon compounds. After all, even though different types of synthetic 
oils have increasingly been introduced, mineral oils still constitute 
the great bulk of oils used in lubrication; and this situation may be 
expected to continue to exist for at least several decades 23a) • 

It should be added that the correlations developed for mineral oils 
become substantially simplified when adapted to any particular homo
logous group of synthetic lubricating oils or pure compounds because 
of the well-known regularities observed within each such group. 'This 
has been exemplified for various interesting homologous groups of 
synthetic lubricating oils. 

It stands to reason that, owing to the indicated lack of a sound 
theoretical foundation and the complexity of most types of lubricating 
oils considere~, the present investigation had to be performed on 
an essentially empirical basis. 

1.4.3. Concluding Rcmarl~s 

'Though established empirically, several of the new equations and 
correlations would appear to have a close bearing on existing theo
ries of liquid visco!?ity. But whether some theoretical justification 
can be offered or not, this does not detract from their pl'((ctical 
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significance. 
On the other hand, the present findings may well improve our 

insight into the underlying laws and, finally, contribute to the devel
opment of some more satisfactory theory. In fact, these findings 
are not based on the validity of any - questionable - assumptions 
but, directly, on accurate experimental data, 

In view of the overwhelming amount of work already performed 
on the subject under discussion, ample attention has been paid through
out this thesis to the results achieved by previous investigators. 
Thus, it has become possible to indicate - at least to some 
extent - the merits of the new findings, as contemplated in the 
light of our present knowledge. After all, no real reason for exist
ence can be claimed for empirical equations and correlations if they 
cannot bear comparison with available ones. 

Such a comparison was deemed the more necessary as technical 
viscometry is still afflicted with certain rather awkward convention
alities. More particularly, various questions in the field of lubri
cating-oil viscosities have, in the course of time, become more or 
less controversial. Notably this applies to the question of classifying 
lubricating oils according to the temperature dependence of their 
viscosity; in fact, this has given rise to the notorious "Viscosity
Index problem" (see Chapter VI). 

Along the above lines, various important problems associated with 
the viscosity-temperature-pressure relationship of lubricating oils 
could be tackled successfully. In general, the equations and cor
relations finally achieved may be regarded as remarkable by their 
simplicity. Ultimately, therefore, they may be conceived to sub
stantiate once more the soundness of the guiding principle which has 
been upheld so successfully - in various fields of research - by the 
initiator of the present investigation, the late Professor H. I. Water
man 24) : 

"Nature itself clearly shows us in many respects that, notwith
standing the abundance and versatility of its forms and phenomena, 
it proceeds according to very simple general rules. /I 

1.5. SURVEY OF THE THESIS 

The basic experimental data employed in the present investigation 
are reviewed in Chapter II. 

Chapters III and IV are devoted, respectively, to the isobaric vis
cosity-temperature relationship and the isothermal viscosity-pressure 
relationship of a given liquid. By combining the resulting isobar 
and isotherm equations an expression for the complete viscosity
pressure relationship is derived in Chapter V. The latter expression 
requires a minimum number of parameters for fully characterizing, 
in vpry wide ranges, the effects of temperature and pressure on the 
viscosity of any given liquid. 

Chapters VI and VII introduce rational methods for classifying 
lubricating oils according to their atmospheric viscosity-temperature 
relationship and their viscosity-pressure relationship, respectively. 



-29-

These methods are based directly on the newly developed equations 
for the latter relationships. 

The analytical framework developed in Chapters III through V has 
proved excellently suitable for correlating the viscosity-temperature
pressure relationship of liquids, notably all the various kinds of 
mineral oils encountered, with their chemical constitution or with 
readily measurable physical constants. Chapter VIII presents con
venient correlations for predicting the atmosphe ric viscosity-tem
perature relationship of mineral oils either from their chemical 
constitution - expressed in terms of the "Waterman analysis" - or 
from physical constants that are easily assessable at atmospheric 
pressure. Chapter IX provides similar correlations for predicting 
their viscosity-pressure relationship. Finally, Chapter X discusses 
the correlation between the viscosity-pressure relationship of mineral 
oils and their atmospheric viscosity-temperature relationship. 

Chapter XI touches upon certain basic problems concerning oil vis
cosity in being devoted to the correlation of the viscosity grade 
defined as the viscosity at atmospheric pressure and at some stand
ard reference temperature - of mineral oils and pure hydrocarbons 
both with their chemical constitution and with various easily asses
sable physical constants. 

Chapter XII introduces convenient methods for predicting the vis
cosity grade and the atmospheric viscosity-temperature relationship 
of mixtures of mineral oils solely from those of the components. 

The concluding Chapter XIII elaborates several applications of the 
present findings in hydrodynamic lubrication. 



CHAPTER II 

EXPERIMENTAL DATA 

II.!. REVIEW OF VISCOSITY DATA 

As indicated above, the great majority of investigations in the 
field of the viscosity variation of liquids has been confined to the 
temperature effect observed at atmospheric pressure. Research at 
elevated pressures has long been hampered by experimental difficul
ties. Nevertheless, substantial information on the viscosity of 
liquids, notably those used as lubricating oils, has gradually become 
available. 

The research on high-pressure viscosity of lubricating oils may 
be stated to date back to 1915, when the Special Research Com
mittee on Lubrication of the American Society of Mechanical En
gineers (ASME) started to sponsor such research 25, 26). Ultimately, 
these activities have culminated in an extensive project undertaken 
by the latter Committee and carried out at Harvard University, 
Detailed experimental data on over 40 lubricating oils of well-defined 
composition, including several types of synthetic oils, have been 
compiled in the famous ASME "Pressure-Viscosity Report"27.28). 
These data are of outsb;mding interest in that they have been measured 
over unusually wide ranges of both temperature and pressurj':. 

During the last fifty years, many further investigations have been 
performed. Hersey and Hopkins have reviewed - on the request of 
the aforementioned ASME Committee these various investigations 
and co-ordinated the data from the more important contributions up 
to 1950 26), Besides the work performed in the scope of the indicated 
ASME pressure -viscosity project, Kuss I s very extensive and accurate 
measurements carried out, Gince the early fifties, on mineral 
oils and ,some slnthetic oils should be deemed of paramount im
portance 13,15,17,2 ,30), Amongst the various other investigations 
it may suffice here to mention only those performed by Dow and 
co- workers 31-37) , 

The pioneering work on the viscosity-pressure variation of pure 
compounds has been done primarily by Bridgman, in the scope of 
his classical high-pressure investigations 7-9). In later years, Kuss 
systematically studied the effect of chemical constitution on the 
viscositl~~ressure dependence of a great variety of pure com
pounds1 -1), Since 1947, viscosity-pressure measurements on 
pure, high-molecular-weight hydrocarbons of divergent structure have 
been made at the Penns:ilvania State University, in the scope of API 
Research Project 42 10- 2), 

Whereas the experimental data used in the present investigation 
for studying the atmospheric viscosity- temperature relationship of 
liquidS derive from an extensive number of previous investigations, 
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the data here employed for studying their viscosity-pressure relation
ship where possible, in combination with their viscosity-temperature 
variation - have mainly been taken from the above-indicated in
vestigations. Amongst the really great variety of liquids taken into 
consideration, attention has been devoted primarily to those used as 
lubricating oils, not only natural, hydrogenated, and polymer-blended 
mineral oils but also the various types of synthetic oils that are 
most important in modern lubrication practice. 

As regards the experimental accuracy inherent in the various 
viscosity data employed, it can be stated that usually this would 
amount to something like 20/0, but atmospheric viscosity data will 
frequently be somewhat more accurate. Accordingly, there is 
generally not much sense in retaining more than three digits in 
reporting viscosity values; only when the first digit amounts to one 
may it be advisable to retain four digits. In accordance with these 
figures, no more than three decimal places may reasonably be re
tained in the often employed common logarithm of viscosity. 

Since a substantial 
devoted to correlating 
with other properties, 
more specifically. 

part of the present investigation has been 
the viscosity characteristics of mineral oils 

the pertinent data will now be considered 

II. 2. VISCOSITY DATA ON MINERAL OILS 

II. 2.1. Review oj Viscosity Data Used in the Present Investigation 

Reliable experimental data, taken from various investigations, have 
been compiled on the viscosity characteristics of numerous well
defined mineral oils displaying a great variety of origin and chemical 
constitution. For each of the correlational attempts described in this 
thesis a group of mineral oils have been selected that may be 
deemed representative of the full range of natural mineral oils 
known so far. In addition, the completely hydrogenated, or saturated, 
samples of many natural oils have been taken into consideration. 

Most of the mineral oils utilized for correlating their atmospheric 
viscosities with their chemical constitution as well as with various, 
easily assessable, atmospheric physical constants (see Chapters 
Vln and XI) constitute part of Waterman's collection and have been 
the subject of extensive inVestigations, of various kinds, carried 
out at the Laborator~ for Chemical Technology of the Technological 
University of Delft 8-44), Moreover, data on no less than 73 oils 
have been taken from the inves tigation by Ilenske et al.45 ). Further, 
r>. smaller number of the oils considered have been tested in the 
aforementioned ASME pressure-viscosityprojecP'O, in the investigation 
by van Westen et al. 46 ) and in that by Andre and O'NeaI 47 ). 

The data em.ployed fot' correlating the viscosity-pressure variation 
of mineral oils both with their chemical constitution and with various, 
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easily assessable, atmospheric physical constants (see Chapters L'C 
and X) mainly derivp. from Kuss I s aforementioned investigations !l9,aO. I~) 
In addition, high-pressure data on the above-indicated group of oils 
tested in the AS ME pressure-viscosity project have been taken into 
consideration. Further data derive from various investigations 
performed by Dow and his co_workers 31 -35;:m. 

Finally, own measurements on a representative group of 20 well
defined mineral oils have been used. The latter measurements have 
well proved their value in that it was on the basis of these that it 

possible - presumably for the first time - to establish a 
satisfactory correlation between the viscosity-pressure de

pend.en.ce of mineral oils and their chemical constitution. The detailed 
experimental data and the resulting correlation have already been 
published44). As also indicated in the latter paper, these high-pressure 
measurements have been performed by means of a falling-needle 
viscometer':<) of the type described by Boelhouwer and Toneman 4H). 

II. 2. 2. Characterization oj Mineral Oils 

Of course, for correlational purposes "chemical constitution" must 
be sufficiently characterized in convenient terms. 

It was Vlugter, Waterman and van Westen who succeeded, way 
back in the early thirties, in developing an ingenious - and at the 
time rather revolutionary - method for characterizing the chemical 
constitution of mineral oils in both convenient and significant 
terms49 •50 ,42). In later Waterman and his associates more than 
once refined and the original characterization method 50 ,42). 

The version that has commonly been employed for some fifteen years 
now is the so-called n-d-M method. In the literature this or some 
other version of the ori~inal "ring analysis" is often referred to as 
the "Waterman analysis'. Certainly, this classical characterization 
method has rendered excellent services to petroleum technology. 

The basis of the Waterman analysis is the concept of the "average" 
oil molecule, which should represent the statistical distribution of 
paraffinic chains, naphthenic rings and aromatic rings amongst the 
gigantic Variety of (essentially) hydrocarbon molecules present in a 
given mineral-oil fraction. The consequent "statistical constitution 
analysis" of mineral oUs could thus be reduced to a determination 
of only the number of rings per average molecule, of both the 
naphthenic and the aromatic type, denoted by RN and RA, respectively. 
Their carbon-type composition - which has proved of particular 
significance for correlational purposes is expressed in terms of 
the quanti,ties CA, CN and Cp, that is the percentages of the total 
number of carbon atoms that occur in aromatic-ring, naphthenic-

") The present viscometer has been designed by Mr.J. W. M.Boelhouwer of the Royal Dutch/Shell 
Laboratory. Amsterdam, Holland. 

The author wishes to express his sincere gratitude to Mr.Boelhouwer and to the Management 
of the latter laboratory for generous suppon in constructing the viscometer and for lending the 
timing device employed. . 

The author is also much indebted to Prof. G. A. M.Diepen, Professor of General and Inorganic 
Chemistry at the Technological University of Delft. for his permission to use his high -pressure 
equipment. 
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ring and paraffinic-chain structures, respectively. 

Once the values of RA and RN and the (average) molecular weight 
of a given mineral-oil fraction are known, its carbon-type ·com
position can easily be calculated if only some .assumption is made 
regarding the type and fusion of the rings. It is normally assumed 
that all rings are six-membered and that they are fused exclusively 
to kata-condensed types50 ,42). 

In the n-d-M method, which has invariably been applied to the 
oils here considered, the above-defined average constitution of a 
given mineral oil is determined from the following three physical 
constants: refractive index, n (measured for the sodium-D line), 
taken at atmospheric pressure and at either 20 or 70 0 C (68 or I58°F); 
density, d, measured under the same conditions as n; and (average) 
molecular weight, M. 

It may be added that the n:..d-M method also allows for the effect of the sulfur content of 
the oil on the reSUlting compositional figures. This boils down to applying a minor correction to 
the number of naphthenic rings, RN' and the corresponding percentage CN' This correction, 
however, becomes significant only If the sulfur content amounts to at least, say, 1"/0 by weight. 

II. 2. 3. Basic Data on Miueral Oils Considered 

Table II-I provides basic information on no less than 357 mineral 
oils which have been utilized in various correlational attempts de
scribed in this thesis. 

The (atmospheric) physical data*) of the latter table invariably 
relate to the adopted standard reference temperature of 40 0 C (104°F). 

For all the oils deriving from References 27, .35, 45, 46 and 47, the viscosities at 400C 
had to be obtained by .interpolating from the experimental values reported for 1000F (37. SoC) ano 
2100r (98. 90C). This has been done on the basis of the new viscosity-temperature Equation 
(1ll-6h) described in Chapter lll. 

Most of the de n sl ti e s, d~OoC' listed in Table II-I have been calculated from the exper
imental values for 200C (68"F) by means of the accurate method developed by Lipkin and 
Kunz51) (compare § Vlll. 3. 2). 

Similarly, the re fr act i v e i nd ice s, n400 .. , listed in the same table have invariably been 
calculated from the experimental values for 20°C, using the well-established correlation52,50a) 
that, at least over the temperature range involved, the change in the refractive indices of 
mineral oils amounts to 0.59 times the corresponding density change (density being expressed In 
g/cm3) • 

As already mentioned, the carbon percentages and ring numbers 
of the present mineral oils have invariably been determined by 
means of the n-d-M method"~(~(). The carbon-type compositions of the 
natural minerals oils cover nearly the entire range encountered 
amongst all the various kinds of oils known so far. As regards the 

0) The viscosity and density data on the representative group of minerai oils coded K-I through 
K-29 ha ve been generously provided by Prof. E. Kuss, at the lnstitut fiir Erdolforschung In Hann
over (see.also § lX.I.3) • 

.. ) Since their composition appears to faU beyond the scope of the latter method, no figlli'es 
could be listed for the three oils coded K-13, K-27 and K-2S. 
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extent of this range, reference may be made to Fig. VIII-I. In 
addition, fully hydrogenated, or saturated, samples - having, by 
definition, a vanishing percentage CA - of many natural oils have 
been included. As indicated in Table II-I (see the pertinent footnote), 
nearly all these saturated fractions have been obtained by so
called complete, analytical (or non-destructive) hydrogenation of the 
natural samples; this means that the only chemical change brought 
about would essentially consist in the conversion of the aromatic in
to the corresponding naphthenic compounds. 

Finally, it may be noted that the n-d-M method - and any other 
such method as well - is bound to yield approximate, and not 
necessarily exact, composition figures. This should be well realized 
in criticizing the accuracy of any correlation based on these figures. 



TABLE n-l 

Characterization of Mineral-Oil Fractions 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code") Experimenters' Designation Tj40oC' cP d40oC' g/cm3 
n400C M 

WATER:l"lAN et al. 38-44) 

Venezuela (Tin 1) 

W-l Fraction 1 1.205 0.8007 1,4462 164 
W-1H 1,225 0.7839 1.4322 1G6 
W-2 .. 2 1,574 0.8087 1.4508 181 
W-2H 1.552 0.7933 1.4375 185 
W-S .. 3 2.09 0.8163 1.4553 203 
W-3H 2.08 0,8009 1,441S 201 
W-4 .. 4 2.82 0.8222 1.4590 224 
W-4H 2.72 0.8057 1.4442 235 
W-5 .. 5 4.15 0,8292 1.4627 261 
W-5H 3,90 0.8122 1.4479 247 
W-6 .. 6 5.85 0.8375 1,4666 277 
W-SH 5.27 0,8185 1,4512 275 
WR-7 .. 7 8,79 0,8472 1,4716 303 
WR-7H 7.96 0,8290 1,45-18 30'1 
W-8 .. 8 13.24 0,8545 1,4759 339 
W-SH 11.12 0.8323 1,4580 344 

w-e .. 9 23,3 0,8653 1.4814 381 
W-9H 19.06 0,8421 1,4626 381 

Bomeo (Tin 2) 

W-I0 Fraction 1 1,242 0,8265 1,4529 176 
W-10H 1,306 0,8176 1,4448 174 

Wt.tJjv 

Sulfur") CA 

0.1 12 

- -
0.1 IS 

- -
0,2 13 

- -
0.3 13 

- -
0.4 12 

- -
0.6 13 

- -
0.6 13 

- -
0,8 13 

- -
0.9 13 

- -

- 5 

- -

n -J -11 Anal)'sis 

CN C p RA 

34 54 0,3 

43 57 -
31 56 O.S 
4!C 58 -
~7 60 O.S 
42 58 -
24 63 0.4 
36 64 -
23 65 0.4 
37 63 -
22 65 0,4 
36 64 -
21 66 0.-5 
34 66 -
20 67 0,5 
33 67 -
21 66 O,S 
34 66 -

56 39 0,1 
62 38 -

R,N 

0.6 

0.9 
0.7 
1.0 
0.7 
1.1 
0.6 
1,1 

0.7 
1.2 
0.8 
1,3 
0,8 
1.4 
1,0 
1,6 
1,3 

1.8 

1,4 

1.5 

I 
VJ 
01 
I 



CONTINUATION OF TABLE II-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants Wt,% n -d -M Analysis 

Code") Experimenters' Designation 1l40oC' cP d400b g/cm3 
n400C M Sulfur") RA ~ 

WATERMAN et al. (Cont.) 

Borneo (Tin 2) 

WR-ll Fraction 2 1,493 0.8390 1,~99 177 - 9 55 36 0.2 1.4 
W-llH 1.521 0,8258 1.4489 181 - - 63 37 - 1.6 
W-12 

" 
3 1.706 0.8509 1,4674 180 - 12 55 33 0.3 1.4 

W-l2H 1.742 0.8335 1.~27 184 - - 64 36 - 1.7 
W-13 .. 4 1.964 0.8615 1.4748 184 - 17 50 33 0.4 1.4 
W-13H 2.02 0,8407 1.~62 186 - - 67 33 - 1.8 
W-14 . 5 2.30 0,8722 1,4823 190 - 21 47 32 0,5 1,3 
W-l4H 2,29 0.8~9 1,~87 192 - - 67 33 - 1,8 
W-15 ,,' 6 2.73 0.8833 1.4903 198 - 24 43 33 0.6 1.3 
W-15H 2,70 0,8528 1.4629 195 - - 69 31 - 1.9 
W-16 .. 8 4.02 0,9044 1,5062 214 - 31 35 34 0.8 1.3 
W-16H 3.59 0,8612 1,4663 216 - - 67 33 - 2.1 
W-17 . 9 5.68 0.9182 1.5144 227 - 33 35 32 0,9 1,4 
W-17H 4,86 0.8730 1.4715 226 - - 70 30 - 2.4 
WR-18 .. 10 9.12 0.9316 1.5219 238 - 35 34 31 1,0 1.4 
WR-18H 7.10 0,8822 1.4755 238 - - 69 31 - 2,5 
W-19 .. 11 20,6 0.9475 1.5315 265 - 36 33 31 1.2 1.6 
W-19H 12,85 0,8934 1.4814 266 - - 70 30 - 2,9 
W-20H .. 12 35.6 0,9067 1.4878 310 - - 70 30 - 3,4 

Mexico (Tin 3) 

W-21 Fraction 1 1.159 0.7909 1,4400 176 0,2 7 30 63 0,2 0.6 
W-21H 1.180 0.7796 1,4309 179 - - 34 66 - 0.8 
W-22 

" 2 1.496 0.8042 1.4473 194 0.3 8 30 62 0.2 0.7 
W-22H 1,500 0.7904 1.4361 198 - - 36 64 - 0.9 



CONTINUATION OF TABLE II-I 

lvtineral-Oil Fraction (Atmospheric) Physical Constants 

Code*) Experimenters' Designation 'I140OC. cP ~OC. g/cm3 n400C 

WATERMAN et al. (Cont.) 

Mexico (Tin 3) 

W-23 Fraction 3 2.19 0,8220 1,4572 
W-23H 2.19 0.8055 1.4433 
W-24 

" 
4 3.55 0.8412 1.4677 

W-24H 3,35 0.8198 1.4503 
W-25 

" 
5 6.17 0.8587 1.4770 

W-25H 5.52 0.8334 1.4568 
WR-26 .. 6 13.46 0.8782 1.4872 
W-2GH 10.33 0.8480 1.4629 
W-27 .. 7 28.6 0.8926 1.4956 
W-27H 20.4 0.8587 1.4689 
W-28 

" 8 68.4 0.9056 1.5031 
W-28H 39.0 0.8674 1.4733 

Borneo (Tin 4) 

W-29 Fraction 1 1.042 0,8209 1.4617 
W-29H 1.114 0.7916 1.4339 
W-30 .. 2 1.186 0.8293 1.4669 

J 
W-30H 1.262 0.7990 1.4384 
W-31 .. 3 1.343 0.8386 1.4729 
W-3lH 1.406 0.8061 1.4418 
W-32 .. 4 1.563 0.8484 1.4796 
W-32H 1.622 0.8134 1.4453 
W-33 

" 
5 1.778 0.8560 1.4847 

W-33H 1.770 0.8184 1.4478 
WR-34 

" 7 2.40 0.8672 1.4907 
W-34H 2.28 0.8259 1.4516 

WI,"j" 

M Sulfur") C A 

213 0.4 11 
221 -
243 U,7 14 
239 - -
269 1.0 15 
263 - -
308 1.2 16 
301 - -
355 1.5 11 
342 - -
396 1.6 19 
395 - -

152 - 26 
164 - . 
159 - 27 
168 - -
166 - 28 
173 - -
169 - 31 
178 - -
175 - 32 
186 - -
188 - 33 
197 - -

n-d old Analysis 

-N Cp RA 

31 58 0.3 
.. 0 GO -
28 58 0," 
-!3 51 -
28 57 0,5 
44 56 -
27 57 0,6 

4 .. 56 -
26 .57 0,10 

45 05 -
2 .. 5l' 0.9 
44 56 -

30 j4 0.5 
51 49 -
29 44 O •• 'i 

54 46 
29 43 0.6 
57 43 -
28 41 0.6 
57 43 -
28 40 0.7 
56 44 -
22 45 0.8 
56 .J4 -

RN 

0.8 
1,1 
0,9 
1.-* 
1.0 
1.6 
1.2 
1,9 
1.:3 
2 .. 3 
1.6 
2.6 

0.6 
1.0 
0.6 
1.2 
0.6 
1.2 
0.7 
1.3 
0.6 
1.4 
O.G 
1.5 

I 
VJ 
-J 
I 



CONTINUATION OF TABLE U-1 

-
Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code"> Experimenters' Designation 7j4QOC, cP d4QoC. g/cm3 n400C 

WATERMAN et al. (Cont.) 

Bomeo (Tin 4) 

W-35H Fraction 9 3.13 0.8286 1.~537 

W-36 
" 

12 12.47 0.8'175 1.4968 
W-36H 10.05 0.8481 1.4636 

Rumania (Tin 5) 

W-37 Fraction 1 1.038 0.'1876 1.4393 
W-37H 1.064 0.7706 1.4255 
W-38 

" 
2 1.306 0.79n 1.4451 

W-38H 1.343 0.7814 1.431'1 
W-39H .. 3 1.718 0.7919 1.4370 
W-40 .. 4 2.32 0.8185 1.4578 
W-4QH 2.27 0.8010 1.4319 

W-41 
" 

5 3.30 0.8260 1.4612 
W-41H 3.14 0.8081 1.4460 
W-42 .. 6 4.92 0.8332 1.4652 
W-42H 4.50 0.8164 1.4501 
W-43 

" 
7 7.59 0.8446 1.4716 

W-43H 6.56 0.8256 1,4545 
W-44H .. 9 18.88 0.8486 1.4855 

Sumatra (Tin 6) 

W-45 Fraction 1 0.865 0.7937 1,4420 
W-45H 0.918 0.7768 1.4281 
W-46 .. 2 0.935 0.7971 1.4440 
W-46H 0.975 0.7796 1.4295 

Wt."lo 

M Sulfur*') CA 

217 - -
313 - 25 
310 - -

158 - 11 
164 - -
172 - 12 
1% - -
199 - -
208 - 15 
219 - -
232 - 15 
240 - -
264 - 14 
277 - -
291 0.2 14 
300 - -
380 - -

159 - 11 
170 - -
155 - 12 
1'19 - -

n'"<i-M Analysis 

CN Cp RA 

51 49 -
16 59 1.0 
42 58 -

30 59 0.2 
34 66 -
29 59 0.2 
3'1 63 -
36 64 -
24 61 0.4 
37 63 -
22 63 0.4 
36 64 -
23 63 0.4 
35 65 -
22 64 0.5 
35 65 -
36 64 -

34 55 0,2 
38 62 -
36 0,2 
37 -

RN 

1.5 
0.8 
1.9 

0.6 
0.7 
0.7 
0.8 
0.9 
0.6 
1.0 
0.7 
1.1 
0.8 
1.2 
0.9 
1.4 
2.0 

0,'1 
0,8 
0.7 
0,8 

I 
C;> 

co 
• 



CONTINUATION OF TABLE II-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code"> Experimenters' Designation 7J40OC. cP d4Oo(:;. g/cm3 n400C 

WATERMAN et al. (Cont.) 

Sumatra (Tin 6) 

W-47 Fraction 3 1.052 0.8027 1.4469 
W-47H 1.086 0.7861 1.4326 
W-48 .. 4 1.188 0.8088 1.4503 
W-48H 1.225 0.7929 1.4360 
W-49 .. 5 1.358 0.8153 1.4544 
W-49H 1.390 0.7990 1.4388 
W-50 .. 6 1.567 0.8225 1.4583 
W-50H 1.596 0.8049 1.4418 
W-Sl . 7 1.866 0.8298 1.4627 
W-51H 1.854 0.8115 1.4449 
W-52 .. 8 2.19 0.8374 1.4674 
W-52H .. 

2.18 0.8174 1.4479 
W-53 .. 9 2.66 0.8443 1.4716 
W-53H 2.60 0.8232 1.4507 
W-54 .. 10 3.41 0.8510 1.4752 
W-54H 3.30 0.8298 1.4541 
W-55 .. 11 4.70 0.8587 1.4796 
W-55H 4.38 0.8369 1.4577 
WR-56 .. 12 7.14 0.8728 1.4871 
WR-56H 6.50 0.8480 1.4623 
W-57 .. 13 15.38 0.8932 1.5000 
W-57H 11.62 0.8619 1.4694 

Sumatra (Tin 7) 

W-58 fraction 2 1.109 0.7987 1.4433 
W-58H 1.194 0.7804 1.4311 

Wt.% 

M Sulfur"") CA 

165 - 12 
176 - -
171 - 13 
179 - -
176 - 15 
185 - -
187 - 15 
193 - -
193 - 17 
200 - -
200 0.1 19 
209 - -
209 - 20 
219 - -
222 - 20 
227 - -
243 - 20 
251 - -
266 - 21 
269 - -
306 0.3 2~ 
292 - -

173 - 16 
175 - -

n -d -M Analysis 

CN Cp RA 

35 53 0.2 
42 58 -
35 5l! 0.3 
45 55 -
34 51 0.3 
48 52 -
35 50 0.4 
49 51 -
34 49 0.4 
51 49 -
34 47 0.5 
49 51 -
30 50 0.5 
49 51 -
29 51 0.5 
50 50 -
27 53 0.6 
48 52 -
27 52 0.7 
48 52 -
24 52 0.9 
52 48 -

20 64 0.3 
37 63 

RN 

0,8 
0.9 
0.7 
1.0 
0.8 
1.1 
0.8 
1.2 
0.8 
1.3 
0.8 
1.4 
0.9 
1.5 
1.0 
1.6 
1.0 
1.7 
1.1 
1.9 
1.3 
2.3 

0.5 
0.8 

I 

W 
~ 
I 



COSTIl"L:ATIOl" 01' TABLE 11-.1 

)'llndal-Oil fraction (Atmospheric) Physical Constants 

Couc'j Exp~rim12nterst D~$ignal1on l?4uoC. cP d40oC ' g/crn3 
fi-10OC 

W . .j.TERl'.IAl" "t al. (Cont,) 

Sumatra (Tin :) 

Iv -:)~ Fraction 3 1 .. 288 0.8065 1,4532 
IV -:'9ll 1.337 0 .. 7875 1.4346 
IV -GO .. 4 1.-116 0.81:>; 1.4575 
Iv -GUll 1.528 0.7923 1,4370 
IV -tij .. 5 1,722 0,8206 1,4617 
IV -(,lIl 1,702 0 .. '1976 1,4394 
IV -62 

" 
G 2,03 0,8258 1,4648 

W-G::'II 2.02 0.8036 1.4425 
\'v-63 

" 
7 2,39 0.8266 1.4648 

W-6311 2.3'7 0.8058 1.4439 
Iv -n4 

" 8 2,93 0,8252 1.4035 
W-tl-lH 2,85 0,8070 1.4451 
IV -05[1 .. 9 3.52 O. S078 1.4622 
"'-66 " 

10 4,70 0.8261 1,4627 
\V -6ull 4,49 0.81l7 1.4434 
WR-67 

" 
11 6.58 0.8312 1.4650 

IV -6711 6,15 0.8193 1.4515 
W-68 .. 12 9.46 {).S:>70 1.4677 
W-6SH 8.87 0.8259 1.4558 

Venezuela (Tin 8) 

WR-69 Fraction 1 1.556 0.8272 1.4566 
W-69H 1,563 0.13055 1.4420 
W-70 .. 2 1.726 0.8611 1.4767 
W -7011 2,81 0.8295 1.4538 

t>l 

, .... E 
Sulfur") 

181 - 18 
188 - -
188 - 20 
196 - -
194 - 21 
202 - -
209 - 20 
215 - -
213 - 20 
224 - -
237 - 17 
243 - -
263 - -
280 - 13 
291 - -
318 - 12 
321 - -
340 - 12 
353 - -

175 0.3 12 
176 - -
205 0.8 18 
205 - -

n -d -M • .j.nalysis 

CN C p RA 

19 63 0,4 
37 63 -
IS 62 0,5 

37 63 -
18 61 0,5 
40 60 -
18 62 0.5 
40 60 -
18 62 0,5 
39 61 -
16 67 0.5 
35 65 -
32 68 -
15 72 0,5 
29 71 -
15 72 0,5 
30 70 -
17 71 0.5 
30 70 -

47 41 0.3 
55 45 -
39 43 0.5 
55 45 -

RN 

0.4 
0,9 

0.4 
0,9 

0.5 
1,0 

0.5 
1,1 

0.5 
1,1 
0,5 
1.1 

1.0 
0.5 
1.1 

0.6 
1.2 
0.7 
1.3 

1.0 
1.2 

~:! 

I 
tl'
C 
I 



CONTINUATION OF TABLE II-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code") Experimenters' Designation "/)40OC. cP d40oC' g/cm3 n400C 

WATERM~N et al. (Cont.) 

Venezuela (Tin 8) 

I W-71 Fraction 3 8,U9 0.8898 1.4932 
W-71H 6,12 0,8498 1.4631 
W-72H .. 4 11,17 0,8617 1.4700 
W-73M .. 5 37,2 0,8750 1.4766 

Iran (Tin 9) 

W-74 Fraction 1 1,042 0,7830 1,4370 
W-74M 1,092 0,7723 1,4276 
W-75 . 2 1,294 0,7928 1.4422 
W-75H 1,291 0,7793 1.4311 
WR-76 .. 3 1,683 0.8048 1,4486 
W-76H 1,377 0,7881 1.43&5 
W-77 .. 4 2,12 0.8160 1,4554 
W-77H 2.10 0,7979 1,4403 
W-78 .. 5 2,95 0,8277 1,4617 
W-78M 2,81 0,8071 1.4448 
WR-79 .. 6 4,48 0,8408 1,4686 
WR-SO . 7 6.68 0.8550 1.4767 
W-80H 5,69 0.8254 1,4539 
WR-S1 .. 8 11.54 0,8690 1.4845 
W-81M 8:61 0,8348 1,4585 
W-S2 

" 
9 20.7 0,8793 1,4902 

W-82H 14,86 0,8446 1.4627 
W-83 

" 
10 43,2 0,8940 1.4991 

W-B3H 28.2 O,S567 1,4689 

Wt.Gj:-. 

:VI Sulfur"") CA 

.248 1,2 21 
255 - -
303 - -
351 - -

175 0,2 9 
170 - -
174 0.2 10 
186 - -
186 0.3 12 
193 - -
201 0,5 14 
213 - -
220 0,7 15 
225 - -
242 1.0 16 
273 1.2 17 
274 . -
300 1,4 IS 
301 . -
342 1,5 18 
340 - -
387 1,5 20 
377 - -

n -d -~I Analysis 

CN Cp RA 

35 44 0.6 
53 47 -
50 50 -
50 50 -

26 6& 0,2 
32 68 -
26 64 0,2 
31 69 -
26 62 0.3 
35 65 -
~5 61 0,3 
36 64 -
26 59 0,4 
39 61 -
23 61 0.5 
21 62 0.6 
39 61 -
21 61 0,7 
39 61 -
19 63 0.8 
38 62 -
18 62 1,0 

40 60 -

RN 

1 ... 

2 .. 0 
2,3 
2,1 

0,,, 

0.7 
0,6 
0,8 

0.6 
0,9 
0,6 
1,0 
0,6 
1,1 

0,7 
0,7 
1.5 
0,8 
1,6 
0,9 
1,9 
1,1 

2.2 

, 
,j:>. -I 



COl'TDllJATlOl( OF TABLE 11-1 

}.llneraJ-Oil Fraction (Atmospheric) Physical Constants 

Code") Exp.:rink'mcrs· Designation '1400C' cP d40oC ' g/cm3 n .. OoC 

\1/ A TER~IAl\ "t al.(eOIlI.) 

Iran (Tin 9) 

IV -S" Fraction 11 90 ... 0.9066 1.5074 
W-8 .. tl 52.8 0.8655 1.4733 

T, xas (Tin 11) 

W-85 fraction 1 1,084 0.7931 1.4421 
W-85H 1.143 0.7812 1.4310 
W-86 

" 
2 1.321 0.8025 1.4476 

\\I-86H 1.358 0.7893 1.4351 
W-87 . 3 1.686 0.8136 1.4543 
\\I-87H 1.710 0.7979 1.4395 
W-8S . 4 2.30 0.8235 1.4603 
W -8St! 2.28 0.8073 1.4442 
W-89 .. '> 3.22 0.8323 1.4651 
W-S9H 3.16 0.8155 1.4485 
W-90 .. 6 4.86 0.8413 1.4698 
W-90H 4,49 0.8225 1.4522 
WR-91 .. 7 7.8'7 0.8542 1.4761 
WR-91H 6.79 0,8333 1.4572 
W-92 .. 8 13,46 0,8647 1.4817 
W-92H 11.14 0.8433 1.4618 
W-93H 

" 
10 40.5 0.8646 1.4728 

Rijswijk43) 

W-94 Fraction 7 0.897 0.7955 1.4414 
W-94H 0,895 0.7793 1.4307 

Wt."IJ 

M Sulfur·") CA 

434 1.7 22 
426 - -

164 - 11 
165 - -
176 - 12 
180 - -
187 0,1 15 
192 - -
201 0.1 17 
212 - -
220 0.2 17 
225 - -
246 0.2 :t6 
260 - -
276 0.2 16 
294 - -
304 0.3 17 
330 - -
415 - -

158 - 8 
149 - -

n-d-M Analysis 

CN Cp RA 

16 62 1,2 
41 59 -

30 59 0.2 
42 58 -
29 59 0.3 
41 59 -
28 57 0.3 
43 57 -
27 56 0.4 
44 56 -
27 56 0.5 
45 55 -
25 59 0.5 
40 60 -
24 60 0.6 
40 60 -
23 60 0,6 
39 61 -
41 59 -

41 51 0.2 
47 53 -

RN 

1.1 
2.6 

0.7 
0.9 
0.6 
0.9 
0.7 
1.0 

0.7 
1.2 

0.7 
1.3 

0.8 
1.4 
0.9 

1.6 
1.1 
1.8 
2.6 

0.8 
0.9 

I 
II'
l\:) 

I 



r 
I CONTINUATION OF TABLE IT-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code") Experimenters' Designation "Il40oC' cP d40oC. g/cm3 
n400C 

WATERMAN et al. (Cont.) 

Rijswijk 43) 

W-95 Fraction 8 1.390 0.8056 1.4482 
W-95H 1.400 0.7920 1.4374 
W-96 

" 
9 1.858 0.8102 1.4522 

W-96H 1.871 0.7977 1.4398 
WR-97 

" 
10 2.31 0.8146 1.4546 

W-97H 2.25 0.8011 1.4422 
W-98 

" 
11 2,73 0.8180 1.4564 

"1-98H 2.68 0.8050 1.4438 
wR-99 

" 
12 3.33 0.8188 1.4566 

W-99H 3.05 0.8033 1.4444 
W -100 

" 
13 3.98 0.8234 1.4590 

W -100H 3.85 0.8114 1.4475 
W-I0l 

" 
14 5.07 0.8320 1.4636 

W -101H 4.83 0.8190 1.4514 
W-I02 

" 
15 6.50 0.8439 1.4699 

W -102H 6.15. 0.8290 1.4561 
W-I03 

" 
16 8.17 0.8475 1.4725 

W -103H 7.14 0.8274 1.4562 
W-I04 

" 
17 9.80 0.8476 1.4720 

W -104H 8.55 0.8318 1.4575 
W-I05 

" 
19 18.49 0.8781 1.4883 

W-I05H 14.55 0.8515 1.4650 
W -106H . 21 15.74 0.8458 1.4637 

Oil R40) 

W-107 Fraction 6 0.834 0.7744 1.4321 
W-I08 . 15 6.58 0.8615 1.4808 

Wt."!. 

M Sulfur") CA 

190 - 9 

19~ - -
205 - 12 
206 - -
214 - 12 
219 - -
224 - 11 
222 - -
240 0.1 11 
240 - -
253 0.1 10 
255 - -
270 0.1 11 
277 - -
280 0.2 13 
285 - -
294 0.2 14 
301 - -
307 0.2 13 
309 - -
336 0.3 16 
322 - -
400 - -

161 0.2 7 
278 1.7 18 

n-d-M Analysis 

CN Cp RA 

31 60 0.2 
36 64 -
24 64 0.3 
38 62 -
24 64 0.3 
36 64 -
26 63 0.3 
38 62 -
22 67 0.3 
31 69 -
24 66 0.3 
35 65 -
25 64 0.4 
36 64 -
25 62 0.4 
38 62 -
23 63 0.5 
36 64 -
24 63 0.5 
38 62 -
25 59 0.7 
43 57 -
33 67 -

24 69 0.1 
20 62 0.6 

RN 

0.8 
0.9 
0.6 
1.0 

0.7 
1.0 
0.7 
1.1 
0.7 
0.9 
0.8 
1.1 
0.8 
1.3 
1.0 
1.5 
1.0 
1.5 
1.0 
1.5 
1.3 
2.0 
1.9 

0.5 
0.7 

I 

*'" W 
I 



CO);TI'\CATIO:\ Of TABLE n-1 

~1ineral-Oll fraction ( Atmospheric) Physical ConStants 

Code") Experirnenters· Designation '1400(:. cP d40oC ' g/cm3 
n400C 

IV A TERl\iAI' ct al. (Cont.) 

Oil y40) 

Iv -11)9 fraction ~ 1.021 0.7861 1.4392 

\11-110 .. 18 1.38 0.8614 1.4808 

FENSKE e t a l. 45) 

PenDEylvania 180 Neutral 

f-1 Original 31.0 0.8593 1.4767 

F-2 Fraction 1 11.62 0.8586 1.4767 
F-:J .. 2 13.71 0.8569 1.4759 
f--! .. 3 15.81 0.8543 1.4745 
f-e. 

" 
4 17.50 0.8539 1.4744 

F-6 
" 

5 19.01 0.8541 1.4744 
F-7 .. 6 20.5 0,8545 1,4745 
F-B ., 7 22,0 0,8552 1,4749 

1'-9 ., S 22,9 0,8542 1,4743 
F-lO 

" 9 24,9 0,8543 1,4744 
F-ll 

" 
10 27.0 0,8547 1,4744 

F-12 
" 

11 29,2 0.8562 1,4755 
F-13 .. 12 30.8 0,8572 1.4758 
F-14 

" 
13 33.5 0.8583 1,4765 

F-15 
" 

14 35.6 0.8588 1,4769 
F-16 .. 15 38.2 0,8590 1.4773 
F-17 .. 16 41.0 0.8600 1.4776 

F-18 
" 

17 44.7 0.8603 1.4778 
F-19 ., 18 48,5 0,8610 1.4782 

Wt."!" 

!vi Sulfur"") CA 

173 0.2 9 
290 1,6 17 

395 10 
338 12 
343 12 
347 12 
353 11 

358 11 
363 11 
368 11 
373 11 
378 10 
383 10 
388 10 

393 10 
398 11 
403 11 
408 11 
414 11 
422 1 
430 

n -<I-M Analysis 

CN RA 

22 69 0.2 
20 63 0.6 

24 66 0,5 
26 62 0.5 
25 63 0.5 
24 64 0.5 
24 65 0,5 
24 65 0,5 
24 6e. 0,5 
24 65 0,5 
22 67 0,5 
23 67 0,5 

23 67 0.5 
23 67 0,5 
23 67 0.5 
22 6~ 0.5 
22 67 0,5 
21 68 0.6 
21 68 0.6 
22 68 0,6 
22 68 0.6 

RN 

0.5 
0.8 

1.5 
1.4 
1.3 
1.3 
1.3 
1,3 
1.3 
1,3 
1,3 
1.3 
1.3 
1.4 
1.4 
1.4 
1,4 
1.3 
1.4 
1.4 
1.4 

I 
II'> 
II'> 
I 



CONTINUATION OF TABLE II-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants Wt .. l;o n -d -~l rlnalysi, 

Code") Experimenters' Designation 'l14OoC' cP d40OC. g/cm3 
fi400C ~I Sulfur""} CA CN Cp RA RN 

FENSKE et a 1. (Cont. ) 

Pennsylvania 180 Neutral 

1'-20 Fraction 19 53.1 0.8614 1.4785 440 10 21 69 0.6 1.:'> 
1'-21 

" 
20 61.0 0.8626 1.4792 459 10 21 69 0.6 1.;) 

1'-22 .. 21 65.8 0.8638 1.4796 482 10 21 69 0.6 1.6 

Rodessa Neutral 

1'-23 Original 31.1 0.8656 1.4795 397 11 26 63 0.5 1.7 
1'-24 Fraction 2 17.95 0.8672 1.4805 356 12 28 60 0.5 1.6 
1'-25 

" 
11 35.5 0.8653 1.4791 412 10 26 64 0.5 1.7 

1'-26 .. 13 40.8 0.8662 1.4798 426 10 25 65 0.5 1.8 
1'-27 .. 15 47.2 0.8677 1.4804 442 10 25 65 0.5 1.9 

Midcontinent Neutral 1 

1'-28 Original 90.0 0.8997 1.4975 400 15 33 52 0.8 2.2 
1'-29 fraction 12 150.3 0.9052 1.5012 422 16 32 52 0.8 2.4 
1'-30 

" 
13 196.8 0.9067 1.5026 437 17 30 53 0.9 2.3 

1'-31 .. 15 272 0.9055 1.5018 468 16 29 55 0.9 2.4 
1'-32 .. 17 327 0.9043 1.5017 497 16 27 57 I,D 2.4 

Midcontinent Neutral 2 

1'-33 Original 49.8 0.8862 1.4918 377 15 28 57 0.7 1.8 
1'-34 Fraction 1 12.50 0.8923 1.4964 265 22 34 44 0.7 1.5 
1'-35 

" 
2 16.48 0.8902 1.4950 292 20 32 48 0.7 1,6 

.. 3 20.3 0.8856 1.4924 311 Uti 30 52 0.7 1.6 

.. 4 23.3 0.8831 1.4906 326 29 54 O. '1 1.6 



CONTINUATION OF TABLE II-I 

lIiineral-Oil Fraction (Atrr.ospheric) Physical Constants 

Code *:~ ExpedJnenteu' Designation lJ40oC. cP d40oC ' g/cm3 n4QoC 

FENSKE et al.(Cont.) 

1Edcontinent Neutral 2 

F-3S Fraction ;; 26.4 0.8826 1.4903 
F-39 .. " 29.5 0.8824 1.4903 
F-40 · 7 33.3 0,8829 1.4898 
F-Jl .. 8 37.2 0.8834 lA903 
F-J2 .. 10 46.7 0.88J9 1. 490J 
F-J3 .. 11 51.5 0.8854 1.4905 
F-4J .. 12 56.9 0.885J 1. 4905 
F-45 .. 13 62.2 0.8855 1.4905 
F-46 .. 14 69.3 0.8858 1.4907 
F-47 H 15 75.9 0.8854 1.4908 
F-48 .. 16 8 ... 9 0.8852 1.4909 
F-J9 .. 17 94.2 0.8846 1.4908 
F-50 · 18 104.5 0.8853 1.4911 

California Neutral 

F-51 Original 67.0 0.9193 1.5095 
F-52 Fraction 2 6.90 0.8913 1.4901 
F-S3 

" 
1J 163.3 0.926J 1.5142 

F-54 
" 

16 273 0.9302 1.5156 
F-5S H 18 454 0.9353 1. 5170 

Gulf Coast Neutral 

F-56 Fraction 1 14.09 0.9139 1. 5058 
F-S7 · 2 18.20 0.9131 1.5051 
F-5S · 3 23.1 0.9110 1.5042 

Wt.o/. 

M Sulfur"") CA 

338 17 
348 16 
357 .15 
366 15 
381 15 
387 15 
392 14 
398 14 
403 14 
408 IJ 
412 14 
416 14 
417 14 

330 22 
239 17 
3J8 23 
381 22 
409 21 

268 23 
283 22 
296 21 

n -d -M Analysis 

CN Cp '.~ 

29 54 0.7 
28 56 O.~ 

29 56 0.7 
28 57 0.7 
28 57 0.7 
28 57 0.7 
29 57 0.7 
28 58 0.7 
28 58 0.7 
28 58 0.7 
:27 59 0.7 
27 59 0.7 
2'1 59 0.7 

36 J2 0.9 
48 35 0.5 
36 41 1.0 
36 42 1.1 
38 41 1.1 

42 35 0.8 
41 3'1 0.8 
39 40 0.8 

RN 

1.7 
1.7 
1.7 
1.8 
1.8 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 

2.1 
1.8 
2.2 
2.4 
2.8 

1.9 
2.0 
2.0 

I 
N"
O) 
I 



CONTINUATION 01' TABLE II-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code") Experimenters' Designation 1).J,OoC, cP d.J,OoC' gicm3 
n.J,OoC 

FENSKE et al. (C ont.) 

G"lf Coast Neutral 

F-59 Fraction 4 29.0 0.9092 1.5040 
F-60 0, 5 33.9 0.9070 1. -3022 
F-61 

" 
6 39.4 0.9074 1.5014 

F-62 
" 

7 45.4 0.£l068 1.5010 
F-63 

" 
8 52.0 0.9066 1.5008 

F-64 
" 

9 60.3 0.906 .. 1.5004 
F-65 

" 
10 70.8 0.9075 1. 5012 

F-66 
" 

11 83.4 0.9090 1.5015 
F-67 

" 
12 100. a 0.9105 1.5023 

F-68 
" 

13 122.8 0.9123 1.5032 
F-69 

" 
14 150.3 0.9145 1.5042 

F-70 
" 

15 188.4 0.9167 1.5049 
F-71 

" 
16 231 0.9195 1.5060 

F-72 
" 

17 275 0.920B 1.5066 
F-73 

" 18 316 0.9216 1.5066 

V AN WESTEN e t al. 
46) 

We-1 Paraffinic Original, Table I 86.9 0.8686 1.4823 
We-1H 72.3 0.8565 1.4701 
We-2 N aphthenic Original, Table I 87 .. 5 0.8963 1.4945 
We-ZH 55.5 0.8761 1.4767 
We-3 Asphaltic Original. Table I 252 0.9560 1.5343 
We-3H 80.4 0.9064 1.4890 
We-4 Base Oil A, Table VII 150.0 0.9110 1.5052 
We-4H 71.1 0.8745 1.4766 

Wl.01~1 

M Sulfur") CA 

307 :20 
316 20 
:325 19 
333 18 
3 .. 1 18 
3-±8 17 
355 17 
361 17 
;)66 17 
:372 I, 
378 17 

383 17 
387 16 
392 10 
396 15 

525 0.1 10 
513 - -
419 0.1 13 
417 - -
349 0.2 32 
350 - -
425 0.9 18 
430 - -

n-d -1-1 Anllly,i, 

CI\ C p R.-\. 

39 -n 0.8 
37 .. 3 O.~ 

38 -+;) O. d 
:3S H O.S 
;J, .. 5 O.S 

38 .. 5 0.8 
3~ "0 0.8 
38 .. 5 0.8 
38 ",J 0.9 
38 -+0 O.b 

39 H 0.3 

39 H 0.8 
.. 1 .. ;) 0.8 
41 .. 3 0.8 
43 42 0.8 

20 70 0.7 
30 70 -
34 53 0.7 
47 53 -
32 36 1.4 
64 36 -
27 55 1.0 
45 55 -

R1' 

:2.0 

:2.0 

~.l 

~.1 

::.1 
,~ ,-) 

~.~ 

2.3 

~.3 

~.5 

2 ... 1 

~. G 
:l. i 
~.8 

~.9 

1.7 
2.ij 
2 ... 

3.0 
2.1 

3.G 
1.9 
2.9 

I 
>1-0 
-J 
I 



COl\TINUATlON 0F TABLE II-I 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code"} Experimenters' Designation 'l40oC' cP d40oC ' g/cm
3 

11400C 

VAN WESTEN et al.(Cont.) 

We-5 Hydrolube C, Table Vll 69.2 0.8758 1.4806 
We-5H 54.4 0,8640 1.4724 
We-6 Hydrolube E. Table VII 40.7 0.8632 1.4754 
We-6H 39,9 0.8566 1.4688 
We-7 Hydrolube G. Table Vll 31.8 0.8463 1,4651 
We-8 Original Oil, Table X 151.{) 0.9228 1.5140 
W.,-9 Raffinate 1 from W.,-8 135,2 0.9138 1.5062 
We-10 .. 3 .. .. 115.1 0.8993 1.4960 
We-ll .. 5 .. .. 10B.5 '0.8953 1.4932 

ANDRE and O'NEAL 47) 

AN-I East Texas Neutral 43.B 0,8628 1.4740 
AN-2 Oklahoma City Neutral 43.8 0,8612 1,4755 
AN.-3 West Texas ElleJIberger Neutral 41,9 0,8636 1.4773 
AN-4 California Neutral. M;:.dium VI 69,S 0.8833 1,4822 
AN-5 

" " 
Low VI 93,5 0.9029 1.4953 

AN-6 Pennsylvania Neutral 31.0 0,8574 1,4752 
AN-7 Gulf Coast N eutra! 53,1 0.8944 1.4933 

ASME27) 

A-I Midcontinent Neutral, coded 24-£ 25.1 0,855 1,4695 
A-2 Heavy Gas-Oil Fraction, coded 25-£ 7,30 0,864 1.4757 
A-3 Paraffinic Oil, coded 31-G 41,1 0.B66 1.4799 
A-4 

" " 
., 32-G 129,4. 0.671 1.4787 

A-5 . Bright Stock. coded 33-G 438 0,890 1.4916 

Wt."!. 

M Sulfur"> CA 

450 0.1 6 
450 - -
425 - 4 
425 . -
441. - -
414 2.0 23 
426 1. '7 18 
442 1.3 13 
453 1.1 12 

41B 0.1 3 
433 0,1 7 
432 0.1 8 
410 0,3 4 
358 0.5 12 
33~ - 11 
332 0.2 15 

394 2 
253 12 
450 10 

576 5 
700 10 

n-d-M \nalysis 

CN Cp RA 

33 61 0.3 
39 61 -
33 63 0.3 
37 63 -
30 10 -
22 55 1.2 
27 55 1.0 
30 57 0.7 

0.7 

35 62 0.2 
27 66 0,4 

27 65 0,4 
43 53 o ., , -
42 46 0,6 
28 61 0.5 

38 47 0.6 

35 63 ".1 
41 4~ 0,4 
23 6~ 0.6 
26 89 0 • .) 
21 69 1.0 

R.t\ 

2.6 
2,7 
2,0 

2.4 
1.8 
1.6 
1.9 
2.1 
2.2 

2.2 
1,8 

1.9 
2,8 

2.4 
1.4 
2.1 

2,1 
1,5 
1,6 

2.5 
2,5 

I 
~ 
0:> 
( 



CONTINUATION OF TABLE n-l 

Mineral-Oil Fraction (Atmospheric) Physical Constants 

Code") Experimenters' Designation "l40oC' cP d40OC, g/cm3 
il400C 

ASME (Cont.) 

A-S Paraffinic Oil, coded 34-G 138.7 0.870 1. 4787 
A-7 Mixture of A-3 and A-5, coded 35-G 120.5 0.876 1,4845 
A-B A-4 Dearomatized, coded 41-G 119.7 0,866 1.4751 
A-9 A-3 Undewaxed, coded 49-G 38,9 O,B65 1. 478B 

Gulf Coast Crude 

A-I0 Distillate Fraction, . coded 3G-G 44,7 0,903 1,4962 
A-I). .. . .. 37-G 117.5 0.915 1,5026 
A-12 .. .. " 

38-G 403 0,931 1,5115 
A-13 .. .. » 39-G 119,4 0,921 1,5066 
A-14 Reduced Crude. coded 40-G 117,5 0,922 1,5067 
A-IS A-11 Dearomatized, coded 42-G 58,2 0.880 1.4164 
A-16 Aromatic Extract from A -11 ,coded 52-G 501 0,977 1.5486 

DOW et aI, 35) 

D-l Russian Oil '00" 157.8 0.9072 1.5012 
D-2 

" .. "I" 78.5 0.8938 1,4920 
D-3 .. " 

"2" 30,1 0.8855 1.4886 
D-4 .. Bright Stock 427 0.8900 1,4910 
D-5 Rumallian Oil "1" 19.19 0.9120 1.5095 
D-6 .. .. "2" 382 0.9341 1.5192 
D-7 .. " 

"3" 1.344 0.9461 1.5294 

KUSS 29 ,30) 

K-l Oil No.1, Table 230) 260 0.8844 1.4900 

Wt.% 

M Sulfur"") CA 

588 5 
546 8 
584 3 
450 10 

349 14 
383 15 
400 18 
364 17 
391 17 
401 -
340 38 

435 15 
393 12 
364 13 
666 9 
285 27 
409 24 
511 28 

620 1.0 11 

n -d -M Analysis 

CN Cp RA 

26 69 0.4 
25 67 0.6 
24 73 0.2 
21 69 0.6 

40 46 0,6 
41 44 0.8 
42 40 0,9 
41 42 0,8 
39 44 0.9 
49 51 -
33 29 1,7 

34, 0.8 
36 D,S 

34 0,6 
27 , 0,7 
30 1.0 
32 1.2 
24 1.8 

19 10 0.8 

RN 

2.4 
2.2 
2.5 

1.5 

2.3 
2,6 
2.9 
2.6 
2,6 
3,2 
2,1 

2.6 
2.4 
2,1 

3.1 
1.5 

2.5 
2.5 

2,0 

I 
o!>
(0 
I 



Code") 

K-2 
K-3 
K-4 
K-5 
K-6 
K-7 
K-8 
K-9 

K-10 
K-11 
K-12 
K-13 
K-14 

K-15 

K-16 
K-17 
K-18 
K-19 

K-20 
K-21 
K-22 

K-23 

CONTINUATION OF TABLE II-I 

MIneral-Oil Fraction 

Experimenters' Designation 

KUSS (C 0 n t • ) 

Oil No.2, Table 230) 

.. " 4 

.. " 5 

" " 6 
II " 7 
.. .. 8 

.. " 9 

.. ,,10 
Group W.B.Lub.: Lub.3, Dist. 29) 
Hypoid .Gear Oil, No.11, Table 230) 

.. .. ,,12 "" .. 
.. ..,," 13 

Oil No. 14, Table 230) 

.. ,,15 " "§; 
Group High: High G2 ) 
Oil No.16, Table 230); 
Group Low: Low B29) 

Oil No. 17, Table 230) 

.. 18 

" ,,19 " "" 

.. ,,20 ': ""; 29) 
Group T .I.Lub •• Lub.2, Raff. 
Oil No.21, Table 230) 

.. ,,22 " .... 

" ,,23 " .. ". 
Group High: High K29) 

Oil No.24, Table 230); 
Group High: High 0

29
) 

(Atmospheric) Physical Constants 

134.9 
101.0 
159.2 
147.2 
110.9 
58.9 
67.6 

328 

62.4 
246 
408 

1.686 
7.16 

2.93 

12.90 
31.8 
36.6 
27.3 

33.5 

173.8 
139.5 

355 

0.8857 
0.8811 
0.8791 
0.8873 
0.9069 
0.8705 
0.9213 
0.9129 

0.8950 
0.9135 
0.9131 
0.8229 

0.8252 

0.8613 

0.8292 
0.8674 
0.8672 
0.8683 

0.8625 

0.8794 
0.8740 

0.8785 

1.4907 

1.4852 
1.4868 
1.4876 
1.5055 
1.4772 
1.5130 
1.5107 

1.4935 
1.5055 
1.5047 
1.4749 
1.4558 

1.4755 

1.4579 
1.4769 
1.4786 
1.4794 

1.4739 

1.4830 
1.4785 

1.4832 

M 

545 
550 
598 
530 
429 
420 
360 
370 

421 
512 
440 
320 
280 

215 

450 
385 
406 
325 

395 

545 
510 

690 

Wt.o/, 

0.8 
0.8 
0.8 
0.1 
1.1 
1.1 
1.1 
0.9 

1.6 
2.4 
2.3 

0.6 
0.4 
0.1 

0.3 
0.9 
0.7 

0.6 

12 
8 

10 

8 
20 

4 

24 
24 

13 
16 
17 

3 

16 

6 
9 

12 

4 
6 
2 

5 

n -d -M Analysis 

22 
27 
20 
32 
22 
34 
28 
22 

29 
23 
26 

33 

42 

24 
34 
28 
33 

35 
29 
35 

27 

Cp 

66 
65 
70 
60 
58 
62 
48 

54 

58 
61 
57 

64 

42 

76 
60 
63 
55 

61 

65 
63 

68 

0.8 
0.5 
0.7 
0.5 
1.1 
0.2 
1.1 
1.1 

0.6 
1.0 
0.9 

0.1 

0.4 

0.3 
0.4 
0.4 

0.2 

0.4 
0.2 

0.4 

2.0 
2.4 
2.0 
2.8 
1.6 
2.2 
1.7 
1.4 

2.0 
1.9 
1.9 

1.2 

1.4 

1.4 
2.0 
1.9 
1.7 

2.0 
2.5 
2.7 

3.0 

I 
(}1 

o 
I 



CONTINUATION Of TABLE IT-I 

Mineral-Oil fraction (Atmospheric) Physical Constants Wt.% n -d -M Analysis 

Code·) Experimenters' Designation 'Il40oC' cP d4QoC' g/cm3 
n400C M Sulfur"") CA CN Cp RA RN 

KUSS (Cant.) 

K-24 Oil No.25, Table 230). 83.7 0.8850 1.4882 430 - 11 31 58 0.6 2.2 
Group T .1.Lub.: Lub.3, Raff. 29) 

K-25 Oil No.26, Table 230); 192.0 0.8889 1.4853 580 0.8 3 37 60 0.2 3.4 
Group W ,B.Lub.: Lub.3, FUtr. 29) 

K-26 Oil No. 27, Table 230); 90.0 0.9151 1.5080 290 - 24 37 39 0.8 1.9 
Group Low: Low D29) 

K-27 Oil No.28 Table 230); 19.W 0,9620 1.5450 220 1.8 
, 29) 

Group W .B.Lub.: Lub.l, Extr. 
K-28 Oil No.29, Table 230). 127.6 1.0042 1.5767 320 3.5 

Group T .I.Lub.: Lub.2. Extr. 29) 
K-29 Oil No.30, Table 230). 1,290 0.9894 1.5562 350 1.7 41 26 33 1.8 1.8 

Group W .B.Lub.: Lub.2, Extr. 29) 
K-30 « ».... .... Disr. 29) 88.4 0.9035 1.4959 395 0.1 12 41 47 0.6 2.7 

K-31 
(see also Ref.30, p.196) 
Group Low: Low C29) 19.00 0.9053 1.5017 280 1.2 21 35 44 1.6 
(see also Ref.30, p.196) 

0) The sulfix "H" refers to a saturated mineral-oil fraction which has been obtained by complete. analytical hydrogenation of the similarly 

numbered natural fraction. 
The prefix "WR" refers to mineral oils whose viscosity-temperature-pressure relationship has been determined by Roelands eta I. 44). The vis

cosity and density data inCluded in the present table derive from their investigation • 
.. ) In this column dashes denote that the sulfur content is negligible, whilst blank places indicate that this has not been reported. 
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CHAPTER III 

THE ISOBARIC VISCOSITY·TEMPERATURE RELATIONSHIP FOR A GIVEN 
LIQUID 

III.1. THE ATMOSPHERIC VISCOSITY-TEMPERATURE RELATION
SHIP FOR A GIVEN LIQUID 

III. 1. 1. Introduction 

To a first approximation the relationship, at atmospheric pres
sure, between dynamic viscosity 110 of Uquids and absolute temper
ature T can be described by the equation'~): 

Co 
log 110 = (III-la) 

where Co and Do denote parameters characteristic of the liquid con
cerned, the subscript "0" referring to atmospheric pressure'~l,'). This 
simple two-parameter e~uation was established empirically by de 
Guzman as early as 1913 3). 

In later years Equation (III-1 a) achieved foundation in several 
viscosity theories. In fact, irrespective of the particular model as
sumed for viscous flow, the great majority of viscosity theories 
prove to lead to expressions essentially identical to the latter equa
tion. In such theories Equation (III-la) is used rather in the form':'}: 

E vis , 
In 110 = R T + Do ' (Ill-lb) 

where the parameters Evis and D~ are characteristic again of a 
given liquid and R denotes the molar gas constant. Unlike the para
meter Co in Equation (III-laL the quantity Eyis in Equation (III-Ib) 
is seen to have the dimension of an energy. 

An early theoretical interpretation of Equation (III-lbJ was 
provided by Andrade 54,55) . A few years afterwards, Eyring 56, 7) ob
tained the latter equation as the result of an elaborate theoretical 
treatment based on a mode~ for viscous flow of liquids analogous 
to the model that was employed for a chemical reaction in his well
known reaction-rate theory. Eyring's theory explains viscous flow 
as resulting from the movement of an "activated" molecule from one 
equilibrium position to another in the preferred direction of shear, 
this movement being treated as a jump over a potential-energy bar
rier. The energy required to pass this barrier is represented by 
the quantity E yis (relatin~ to one gmole of the liquid), which is 
appropriately termed the 'activation energy for viscous flow". 

Eyring's viscosity theory would appear to have found the most 

0) As stated in the Nomenclature, throughout this thesis "log" denotes the common or Briggsian 
logarithm, log10' whilst "In" stands for the natural or' Napietian logarithm, loSe' 

.. ) In this entire thesis the subscript "0" invariably relates to atmospheric pressure. 
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wide-spread usage. although several further tneol'ies leading to 
Equation (III-lb) have been proposed, 

Unfortunately, Equation (III-la), 01' (UI-1b), has a very limited 
applicability. F requentl.v, it is valid to a reasonable approximation 
only in a moderate tempel'ature range; only with simple liquids has 
it genel'ally been found to apply satisfaetorily in a wider temperature 
range. 

In fact, whereas according to Equation (111-1 a) straight lines should 
be obtained by plotting log 110 against T-1 , conspicuous deviations 
from the relevant straight-line relationship are frequently observed, 
particularly with the rather complex liquids represented by the 
normally encountered types of lubricating oils. As a rule, such 
logl'jo - T-] c:urves are markedl,\! convex towards the reciprocal-temper
atlll'e axis. Ollly a few liquids (for example gallium) are kllown to 
exhibit a log 110 - T-1 curve that is slightly concave in that direction. 

All in all, the (atmospheric) viscosity-temperature curves of 
liquids may be very different from one another, even in their qualit
ative aspects. This empbasizes the difficulties encountered in trying 
to design a generally applicable, yet sufficiently convenient vis
cosity-temperature expression (let alone any adequate theoretical 
interpretation). T.l1e gigantic number of attempts to provide such an 
expression may well testify to these difficulties. 

III. 1. 2. Empirical Equations 

An abundance of empirical equations have been proposed for des
cribing, more satisfactorily than by means of Equation (III-la). the 
atmospheric viscosity-temperature relationship of liquids, particu
larly lubricating oils. Unfortunately, most of these equations leave 
much to be desired with respect to either their correlational ac
curacy or their simplicity in use. 

Nearly all equations that are sufficiently accurate contain three 
or more characteristic parameters. Although some of the avail
able three-parameter expressions do combine sufficient correlational 
accuracy with J'easonable workability, they still remain rather cum
bersome in use. 

Fortunately, thanks to many painstaking efforts, a few equations 
have been achieved that are considerably simpler in that they con
tain only two parameters, the number that may be deemed an ab
solute minimum for fully characterizing the viscosity-temperature 
relationship of an arbitrary liquid. These equations stand out for 
convenience of analytical and numerical manipulation. 

Moreover, each such two-parameter expression permits setting 
up I rectifyil1g" scales for constructing a chart, typical of the expres
sion chosen, in which the viscosity-temperature relationships of 
liquids are represented by straight lines, at least to a good approxima
tion. The use of such a "rectifying" viscosity-temperature chart entire
ly obviates any need for calculating the parameters in the basic equa
tion. Last but not least, the slope of the viscosity-temperature lines 
rectified in the aforementioned chart - or, of course, the correspond
ing parameter in the basic equation - may constitute a significant 
viscosity- temperature criterion. 
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Before introducing a newly developed two-parameter equation, some 
three- and two-parameter viscosity-temperature equations which, 
at least from a practical point of view, may be regarded as the 
most valuable ones available will be briefly discussed. 

A. VISCOSITY-TEMPERATURE EQUATIONS CONTAINING THREE PARAMETERS 

From an extensive critical review58) of the numerous three-para
meter viscosity-temperature equations proposed the author has ar
rived at the conclusion that only a few of. these may be deemed real
ly acceptable for practical applications. 

Judging from the combination of correlational accuracy and work
ability achieved, it would seem that the well-known Vop:el equation 
might well be the first choice. In 1921 already, Voge159f introduced 
the following formula: 

log no (III...:2) 

where Ao' Bo and ao denote parameters characterizing the vis
cosity-temperature relationship of a particular liquid, the subscript 
"0" referring again to atmospheric pressure. Many years later 
Cameron60 ,61) found that for mineral oils, and in a wide temperature 
range, one single value may invariably be employed for the para
meter ao, namely ao: - 17SoK(or ao= 95°C if temperature is expressed 
in deg C). 

Another very valuable formula to describe the atmospheric vis
-cosity-temperature relationshi~ of liquids was proposed, in 1955, 
by Cornelissen and Waterman6 ,44) : 

A~ 
log no + B~, (III":3) 

Tab 

where A~, B~ and a~ are parameters characteristic of a given liq
uid. For mineral lubricating-oil fractions a common ~ -value of 3.5 
may be used in a wide temperature range. 

The author would like to add yet a third equation, which does not 
seem to have been proposed so far. As regards its correlational 
accuracy and practical convenience, the latter equation has proved 
to be practically on a par with the two preceding equationf;. This 
Tait-type equation reads: 

" (a~)" log no: A 0 • log 1 + T + Bo ' (III-4) 

II ff tr 
where A o' Bo and ao represent parameters characteristic of the 
liquid under investigation. 

If sufficient viscosity measurements are available, the three 
foregoing equations are very suitable for analytically describing the 
viscosity-temperature relationship of any liquid over a very wide 
temperature range, usually covering at least 200°C (360° F), and 
with a good accuracy at that. But, as stated above, even these most 
prominent three-parameter equations are rather cumbersome for 

- --~-------~--~~~~-------------
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practical purposes, 
In practice, therefore, one will normally resort to one of the in

dicated rectifying charts, based on two-parameter viscosity-temper
ature expressions, which are now to be discussed in more detaiL 

B. VISCOSITY -TE1;IPERATURE EQUATIONS CONTAINING TWO PARAlvlETERS 

Amongst the few rectifying charts available the standardized ASTM 
kinematic viscosity-temperature chart63) has certainly achieved the 
most wide-spread usage. It is based on the MacCoull-Walther equa
tion64•65) relating kinematic viscosity vo, in cS, to absolute tem
perature T as follows; 

log log (vo + 0.6) -mo' T + No, (III-5) 

where mo and No are two parameters that characterize the 
kinematic viscosity- temperature relationship a particular oil. 

With the fixed constant of D.6 cS the validity of the ASTM chart 
has been restricted to kinematic viscosities above 1.5 cS. The chart 
has been extended down to 0.4 cS by introducing for this constant 
values that increase as the viscosity level decreases; at Vo 0.4 cS, 
for instance, this -constant has increased from D.6 to D.75 cS. 

The ASTM chart was originally designed specifically for petro
leum products of not too low kinematic viscosities. Indeed, for 
such oils it has proved to yield quite satisfactory results. It is a 
well-known fact, however, that it applies not quite so well to many 
synthetic lubricating oils and polymer-blended mineral oils. More
over, in general it may not be applied to highly fluid oils, such 
as encountered in modern high-temperature applications. 

All in all, the ASTM chart cannot be claimed to be generally ap
plicable to the various kinds· of oils that are important in current 
lubrication practice. 

Besides the ASTM chart only very few such rectifying charts are 
in use, at least to some reasonable extent, in present lubrication 
practice. Moreover, it would appear that the latter charts are very 
closely related to the ASTM chart. 

Amongst these related charts may be mentioned: the Walther-Ub
belohde chart66) and the Umstlitter chart 67 •68), both also based on 
kinematic viscosity. Both these charts - which are frequently em
ployed in Germany and some other European countries - possess a 
temperature scale proportional to that of the ASTM chart. Although 
their kinematic-viscosity scales differ slightly from that of the ASTM 
chart, the differences become more or less significant only in the 
range of very low viscosities. It should be added, however, that in 
the latter viscosity range none of the available rectifying charts 
proves to be satisfactory. 

III. 1. 3. The Present Viscosity- Te1:lIperature Equation*) 

The following new empirical equation has proved successful, over a 
very wide temperature raneE" and nearly ""ithin the normal viscometric 

.) The greater part of § III.l.3 has already been published in Reference 69. 
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accuracy, for describing the atmospheric viscosity-templH'ature re
lationships of lubricating oils and even of all the other liquids tested 
so far, including, amongst others, water, liquid metals and molten 
glasses: 

log 110 + 1. 200 (III-6a) 

or, logarithmized: 

log(lo~ T}o + 1.200) = -So·log (1+1~5) + log Go· (III-6b) 

The (atmospheric) dynamic viscosity is represented by 1'/0' in cP, 
the temperature by t, in deg C, and log stands again for the com
mon or Briggsia"n logarithm, loglO. This equation contains only two 
parameters - the dimensionless quantities Go and Sf) -, the number 
that may be deemed an absolute minimum for fully chat'acterizing 
the viscosity-temperature relationship of an arbitrary liquid. 

One paramete1', Go, may be conceived as indicative of the vis
cosity grade of the liquid as expressed in terms of dynamic vis
cosity at a standard reference temperature. With the above fox'mulas 
this reference temperature is readily seen to be OoC (32°F), so that 
one may write: Go = (log 110,oOC + 1.200). The other parameter, So, 
the new viscosity-temperature criterion (see Chaptet' VI), is a meas
ure of the variation of viscosity with temperature. 

Rewriting Equation (III-6a) in the form: 

~ ~ Go 
log i1 '" log 0 0631 = ( t)S' .. . 1+

135 
Q 

(III-Bc) 

it is seen that the constant 1. 200 may analytically be put equal to 
the symbolic expression -log 11 .. , where 11 .. l'epresents the vis
cosity, also in cP, that would be reached when extrapolating analyt
ically to infinite temperature, t = 00, Accordingly, tbis fictitious 
viscosity, amounting to T} .. '" 0.0631 cP, would be common to all 
liquids. The negative value of the constant 135 denotes the fictitious 
temperature, in deg C, where the analytically extrapolated viscosity 
becomes infinitely high. Of course, even at temperatures not quite 
so low as _135°C (_211°F) the present equation will no longer be 
adequate. 

The new equation can be cast into yet another form, which may 
be convenient for comparing its structure with that of the well-known 
viscosity-temperature formulas available from the literature, namely: 

2.303 Go 

l1 .. • e (III -6d) 

Those· preferring to measure temperature in deg F. denoting this by tFt may rewrite Equation 
(m-6b) as: 
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logOng 110 T 1. 200} = -so • log (1 .. ;1'1) .. log G ~ , (m-de) 

\vilert', for /I g!WII oil, So has the same value as in Equation (III-6b), but G~ differs from GO in 
ttl ... lalt ... r C41!1l1ioll In that it rders 10 the viscosity grade of the oil at 001' (-17. sOq, thaI is G~ • 
~ (log 'I/o 001' .. 1.200). 

LU,e\vi:", for absolute temperature T. in <leg K, one may \vrite: 

log(log 110" 1.:.!00) = -SO·log G~K -1) .. log G~, (llI-6f) 

where, for a given oll, So has the same value as ill the IWO preced'ing equations, but where G~ 
refers to the vi<cosity grade of the oil at 2760 K (SoC, or 37.4oF), that is G~ = (log 110, 2760K + 
; 1. :!OO). 

A most remarkable feature of the new viscosity-temperature equa
tion consists in that, I:'ssentially, it utilizes a kind of (dimensionless) 
"reduced" viscosity, namely the ratio of the viscosity, l'Jo ' at 
an arbitrary reference temperature, t, to the viscosity at t = 00, 

that is TI ... It therefore does not make any difference with the new 
equation - in contradistinction to, for example, the MacCoull-Walther 
Equation (III-5) - in which particular unit viscosity, Tlo' is expres
sed, provided of course that l'J.. is expressed in the same unit. 

For instance, if viscosity is eNpresse<l ill terms of microreyns, abbreviated a'I'R (l1'R '" 6,895 
cP), the viscosity expression (log 'I/o .. 1.200) in Equations (I1l-6a). (1ll-6b), (III-Se) and (III-6f) 
~hould be replaced by (log 110 T 2.039), where 2.039 '" (1.200 + log 6.895). 

To give an example, with 110 in I'R and temperature, tF. In deg F Equation (III-6e) should 
be rewritten as: < 

log(log 1)() .. 2.039) = -SO·log 0 + 2
t[1) + log G~, (1II-6g) 

where, for a given all, the parameter So has again the same value as in the preceding equations. 

For the sake of simplicity, Formula (III-6b) is rewritten in the 
abbreviated form: 

Ho = So 0 + log Go, (II1-6h) 

where the (atmospheric) viscosity function Ho *) and the temperature 
function 0 are seen to be defined as: 

HO = log(log Tlo + 1. 200) (II1-7) 

and 

0= -log (1 + 1~5)' (III-8) 

Thus, by constructing scales proportional to the latter viscosity 
and temperature functions a "rectifying" chart is obtained, that is 
a chart in which by definition all viscosity-temperature curves satis
fying the basic Equation (IlI-6b) are represented by straight lines. 
Of course, essentially the same chart is obtained if one of the afore
mentioned equivalent versions of the basic Equation (III-6b) is taken 
as a basis. 

The new viscosity-temperature chart reproduced in Fig.III-l has 
been provided with a single viscosity scale, in cP, and.a double 

.) The symbol H denotes the Greek capital for the Viscosity symbol 'I). 
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TEMPERATURE 

FIG.lIl-l. 

VISCOSITY-TEMPERATURE DIAGRAM 

FOR LIQUIDS 

VlSCOSI1"Y-TEMPERA"TURE ISOBARS ARE DEPICTED AS 

The New Viscosity -T emperature Chan for Liquids. 
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temperature scale*), temperature being expressed in both deg C 
and deg F. This chart~'*) covers much wider viscosity and temper
ature ranges than the commercially available charts known to the au
thor: viscosities extend from as low as 0.20 up to the exceedingly 
high value of 10 15 cP, whilst temperatures comprise the very wide 
range from -80 up to 400 0 C (-112 to 752°F). . 

The scales concerned have been so proportioned that the downward 
slope of viscosity-temperature lines is numerically equal to the para
meter So in the basic Equation (III':"Bh), Therefore.. from such charts 
this dimensionless quantity So, the new viscosit,Y,-temperature cri
terion, which will be termed the "Slope Index', can be assessed 
most readily. The accuracy of such a graphical assessment of this 
index will usually suffice for any practical purpose':":":'), provided 
that the chart's format is large enough, like that of the full-size 
chart reproduced in Fig. III-l . . 

In addition to the viscosity-temperature chart described, extensive tables have been prepared to 
facilitate the numerical conversion of viscosities, 1')0' expressed in cP, and temperatures, t, expressed 
in deg C, into the corresponding viscosity and temperature functions of Equation (III-Bh), and v ice 
versa. Accordingly, the data compiled in Tables 111-1-) and 111-2a have been calculated ffom 
Equations (1ll-7) and (lIl-8), respectively. Further, Table IlI·2b contains temperatures, tF' expres
sed in deg F, and the values"of the corresponding temperature function defined by Equation (I1l-6g), 
that is the function log [1+(tF/21l)]. 

In Figs. 111-2 through III-4 the Viscosity-temperature relationships 
of a great variety of liquids, primarily chosen amongst those used 
as lubricating oils, have been plotted in a chart according to Equa
tion (III-Bh), All the liquids indicated in these figures are specified 
in Table 111-3. Fig.III-2 comprises mineral oils, of several types, 
both natural and polymer-blended. Fig. III-3 depicts the viscosity
temperature relationships of representative members of those groups 
of synthe tic oils that are currently most important in lubrication 
practice. In Fig.III-4 miscellaneous liquidS have been included. 

Since the nature of the liquids represented in Figs.III-2 through 
III-4 differs widely and quite an extensive temperature range is 
covered, the validity of the basic Equation (Ill-Bh) has been put to 
a really severe test. The straight lines in these figures obviously 
fit the experimental data*****) for all the various liquids remarkably 
well. . 

In addition, Equation (III-6h) has been verified for numerous other 
liquids, not depicted in the present paper, of still other, and very 
divergent, types. These include many chemically sharply defined 
pure liquids as well as such complex, high-viscosity, liquids as 

.) For practical reasons the temperature scale has been taken proportional to the neg a t i v e value 
of the temperature function in Equation (ill -h), that is - e . 

.. ) The full-size chart has been printed on a format of 35 by 50 em (about 14 by 20 in). In ad
dition, sinnilar charts ofthe same format have been prepared, covering narrower ranges of vis· 
cosity(1.00 to lO'lcP) and of temperature (-40 to 2000C, or -40 to 3920 p), and thus having 
more open scales that are more adequate for lubrication practice in particular. 

~ It has been found that as a rule there is not much sense in carrying numerical evaluation of the 
Slope htdex, SO> beyond two decimal places. Por instance, a value of 1.354 assessed for a 
certain Slope Index could reasonably be rounded off to 1,36. 

~ Por convenience the subscript "0" has been omitted from the viscosity data. 
-> The plotted viscosity data relate to rates of shear low enough to warrant Newtonian behaviour. 
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TABLE lll-l 

Viscosity Conversion Table 

'I), cP H 'I), cP II 'I, cP II 'I), cl' II 

0.20 -0,3002 0.88 O. Oii~iti 4.3 0.:.W33 1~. ~1 tl .. a!J~:': 

0.21 -0.2822 0.90 0.0023 4.4 0,26;'0 19,0 O,:W-f:2 

o f')t) -0.2657 0.92 0.0659 -1. ;, 0.2670 1:J.ii O. au~~~ 

0.23 -0.2502 0,0-1 0.0693 -1.6 o. 210~ :!O O.~:Wl" ~ 

0,24 -0.2364 0.96 0.0727 -1:.7 O. ~'j::3 21 I) • .jl) I~ 

0.25 -0.2234 0.98 0./).60 4.8 O. ~744 2:..! I).··W,",:'; 

0,26 -0, I! 11 1 1.00 O.07U:; 4.9 O. :..!itj;J :::3 0,4085 

0.27 -0.1997 1.05 O.086~ 5.0 0, ;:7H.' ;2·f o,4J J~ 

0.28 -0.1890 1,10 0,09:39 ;) .. 2 O.28:"!4- ~!) u.-U.JU 

0,29 -0.1789 1.15 0,1006 5.4 O. :28til :!ti O • .jJ~5 

0,30 -0.1694 1.20 0.1069 5. U O,!.?H!J6 ~, u.-I:CO:! 

0.31 -0.1603 1,25 0,1129 5.11 0,2930 ~t) 0,42:':11 

0,32 -0.1517 1.30 0.lIH6 0,0 O.2UOa 2U O."I~;;:! 

0.33 -0,1436 1.35 0,1240 6 n 
.~ O.2!J~4: 30 0,4217 

0,34 -0.1358 1.40 0,1291 6.4 0.3024 32 O,·4:.l:<2 
0,35 -0,1284 1.45 0, .t:l40 6.6 O .. 30n!.! 34 0,4364 

0,36 -0,1213 1,50 0.138'1 6,~ O,30HO 30 0,-140:3 

0,37 -0,1145 1,56 0,1431 7,0 0,:3]01 31l 0.4440 
0,38 -0,1080 1.60 0,1474 7,2 0,3133 .lQ O,.j-l"75 

0,39 -0,1018 1,65 0.1515 7,4 0.31,,8 42 0,4507 
0,40 -0,0958 1,70 0,1550 7,6 0.3182 44 0.4;,3~ 

0,41 -0.0900 1,75 O,1[)93 7.8 O,3~06 41> 0, ·156~ 

0.42 -0,0845 1.80 0,1630 8,0 0.3229 -ill 0,4596 
0,43 -0,0791 1.85 0,1665 S,\! 0.3251 60 O.4ti~~ 

0,44 -0,0739 1,90 0,1699 8.4 0,3272 55 il.4684 
0,45 -0.0689 1.95 0,1732 H,B 0,3292 60 0.47:1\1 
0.46 -0,0641 2.0 0,1764 8,8 0.3313 65 0,4790 
0.47 -O,O[)94 2.1 u,11125 9,0 0,3333 70 0,4836 
0.48 -0,0549 2.2 0,1882 9,2 0,3352 75 0, ~879 
0,49 -0.0505 2,3 0,1936 9,4 0,3371 SO O,4U18 
0.50 -0.0462 2.4 0.1987 9,6 0,3389 H5 0,4955 
0.52 -0,0381 2,5 0.2036 9,8 0.3407 90 0,4989 
0.54 -0,0304 2.6 0,2082 10,0 0.3424 95 0,502] 
0,56 -0,0231 2.'1 0.2126 10,5 0.3466 100 0,5052 
0,58 -0.0162 2.8 0.216~ 11,0 0,3505 110 0,5107 
0.60 -0,0096 2.9 0,2207 11,5 0,3542 120 0,5158 
0,62 -0.0033 3,0 0.2246 12,0 0,3578 130 0.[;203 

0.64 0,002'1 3,1 0.2282 12,5 0,3611 140 0,&245 
0,66 0,0084 3.2 0.2317 13,0 0.3643 150 O .. 51.!~4 

0,68 0,0139 3,3 0.2351 13,5 0.3674 160 0,5320 
0,70 0,0192 3,4 0.2384 14.0 0.3704 170 0.5353 
0,72 0.0242 3,5 0,2416 14,5 0,3732 180 0,.'>385 
0.74 0,0291 3.6 0,2446 15.0 0,3759 190 0,5414 
0,76 0,0337 3.7 0.24'15 15,5 0,3785 200 0,5442 
O.7b 0.0383 3,8 0.2504 16.0 0,3810 2~0 0,5493 
0,80 0,0426 3,9 0.2531 16.5 0,3834 240 tJ.5539 
0,82 0,0468 4.0 0.2558 17,0 0,3857 ~wo 0.-55lH 
0,84 0.0569 4,1 0.2584 1"1.5 0.3B79 280 0,5620 
o 86 0,0548 4,2 0,2608 18.0 0.3901 300 0.5655 
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CONTINUATION Of TABLE ill-I 

'I), cP H 'I), cP H 'I), cP H 'I), cP H 

320 0.5688 8,500 0.7101 B,Ox 105 0,8437 3.5x 108 0.9887 
340 0,5719 9,000 0,7122 6.5 0.8459 4.0 0.9913 
360 0,5748 9,500 0.7141 7.0 0.8479 4.5 0.9936 

380 0.5775 I, Ox 104 0,7160 8.0 0,8514 5,0 0,9956 

400 0.r,800 1.1 0,7194 9.0 0.8546 6.0 0.9990 

420 0,5824 1,2 0,7226 1.0xl06 0.8573 7.0 1.0020 

440 0,5847 1,3 0.7254 1.2 0.8621 8.0 1.0045 

400 0.5869 1.4 0.7280 1,4 0,8661 9,0 1,0066 

480 O,5S90 1.5 0.7305 1,6 0.8695 I,OxlOO 1,0086 

500 0,5910 1.6 0.7327 1,8 0.8725 2,0 1,0212 

550 0.5955 1.7 0.7348 2,0 0,8751 3.0 1.0285 

600 0.5997 1,8 0,7368 2.5 0,8807 4,0 1,0335 

6iLO 0,6035 1,9 0,7387 3,0 0.8852 6.0 1,0405 

700 0.6069 2,0 0,7404 3.5 0.8890 8,0 1,0454 

750 0,6101 2,2 -0,7437 4,0 0.8922 1,0 x 1010 1.0492 

800 0.6131 2.4 0.7466 4.5 0.8951 2.0 1,0607 

850 0.6159 2.6 0.7493 5,0 0.8976 3.0 1.0673 

900 0,6185 2,8 0,7518 6.0 0.9019 4.0 1.0720 

950 0,6209 3.0 0.7541 7,0 0,9055 6.0 1.0784 

1,000 0,6232 3.5 0.7592 8.0 0,9087 8,0 1,0829 

1,100 0.6275 4,0 O. '636 9,0 0.9114 1.0xlO11 -1.0864 

1,200 0.6314 4;5 0,7674 1.0 x 107 0,9138 2,0 1.0969 

1,300 0,6349 5.0 0,7708 1.2 0.9180 3.0 1.1030 

1,400 0.6381 5.5 0.7738 1.4 0,9215 4.0 1.1073 

1,500 0.6411 6,0 0.7766 1.6 0.9245 6.0 1.1132 

1,600 0.6439 6.5 O. "91 1,8 0.9271 8,0 1,1174 

1,700 0.6464 7.0 0.7814 2.0 0,9295 l,Ox1012 1.1206 

1,800 0,6489 8,0 0, '855 2.5 0.9344 2,0 1,1304 

1,900 0,6512 9.0 0,1892 3.0 0,9384 3.0 1.1360 

2,000 0.6533 l,Oxl05 0.1924 3,5 0,9417 4.0 1.1399 

2,200 0,6573 1.2 0,7979 4,0 0.9448 6,0 1.1454 

2,400 0.6609 1.4 0.8025 4.5 0.9471 8.0 1.1493 

2,600 0.6642 1.6 0.8065 5,0 0.9493 1.0x10l3 1.1523 

2,800 0,6672 1,8 0,8099 6,0 0.9532 2.0 1.1614 

3,000 0.6700 2,0 0,8130 7.0 0.9564 3.0 1.1666 

3,500 0.6762 2.2 0.8157 8.0 0.9592 4,0 1.1703 

4,000 0.6814 2.4 0.8182 9.0 0.9616 6.0 1.1755 

4,500 0,6860 2.6 0,8205 l,Ox 108 0,9638 8.0 1.1791 

5,000 0,6901 2.8 0.8226 1.2 0.9675 1.0x1014 1.1818 

5,500 0.6938 3.0 0.8245 1.4 0.9707 2.0 1.1904 

6,000 0.6971 3.5 0.8289 1.6 0.9733 3,0 1.1952 

6,500 0.7001 4.0 0.8326 1.8 0.9757 4.0 1.1987 

',000 0,7029 4.5 0.8359 2.0 0.9778 6.0 1.2035 

7,500 0.7054 5.0 0,8388 2.5 0.9822 8.0 1,2069 

8,000 0.7078 5.5 0.8414 3.0 0,9857 1,0 x 1015 1.2095 

L 
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TABLE 1ll-2a 

Temperature Conversion T.able (deg C) 

t,OC t t,OC t t,OC t t,OC log(1 +~) log(l + 135) log(l + 135) log (1 + 135) 13n 

-80 -0,3899 -33 -0.1217 14 0.0429 102 0,2444 

-79 -0.3821 -32 -0.1175 15 0,0458 104 0.2481 
-78 -0,3744 -31 -0,1133 16 0,0487 106 0.2517 

·77 -0,3669 -30 -0,1091 17 0.0515 108 0.2553 

-76 -0.3594 -29 -0,1050 18 0,0544 110 0.2589 

-75 -0,3521 -28 -0.1009 19 0,0572 112 0.2624 

-74 -0.3450 -27 -0.0969 20 0.0600 114 0.2659 
-73 -0,3379 -26 -0.0929 22 0.0656 116 0,2694 

-72 -0.3310 -25 -0.0889 24 0,0711 118 0,2128 

-71 -0,3241 -24 -0.0850 26 0.0765 120 0.2762 

-70 -0,3174 -23 -0,0811 28 0.0819 122 0.2796 

-69 -0.3108 -22 -0,0772 30 0.0872 124 0.2830 

-68 -0.3042 -21 -0,0134 32 0.0924 126 0,2863 

-67 -0,2978 -20 -0.0696 34 0.0976 128 0.2897 

-66 -0,2915 -19 -0,0658 36 0.1027 130 0.2929 
-65 -0.2852 -18 -0,0621 38 0.1077 132 0,2962 
-64 -0.2790 -17 -0.0584 40 0,1127 134 0,2995 
-63 -0,2730 -16 -0,0548 42 0.ll27 136 0.3027 
-62 -0,2670 -15 -0,0511 44 0.1226 138 0.3059 
-61 -0.2611 -14 -0,0475 46 0.1274 140 0,3090 
-60 -0.2552 -13 -0,0439 48 0,1322 142 0.3122 
-59 -0.2495 -12 -0,0404 50 0.1369 144 0.3153 
-58 -0.2438 -11 -0.0369 52 0.1415 146 0,3184 
-57 -0,2382 -10 -0.0334 54 0.1462 148 0.3215 
-56 -0,2327 - 9 -0.0299 56 0,1507 150 0,3245 
-55 -0.2272 - 8 -0.0265 58 0.1553 155 0.3321 

-54 -0,2218 - 7 -0,0231 60 0,1597 160 0,3395 
-53 -0.2165 - 6 -0.0197 62 0.1642 165 0,3468 

-52 -0,2112 - 5 -0.0164 64 0.1686 170 0.3540 
-51 -0,2060 - 4 -0, 0130 66 0.1129 175 0.3611 

-50 -0,2009 - 3 -0,0097 68 0.1772 180 0.3680 

-49 -0.1958 - 2 -0.0064 70 0.1815 185 0,3748 

-48 -0.1908 - 1 -0.0032 72 0.1857 190 0.3816 

-47 -0,1858 a 0,0000 74 0.1898 195 0.3882 

-46 -0,1809 1 0.0032 76 0,1940 200 0.3947 

-45 -0,1761 2 0.0064 78 0.1981 205 0.4012 

-44 -0,1713 3 0.0096 80 0,2021 210 0.4075 

-43 -0.1665 4 0,0127 82 0.2062 215 0,4138 

-42 -0.1618 5 0.0158 84 0.2101 220 0.4199 

-41 -0,1572 6 0,0189 86 0.2141 225 0.4260 
-40 -0.1526 7 0,0220 88 0.2180 230 0.4320 

-39 -0.1480 8 0,0250 90 0.2219 235 0.4379 

-38 -0.1435 9 0.0281 92 0,2257 240 0.4437 

-37 -0.1391 10 0.0311 94 0.2295 245 0.4495 

-36 -0.1347 11 0.0341 96 0,2333 250 0,4552 

-35 -0.1303 12 0.0370 98 0,2371 255 0.4608 

-34 -0.1260 13 0.0400 100 0,2408 260 0.4663 
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CONTINUATION OF TABLE lU-2a 

t, °c t 
tt °c log (1 -t ..!..) t, °c t t,OC log (1-t log (1 -t 135) 135 log(l + 135) 

265 0,4718 305 0,5132 345 0,5509 3B5 0,5857 

270 0,4772 310 0,5181 350 0,5554 390 0,5899 

275 0,4825 315 0.5229 355 0,5599 395 0,5940 

280 0.4877 320 0.5277 360 0,5643 400 0.5981 
285 0.4929 325 0.5325 365 0.5687 425 0.6179 
290 0.4981 330 O,53n 370 0,5730 450 0.6369 

295 0.5032 335 0.5418 375 0,5773 475. 0,6550 

300 0,5082 340 0.5464 380 0.5815 500 0,6725 

~ 
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TABLE Ul-2b 

Temperature Gonversion Table (deg F) 

tF,OF 
t t t tF 

10g;(1 + 2i1) tF.oF log (1 + 2:1) tp.op log (1 + 2fl) tF' °F 10g(1 + m) 

-110 -0.3200 -16 -0,0344 78 0.1367 280 0.3668 

-108 -0,3116 -14 -0.0300 SO 0.1397 285 0.3713 

-106 -0.3033 -12 -0,0252 82 0,1427 290 0,3755 

-104 -0,2962 -10 -0,0209 84 0,1456 295 0.3799 

-102 -0,2865 - 8 -0,0167 86 0,1485 300 0.3842 

-100 -0.2787 - 6 -0.0125 88 0,1514 305 0,3884 

- 98 -0,2710 - 4 -0,0083 90 0,1542 310 0.3925 

- 96 -0,2635 - 2 -0,0042 92 0,1571 315 0.3967 

- 94 -0,2561 0 0,0000 94 0,1599 320 0,4008 

- 92 -0,2488 2 0,0040 96 0,1630 325 0,4049 

- 90 -0.2416 4 0,0080 98 O.165H 330 0,4090 

- 88 -0,2346 6 0,0123 100 0,1685 335 0,4129 

- 86 -0,2276 8 0.0163 105 0.1755 340 0,4169 

- 84 -0.2202 10 0.0202 110 0,1822 345 0.4208 , 

- 82 -0,2135 12 0,0241 115 0,1889 350 0,4247 

- 80 -0,2069 14 0,0279 120 0,1956 355 0,4285 

- 78 -0,2004 16 0.0317 125 0.2021 360 0,4323 

- 76 -0,1939 18 0,0355 130 0.2084 365 0,4361 

- 74 -0,1876 20 0.0392 136 0,2148 370 0,4399 

- 72 -0,1814 22 0.0429 140 0,2210 375 0,4437 

- 70 -0,1752 24 0,0469 145 0.2272 380 0.4473 . 

- 68 -0,1692 26 0.0506 150 0.2333 385 0,4510 

- 66 -0.1627 28 0,0542 155 0,2391 390 0,4546 

- 64 -0,1568 30 0.0578 160 0,2451 395 0,4582 

- 62 -0,1510 32 v,0613 165 0.2509 400 0,4617 

- 60 -0,1452 34 0.0649 170 0,2567 405 0,4653 

- 58 -0,1396 36 0.0684 175 0,2622 410 0,4688 

- 56 -0,1340 38 0,0718 180 0.2679 415 0,4723 

- 54 -0,1285 40 0,0753 185 0,2734 420 0,4758 

- 52 -0.1230 42 0,0790 190 0,2789 425 0.4791 

- 50 -0,1177 44 0,0824 195 0,2843 430 0,4826 

- 48 -0,1119 46 0,0857 200 0,2895 435 0,4860 

- 46 -0,1066 48 O,OB91 205 0,2948 440 0,4893 

-44 -0.1015 50 0,0924 210 0,3000 445 0,4926 

- 42 -0.0963 52 0.0957 215 O,305Z 450 0.4959 

-40 -0,0913 54 0,0989 220 0,3101 455 0,4992 

- 38 -0,0863 56 0,1021 225 0,3152 460 0,5025 

- 36 -O,OB13 58 0,1054 230 0,3202 465 0.5057 

- 34 .0.0764 60 0,1088 235 0,3251 470 0,5088 

- 32 -0,0716 62 0,1120 240 0,3300 475 0,5120 

- 30 -0,0664 64 0,1151 245 0,3346 480 0,5152 

-28 -0,0617 66 0,1182 250 0,3394 485 0,5184 

- 26 -0,0570 68 0.1213 256 0,3441 490 0.5214 

-24 -0,0524 70 0,1244 260 0,3488 495 0.5245 

- 22 -0,0478 72 0,1275 265 0,3533 500 0.5276 

- 20 -0,0433 74 0,1305 270 0,3578 505 0,5307 

- 18 -O,03B8 76 0,1355 275 0.3624 5'10 0.5337 
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CONTL'IUATlOl\ OF TAIJLE JlJ-~b 

IF' of 
If 

log (1 + 211) IF' °F 
If 

log (1 + 2ii) IF.oF 
IF 

10g(1+ ill) IF. of 
IF 

log (1 + ill) 

515 0.53UU ·580 0.5739 645 0.6082 110 0.6400 
520 0.5396 f>85 0.5766 650 0.6107 715 0.6423 
525 0.5426 590 0.5794 655 0.6132 '120 0.6447 
[,30 0.;,·\56 595 0.5821 660 O. 615~ 725 0.6470 
53.1 0.1)484 GOO 0.5848 665 0.6183 730 0.6493 
[140 0.5513 605 0.5874 670 O. U~01 735 0.6517 
545 0.55-12 U10 0.590] 675 0.0231 740 0.6539 
;')50 0.5511 615 O. 59~7 680 0.6256 ~45 0.6562 
555 0.5600 620 0.5954 68f> 0.6281 150 0.6585 

5UO 0.56:!7 625 0.5979 U90 0.6305 800 0.6805 
5(1) 0.5U5U 630 0.6005 695 0.6328 850 0.7014 

510 0.1)684 635 O. U031 700 0.6352 900 o.nu 
575 0.5712 640 0.6057 705 0.U376 1,000 0.7588 

f' 
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6 

No. Type of Oil ~~ 
.. 1,-~QI Mine",,1 Oil .1.42 

..£ ditto ~3~ !-~~----
3 1.38 
4 " 

1.23 

5 1.08 

rt J:.olymer-8Iended Mine",IOil 1.08 
ditto 0.84 

0.3 

-80 -60 -40 -20 0 50 100 150 200 300 400 I deg C 
I ,I 

-100 -70 -40 o 32 100 210 300 400 500 660 700 deg F 

FIG.III-2. 
The Applicability of the New Viscosity-Temperature Chart to Natural and POlymer-Blended 

Mineral Oils. 

high-polymers and molten glasses. 
Summarizing, the new equation has proved to apply quite satis_ 

factorily to the numerous liquids investigated so far, and in a very 
wide temperature range at that. The extent of this applicability range 
depends, of course, on the particular liquid, and in any case is 
limited by its solidification and boiling point. Usually, however, it 
may be considered to cover a range of at least 2000C (360 OF) .. only 
outside this applicability range will the deviations of the experimental 
points from the straight lines in Figs. III-2 through 1II-4 result in 
errors considerably beyond the normal viscometric accuracy. General
ly, this range is sufficiently wide for any practical purpose and, to 
the best of the author's knowledge, is not exceeded by the conventional 
empirical formulas used hitherto. 

Closer examination oHhe viscosity data plotted in Figs. 1I1-2 through 
IlI-4 reveals that, if these are considered over a temperature range 
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------i __ - Temperature 

fIG.lll-3. 
The Applicabilitr of the New Viscosity-Temperature Chart to Synthetic Lubricating Oils. 

cDnsiderably wider than the aforementiDned applicability range Df 

200°C, they generally tend to. follow a sigmoid curve rather than 
the adjusted straight-line relationship. Although these sigmoid curves 
are rather similar for the members Df a particular class of liquids, 
notably mineral oils, they may vary conspicuously from one class 
to another. This means that, through a relatively slight alteration 
Df one Dr both constants, 1. 200 and/Dr 135, in the basic Equation 
(III-6b) a significant improvement of its correlational accuracy can 
be achieved for the various members of a particular class of 
liqUids. However, any adaptation of the present two constants to such 
a class specifically Wo.uld interfere with the universal applicability 
of the present Equatio.n (III-6b). 

Confining o.neself. to. a still very wide temperature range extending, 
say, from 0 to. 200°C (32_392°F), it is fDund that the viscosity-tem
perature relationship of each individual liquid, though coming really 
close to the relevant straight line depicted in Figs. III -2 thro.ugh III -4, 
tends to exhibit a slight curvature, which may be either convex or 
co.ncave towards the temperature axis . .£\S these curvatures general
ly prove to. be similar for the various members of a particular class 
of liquids, the applicability of the present chart to all the members 
of such a class can still be somewhat improved solely by adjusting 
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FIG.1Il-4. 
The Applicability of the New Viscosity-Temperature Chart to Miscellaneous LIquids. 

one of the two constants, 1.200 or 135, in the basic Equation (III-6b). 
For example, for all the various kinds of mineral oils investigated 

so far the viscosity-temperature relationships plotted in the present 
chart tend to be more or less convex towards the temperature axis, 
at least throughout the temperature range under consideration (see 
Fig. II-2). This implies that for all these various kinds of mineral 
oils the r'ather systematic deviations from the ba~;ic Equatiun (III-6b) 
could Hlmost entirely be eliminated solely by substituting a lower 
value fu1'1ts temperature constant of 135°C. In fact, it has been found 
that by replacing this constant by a value of liSoe a significantly 
improved fit can readily be achieved. However, in view of the good 
conformance, over the entire temperature range of /10 les8 than about 



No. 

1 
2 
3 
4 

5 
6 

7 

~ 

2 

3 

4 

5 

6 
7 
8 

1 
2 
3 

4 

5 
6 
7 
8 
9 

10 
11 
12 
13 

-69-

TABLE m-3 

Designations to the Oils Depicted in Figs.UI-2/UI-4 

Type of Liquid Experimenters' DeSignation 

Natural and Polymer-Blended Mineral Oils. Fig.m-2 

Natural Mineral Oil 
ditto 

Polymer-Blended Mineral Oil 
ditto 

Naphthenic Bright Stock (VI=21) 
Grade 1120 (VI;95) 
Navy Symbol 2135 (VI=29) 
ell x 
PRL 3000: Base Stock 
PRL 2924: Polybutene Blend (VI=161) 
PRL 2286: Specification Mll. -0-5606 
Aircraft Hydraulic Fluid: Polymethacryl
ate Blend (VI=226) 

Synthetic ).,ubricating Oils, Fig.UI-3 

Polyphenyl Ether Meta-Linked, Unsubstituted Polyphenyl 
Ether, that is m-Bis [m-(m-phenoxy-
phenoxy)phenoxy] benzene (Seven -Ring 
Compound) 

Chlorofluorocarbon Commercial Monochlorotrifluoroethylene 
Polymer, coded "Fluorolube.standard" (VI=-178) 

Fluorocarbon Commercial Sample of a Fully Fluorinated 
Mineral Oil, coded "Fluoro Lubricant FCD -331" 
(VI=-694) 

Polyglycol CommerCial Polypropylene Glycol Derivative, 
coded "Ucon LB-250" (VI=148) 

Silicone Oil Commercial Linear Polymethylsiloxane, 
coded DC 200 "E" 

Diester Di( 2-ethylhexyl)sebacate (Vlc:154) 
Phosphate Ester Tri(n -butyl) Orthophosphate 
Silicate Ester Tetra(n -butyl) Orthosilicate 

Ml.scellaneous Liquids, Fig. Ill-4 

Polystyrene Polymer Fraction B7 (Molecular Weight: 4,300) 
Bitumen Non -Plastic Asphaltic Bitumen A (Soft) 
Polyisobutylene POlymer Fraction PB4FI (Molecular Weight: 

80,000) 
d iuo POlymer Fraction Cut No.3 (Molecular Weight: 

755) 
Tripalmitin Pure Compound 
«-Naphthyl cetyl Ether ditto 
Cetyl Alcohol 

" 
Pelhydrophenanthrene 

" n-Hexadecane 
" 

trans-Decal in .. 
Gallium 

" Water 
" Mercury 
" 

,Ref. 

70,71 
72 
72 
61 
70,71 
'10,71 
'10,'71 

23b 

.72 

72 

72 

,/2 

72 
23c 
23d 

73 
74 
'/5 

75 

'/6 
76 
76 
76 
77 
48 

78 
79a 
80 
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200°C, of the viscosity-temperature relationships of mineral oils to 
the present Equation (IIL-6b), it is not deemed really necessary to 
carry out any alteration of the present temperature constant. More
over, with a less wide temperature range, for instance from 20 
up to 150°C (68-302°Fl - which still suffices for many cases in 
lubrication -, the present values of the constants, 1. 200 and 135, in 
Equation' (III-6b) will not result in any deviations appreciably beyond 
the normal viscometric accuracy of 2-30/0, Abuve all, however, it 
should be emphasized once more that any adaptation of the present 
two constants to mineral oils -. or some other class of liquids -
specifically, would make the resulting equation less accurate for 
many other types of liquids so that it would not be as widely applic
able as the present Equation (III-6bl (see also part A of § III. 1.4). 

III. 1.4. Discussion 

A. TBE NEW VISCallTY -TEMPERATURE CHART IN COMPARISON WITH CONVENTIONAL CHARTS 

With the kinds of lubricating oils commonly employed nowadays 
the new viscosity-temperature equation or chart may, as regards 
its rectifying accuracy, be claimed to be at least on a par with the 
ASTM char t 63) or any other conventional rectifying chart known to 
the author. With certain types of synthetic oils, and in general with 
highly fluid oils, the new equation or chart is even definitely superior, 
In fact, with such oils the conventional charts are known to leave 
much to be desired as to their rectifying accuracy, particularly if 
a wide temperature range is to be covered. Consequently, as to its 
rectifying accuracy the new chart is to be preferred to the ASTM 
chart, and in fact to any other conventional chart known to the author. 

Indeed, the new viscosity-temperature equation or chart would ap
pear to be the only such equation or chart available that is really 
sufficiently un i v e r sal. It may even be claimed that, as a universal 
two-parameter expression for the viscosity-temperature relationship 
of liquids over a very wide temperature range) the present equation 
would be well-nigh unsurpassable with respect to the combination of 
correlational accuracy and practical convenience achieved. 

Moreover, as will be demonstrated in subsequent parts of this 
thesis, the new Viscosity-temperature equation or chart displays 
several additional - major and minor - advantages over conventional 
equations and charts. One such major advantage of the present vis
cosity-temperature equation over the MacCoull-Walther and related 
two-parameter equations may already be mentioned: it lends itself 
particularly well as a basis to a simple and convenient method for 
classifying, according to their temperature dependence of viscosity, 
all the various kinds of oils encountered in current lubrication prac
tice. The latter point will be elucidated in Chapter VI. 

B. ADDITIONAL APPLICATIONS OF TBE PRESENT VISCOSITY-TEMPERATURE EQUATION 

a. The present viscosity-temperature equation has been designed 



h 

-71-

primarily for Newtonian lubricating oils. It should be added, how
ever, that oils exhibiting pronounced non-Newtonian behaviour at 
high rates of shear comply equally well with the new equation 
as long as these rates remain sufficiently low. Examples of the 
applicability of the present equation to the latter kind of oils are 
represented by the two typical p6lymer-blended mineral oils and 
the various high-polymers depicted in Figs.I11-2 and 111-4, res
pectively, and designated in Table 111-3. As indicated above, the 
viscosity data plotted in these figures relate to rates of shear low 
enough to warrant Newtonian behaviour of the oils considered. 

Further, it seems quite reasonable to conjecture that the present 
equation lends itself nearly equally well to describe the temperature 
dependence of the (apparent) viscosity of non-Newtonian oils sub
jected to very high rates of shear, provided of course that these 
assume comparable values at the various temperatures involved. 
Indeed, in the few cases tested this conjecture could be fully con
firmed. 

b. In view of the great. variety of viscosity-temperature curves 
comprised (see also point c, below), it may well-nigh cer
tainly be expected that Equation (1I1-6h) would retain its validity 
even for those peculiar liquids - sometimes referred to as "clowns" 
- whose viscosity increases more or less with rising temperature. 
Obviously, the present equation may only apply to such anomalous 
liquids on the condition that they exhibit a really significant vis
cosity-temperature behaviour; that is if the occurence of certain 
physical, or chemical, phenomena that may cause rather abrupt 
changes in their viscosity-temperature curves is precluded. 

For a few such anomalous liquids the viscosity-temperature 
relationship has been reported in the literature, although over nar
row temperature ranges. Unfortunately, the author could not trace 
reliable data permitting a reasonable test of the applicability of 
the new equation to such liquids. Nevertheless, it is believed that 
this potential application may well assume practical importance 
in future developments of lubricating-oil technology. 

c. Finally, a rather peculiar feature of the new viscosity-temper
ature equation, which has heen designed primarily for lubricating 
oils, will be elaborated: its ability to describe, over a very 
wide temperature range, the viscosity-temperature relationship of 
gases. 

Considering the new viscosity-temperature expression in the form 
of Equation (1I1-6c), it has been implied that, as indicated above, 
the analytically extrapolated viscosity 17"" should be common to all 
liquids, namely 1700 = 0.0631 cP (631 ,uP). Now, from the validity 
of the latter equation for gases it follows that the same viscosity 
value, 17 00 = 0.0631 cP, would likewise be common to all gases. 

Consequently, any given fluid, either in the liquid or the gas
eous state, would reach the same viscosity 1700 at a temperature 
amounting to infinity. Whilst the viscosity 17"" (= 0.0631 cP) would 
represent the lower viscosity limit for the liquid state, it would 
denote the upper viscosity limit for the gaseous state. For an ar
bitrary liquid and an arbitrary gas the latter finding has been 
illustrated by the schematic Fig. 111-5. 
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FIG.ill-5. 
Limiting Viscosity of Liquids and Gases. 

In applying Equation (ill-6e) to gases it should be noted that 
the negative value of the constant 13S denotes the fictitious tem
perature, in deg C, where the analytically extrapolated viscosity 
becomes zero. Therefore, Equation (III-Bc) may be applied to gases 
only at temperatures markedly above -13SoC, the same proviso 
holding for its applicability to liquids. 

Whereas for liqUids both. the quantities log (110 In .. ) and Go 
[= log(110 ooc 111.)] in Equation (III-6c) are always positive, for gases 
they prove to assume negative values (compare Fig.III-5). There
fore, if applied to gases, Equation (111- 6c), or the identical Equation 
(III-Ba), cannot be written in the logarithmized form of Equation 
(III-Bb), so that the basic viscosity-temperature chart developed 
for liquids cannot directly be applied to gases. 

Nevertheless, an analogous viscosity-temperature chart can 
easily be constructed for rectifying the viscosity-temperature re
lationships of gases. To this end, Equation (III-6b) is transformed 
into: 

log [-(log 110 + 1. 200)J = -SO'lOg(l+l~S) + log (-Go) (ITI-Bb ' ) 

or, in abbreviated form: 



-73-

H~ = So e + log (-Go), (UI-6h') 

where the temperature function e is identical to that of Equation 
(III-6h) and where the viscosity function H~ is seen to be defined 
by: 

H~ = log (-log 170 -1. 200). (In-9) 

According to Equation (11I-6h'), the viscosity-temperature relation
ships of gases satisfying Equation (III-6c) can be depicted as straight 
lines by employing a chart which has been provided ,with essen
tially the same temperature scale as that used for liquids and a 
viscosity scale proportional to the viscosity function Hb. Such a 
chart is represented by Fif .III-6; for practical reasons in the 
latter figure the function -Ho has been plotted against - e. 
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FIG.Ul-6. 
The Applicability of Equation (m-6h') to Gases. 

Fig. 111-6 depicts the viscosity-temperature relationships of four 
arbitrarily chosen gases: methane, n-hexane, ethylalcohol and 
sulfurdioxide81a). Indeed, the plott~d viscosity-temperature data 
prove to conform very well to the depicted straight lines, and over 
a very wide temperature range at that. In addition, the basic 
Equation (III-6c) has been verified for many other gases of diver
gent types. 

It has been found that generally the latter equation applies very 
satisfactorily to gases over a ver6. wide temperature range, ex
tending from at least 50 to 500 C (122-932°F). In this entire 
temperature range the average deviation from Equation (III-6c) 
generally amounts to no more than about 2 or 30/0 and in various 
cases it even proves to be of the order of only 1%. 

C. CONCLUDING REMARKS 

In conclusion it is considered worth-while to devote a few - admit
tedly rather obvious - remarks to the limits set to the adequacy of 
viscosity-temperature equations in general and of the proposed 
equation in particular. It should be pointed out that the relevant re
marks are made only in order to convey a realistic impression of 
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some practical consequences of the application of viscosity-temper
ature equations. 

a. Viscosity-temperature equations containing a mlllimum number 
of only two characteristic parameters should be considered pri
marily as interpolating formulas. Consequently, in order to ob
tain good conformity with such equations over a wide temperature 
range, more than two properly spaced points of the viscosity-tem
perature curve of a given liquid should preferably be known. In 
addition, safe extrapolations may usually be pe rformed only over 
quite moderate temperature ranges. 

b. Further, it should be emphasized that viscosity-temperature 
equations may no longer be deemed fully significant at temper
atures either so high or so low as to give rise to certain physical, 
or even chemical, transformations which substantially affect the 
viscosity of the oils, either in a reversible or irreversible man
ner. 

At relatively high temperatures, even far below the boiling point, 
considerable volatilization may take place; furthermore, pronounced 
physical changes in the liquid structure, or chemical transforma
tions, such as oxidation or cracking, may occur. Structure for
mation and separation of solids are the main phenomena that may 
seriously interfere with the viscosity-temperature behaviour of an 
oil at relatively low temperatures, even considerably above its 
solidification point. 

Accordingly, there would be little sense in trying to establish 
an equation which is intended to apply to a great variety of liquids 
and over a temperature range so extensive that the aforementioned 
transformations do seriously interfere with their viscosity-temper
ature dependence. 

In view of these limitations - to be imposed on any viscosity
temperature equation - the temperature range covered by the 
newly developed equation should be considered very wide indeed. 

c. Finally, it may be useful to warn against any unrealistic ideas 
concerning the accuracy to be embodied into viscosity-temperature 
equations designed primarily for practical applications. In this 
respect it should be pointed out that in cases where very large 
viscosity variations are involved it may be highly misleading to 
report the correlational accuracy of a particular equation in terms 
of percentage deviations between experimental and calculated vis
cosities. Indeed, whilst ata moderate viscosity level it may be 
reasonable to insist on relative deviations not exceeding a few per 
cent, this is no longer fair at a viscosity level so high that a 
temperature variation of only a few deg C - which, for example, 
is hardly predictable or controllable in lubrication practice - may 
cause a viscosity variation of about a hundred per cent. 

In the author's opinion a rational criterion for judging the ap
plicability of a given two-parameter equation, such as the proposed 
equatiull, simply consists in the "degree of straightness" of the 
vist.:u::;ily-temperature lines in the relevant rectifying chart. 



III. 2. THE FAMILY OF VISCOSITY-TEMPERATURE ISOBARS 
CHARACTERIZING A GIVEN LIQUID 

III. 2. 1. Introduction 

As indicated in § Ill. 1.2, an overwhelming number of formulas 
have been proposed to describe the relationship be.tween viscosity and 
temperature of liquids, particularly lubricating oils, at atmosplle1'ic 
pressure. Comparatively little attention has been devoted so far, 
however, to the temperature dependence of viscosity at elevated 
pressure!>. 

Since the qualitative nature of the atmospheric viscosity-temper
ature curves of liquids is generally not substantially changed at high
er pressures, it maya p1'iori be inferred that those viscosity-tem
perature equations which have proved to hold good at atmospheric 
pressure will also apply reasonably well at elevated pressures. 
Indeed, the latter conjecture appears to be substantiated by the rel
evant investigations described in the literature. 

Vogel's Equation (III-2) has been successfully employed by DowB2) 
for representing the isobars of mineral oils at elevated pressures. 
Whilst the parameters Ao and Bo proved to increase rather strongly 
with pressure, the "temperature parameter" ao was found to be nearly 
independent of pressure up to pressures of at least a few thousand 
atmospheres. 

The validity of the Cornelissen-Waterman Equation (III- 3) at el
evated pressures has been established for a great variety of liquids 
by Roelands et al. 44

). It appeared that up to pressures of at least 
some 3,000 atm (44,000 psi) the atmospheric value of the exponent 
ab in Equation (111-3) is generally not substantially changed by pres
sure, whereas the parameters AJ and Bo increase rather rapidly 
with increasing pressure. 

The present author has further found that the third aforementioned 
three-parameter equation for describing the atmospheric viscosity
temperature relationship of liquids, that is Equation (III-4), may 
likewise be applied satisfactorily at elevated pressures. Again, the 
atmospheric value of the "temperature parameter" a~ may be main
tained at higher pressures, whilst the remaining two parameters, 
A~ and Bri, increase regularly with rising pressure. 

The ASTM chart, based on MacCoull-Walther's two-parameter 
Equation (III-5) for kinematic viscosity, has also been successfully 
applied by Dow36•37 ,83) for depicting the high-pressure isobars of 
mineral oils (and a few other lubricating oils) as straight lines. 
DUring the last war, Blok84) independently discovered that the same 
chart holds good if the kinematic viscosity is replaced by the dynam
ic viscosity. Blok's method constitutes an important variant of 
Dow's method because, as indicated in § I. 2. 2,' it is the dynamic 
viscosity that is really significant in the theory and practice of lu
brication. 

At present, the use of the ASTM chart would appear to be the 
most attractive procedure for simply representing the high-pressure 
isobars of lubricating oils. 
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It has been found that the foregoing findings may be generalized to 
the following conclusion: 

The same viscosity and temperature scales that aye adequate for 
dePicting the atmospheric viscosity-temperature isobar of a given 
liquid as a straight line may be maintained for rectifying its 
high-pressure isobars up to pressures of at least a few thol/sand 
atmospheres; or, in other words, the family of isobays charac
terizing a given liquid can be dePicted as a family of straight lines 
in one single viscosity-temperature diagram. 

III. 2.2. The Present Characte'rization Method 

A. MATHEMATICAL DESCRIPTION OF THE ISOBARS 

In accordance with the conclusion at the end of the preceding § 111.2.1 
it has been found that the applicability of the newly developed vis
cosity-temperature Equation (1I1-6h), or any of the equivalent ex
pressions listed in § III. 1. 3, is not at all restricted to atmospheric 
pressure. In fact, it appears to hold almost equally &ood at higher 
pressures, generally up to at least 3,000-5,000 kgf/cm2 (43,000-
71,000 psi). Consequently, the fafnily of isobars characterizing a 
given liquid is depicted as a family of straight lines in the basic 
viscosity-temperature chart described in § III. 1. 3. 

For elevated pressures Equation (III-6h) may be rewritten as; 

H = S 0 + log G. (III-I0) 

The level parameter G in the latter equation invariably increases 
with rising pressure. The Slope Index, S, however, may either in
crease or decrease more or less with rising pressure or may re
main substantially constant. 

Equation (Ill-IO) has thoroughly been checked for a great variety 
of liquids primarily chosen amongst those used as lubricating oils. 
Thes'e include numerous mineral oils of very different' origin and 
chemical constitution; a few pOlymer-blended mineral oils have also 
been tested. In addition, various types of currently important syn
thetic lubricating oils have been considered, notably silicones, di
esters, polyglycols and fluorocarbons. Finally, Equation (III-IO) 
has been checked for a great number of miscellaneous liquids, com
prising many pure hydrocarbons and other pure compounds as well 
as rather complex polymeric liquids. 

Equation (III-lO) hall proved to hold good for the numerous liquids 
investigated so far, and in a very wide temperature and pressure 
range at that. Usually, it may be applied satisfactorily over a tem
perature range of at least 200°C (360°F) and up to pressures of at 
least 3,000.5, 000 kgf/cm2 (43, 000.71, 000 .psi). In particular its ap
plicability to all the various kinds of mineral oils tested may be 
deemed quite satisfactory. 

B. THE RELATIONSHIP BETWEEN THE FAMILY OF ISOBARS CHARACTERIZ.ING A GIVEN LIQUID 

As stated above, all the isobars of a given liquid are depicted by 
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Htl'uighllilws in a viscosity-temperature chart according to 'Equation 
(111-10). :\ow, an important feature emerged from this chart in that, 
lo a good uppr'oximation, all the isobars proved to converge towards 
a cornrnon point, so that the family of isobars characterizing a given 
liquid ('onstituteH a fall. 

This ('oIlVE!l'gence of isobars has been illustrated in the schematic 
Fig, lII-7. The point of convergence, denoted by Pt , is termed the 

H 

j 
-----4 __ - - B (Increasing Temperature ) 

FIG.1ll-7. 
Schematic Representation of Converging Isobats. 

"viscosily-lempe1'ature pole". It has a viscosity coordinate H"'Hp 
which corresponds to a very low pole viscosity, Yip, roughly of the 
order of 0.1 cP. The temperature coordinate 0 = 0p corresponds 
to an extremely high pole temperature, tp. 

For other liqUids the viscosity-temperature pole may be located 
in the opposite region of the H-0 chart, that is the region of ex
tremely high viscosities and very low temperatures. As a third case, 
the family of isobars characterizing a given liquid may be represented 
in the basic viscosity-temperature chart by a family of parallel straight 
lines, so that they constitute a sheaf. Such a sheaf may mathematical
ly be considered to represent a "degenerated" convergence of the iso
bars, the viscosity-temperature pole being located at infinity, that is 
at infinite values of the Viscosity function H and the temperature 
function 0'~). 

In each of these three distinct cases of converging isobars the 
viscosity-temperature pole is located far beyond the viscosity and tem
perature range which assume practical importance. As will be shown 
below, the value of the delineated pole concept lies primarily in its 
mathematical convenience, namely 'for casting the underlying rela
tionships into a really simple analytical form. 

Finally, Fig. IIl-8 provides a concrete example of a family of con
verging isobars. However, the point of convergence is located at 
such a high viscosity and such a low temperature that it could not 
be drawn in the latter figure. The liquid concerned is a paraffinic 

.) The corresponding pole viscosity. "liP. and pole temperature. tP. may be taken to amount either 
to "liP " Tj~ :: 0.0631 cP and tp " .. , or to'l)p " .. and tp = -135°C. 
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mineral oil whose viscosity data have been determined in the scope 
of the well-known AS ME pressure-viscosity project 21), namely the 
oil' coded A-4 in Table II-I. 

--..... _- Temp.....,\ure 

fIG. III-B. 
Convergence of Isobars for a Paraffinic Mineral Oil. 

G. A COMPLETE VISCOSITY -TEMPERATURE EQUATION 

From the outlined convergence of the family of isobars charac
terizing a given liquid (see Fig. W-7) a simple viscosity-temperature 
equation can readily be derived that may be deemed "complete" in 
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that it implicitly indicates the effect of pressure on the temperature 
variation of viscosity by means of only one pressure-dependent 
parameter, G: 

H - log G S 
(III-lla) 

Hp- log G Sp 

In the limiting case where the family of isobars constitutes a 
sheaf, Equation (III-lIa) reduces to: 

H - log G = So S I (III-lIb) 

where the value of the atmospheric Slope Index, So' is common to 
the entire family of isobars characterizing a given liquid. 

Equation (III-lIa), or (III-lIb), in contrast to the basic Equation 
(111-10), does describe the pressure effect implicitly by only one 
quantity, that is G (=log. Y/oOc + 1. 200). Thus, ,as long as Equation 
(III-l1a) holds good, the viscosity-temperature dependence at any 
given value of G, and therefore at any given pressure, is completely 
characterized solely by the two pole coordinates, Hp' and Sp. In 
the limiting case where Equation (III-lIb) applies satisfactorily the 
'viscosity-temperature dependence at any given pressure is sufficiently 
defined by one single parameter, namely the atmospheric Slope 
Index, So. 

Once a relationship between G and pressure has been es
tablished, as will be done later on, Equation (III-II a) can readily 
be generalized to a complete viscosity-temperature -pressure equation. 

III. 2 . 3. Dis cus sion 

The existence of a viscosity-temperature pole for a given liquid 
has first been outlined by Roelands et al. 44). In the "Authors' Clo
sure" to their paper the latter authors have further stated that 
the feature of converging viscosity-temperature isobars is not at 
all confined to the particular equation employed in that paper, that 
is Equation (111-3). Indeed, the occurrence of the indicated conver
genqe does not depend on the particular expressions used for defining 
the rectifying viscosity and temperature scales, provided only that 
such expressions are sufficiently accurate. 

On the strength of the foregoing generalized viscosity-temperature 
pole concept the conclusion reached in § III. 2. 1 with respect to 
the applicability of viscosity-temperature equations at elevated pres
sures can be extended as follows: 

. Any viscosity-temperature diagram that has proved satisfactory 
for rectifying the atmospheric viscosity-temperature isobar of a 
given liquid may be utilized for dePicting its family of isobars 
as a fan. 

As a matter of fact, the involved .convergence .represents another 
approximation - though a very good one -, so that the validity of the 
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present Equation (III-11a), or (III-lIb), should be eonfined to a some
what smaller temperature and pressure l"ange if the eorrelational 
accuracy inherent in the basic viscosity-temperature Equation (UI-l 0) 
is to be fully retained. 

III. 3. A TENTATIVE STATISTICAL-PHYSICAL BASIS FOR THE 
'NEWLY DEVELOPED VISCOSITY-TEMPERATURE EQUATION 

111.3.1. Introduction 

Starting from the concept that the mobility of the molecules in a 
liquid is governed by their ''free volume", suggestive interpretations 
can be furnished for molecular transport phenomena such as viscous 
flow and diffusion. 

The paramount role of the free volume In molecular transport in 
liquids has long been emphasized and accounted for by various in
vestigators, notabl~ b.r. Batschinski85), by Frenke186) and by Eyring 
and his associates 6,8 ,51). Elaborate theoretical treatments of the 
free-volume concept have first been devised, in the years 1936-1939, 
by Eyring and his associates 57), and by Lennard-Jones and Devon
shireBB -90). In more recent years, Cohen and Turnbull91 - 93) have 
introduced a free -volume model with certain novel features which 
proved quite remarkable in describing liquid transport phenomena. 

The Cohen-Turnbull free-volume model of the liquid state has also 
been taken as a starting-point in the present attempts to provide a 
statistical-physical basis for the newly developed viscosity-temper
ature equation. 

The basic model underlying free-volume theories implies that each 
molecule in a liquid is confined to a "cage" bounded by its imme
diate neighbours. Owing to the thermal motions of the molecules, 
both the size and the shape of such cages - which are simultane-
0usly in motion - are continuously changing. 

Now, Cohen and Turnbull have introduced the concept that staUs
tical redistribution of the free volume~') occasionally opens up a 
void within such a cage sufficiently large to permit considerable 
displacement of the molecule contained by- it. Further, they assumed 
- in accordance 'with Bueche's views 94) - that, for the molec
ular displacement to be diffusive, the void created should ex
ceed a characteristic minimum volume - approaching the molecular 
volume - just large enough to enable another molecule to jump in 
after this displacement. 

Thus, Cohen and Turnbull interpret molecular transport simply 
as translation of a molecule across the void created within its cage. 
According to their view, molecular transport results not from an 
activation in the sense as postulated by, amongst others, Eyring and 
his associates (see § III.1.1), but rather from a statistical redis
tribution of the free volume which proceeds with a negligibly small 
energy consumption. 

OJ Cohen and Turnbull defined the free volume as the volume per cage available for free redistri

bution (see 8 1II.3.3). 
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Elaborating their concept of molecular transport for the simplified 
case of a liquid consisting of hard spheres, Cohen and Turnbull ar
rived at an exponential relationship between its viscosity - and like
wise its self-diffusion coefficient - and its average fl'ee volume, the 
minimum required volume of a void entering as a parameter. 

To test its applicability to real liquids, an appropriate expression 
for the average free volume has to be substituted. Confining oneself 
to the effect of temperature at atmospileric pressure, Cohen and 
Turnbull supposed that the average free volume increases linearly 
with temperature. Experimental verification of the resulting vis
cosity-temperature equation revealed that it would hold good not only 
for simple liquids - coming dose to the hard-sphere model assumed 
-, but even for liquids of considerably more complex struc
ture 91 ,93;95-97). These findings may be taken to indicate that the 
assumptions on which their final viscosity-temperature expression 
is based are well fulfilled also for more complex liquids. 

All in all, quite some evidence has been gathered to suggest that 
the Cohen-Turnbull model for liquid flow may well be essentially 
sound. In this respect, it should also be mentioned that, meanwhile, 
this model has met with great approval on the part of authorities 
such as Bondi9S) and Dixon and Webb 99). 

In the present study it will be shown that, along the lines set 
forth by Cohen an Turnbull, a more general expression for the vis
cosity-temperature relationship of liquids can be deduced, solely by 
assuming a more general statistical distribution function for the free 
volumes of the individual molecules of a liqUid. Actually, the vis
cosity-temperature expression thus achieved proves to be essentally 
identical to the empirically established Equation (III-IO). 

III. 3.2. The Present Approach 

A. STATISTICAL DISTRIBUTION OF FREE VOI,UME 

The free volume of the individual molecules of a liquid can be 
treated as a random variable. Accordingly, the distribution of the 
free volume amongst these numerous molecules can be described 
by statistical distribution func tions. 

Whereas Cohen and Turnbull based their aforementioned treatment 
on a simple exponential distribution function, the present approach 
is essentially different in that it assumes the distribution of free 
volume to be approximated verrt; closely by the statistical distribution 
function introduced by Weibull 00,101). The latter function has proved 
to possess an unusually wide validity range, being much more general
ly applicable than, for instance, the well-known normal or exponen
tial distribution functions. The most important features of Weibull's 
very prominent distribution function have been elaborated in Appen
dix III-I, at the end of this chapter. 

At any fixed conditions of temperature and pressure, the probabil
ity P( w) that an arbitrary molecule has a free volume exceeding 
the value w would thus be described by the expression: 
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P(w) = e 
-f(~tf, 

(III-12a) 

where 'Y, f.J and n denote parameters of location, of scale and of 
shape, respectively. 

It readily follows that the location parameter 'Y must be zero in 
order to fulfil the condition: P(w =0) = l. Further, in accordance 
with Equation (III-23b) in the aforementioned appendix, the scale 
parameter /.I. can then be written in terms of the average free volume 
wand the shape parameter n, as follows: 

(III-l3) 
f.J = r(1+.!.)· 

n 

where the gamma function r [1+(1/n)] comes fairly close to unity 
for the normally encountered values - varying from about 0.5 to 
2.0 - of the shape parameter n. 

Equation (III-12a) can now be reduced to the form; 

P(w)= e (III-12b) 

In Fig. III-9 the latter probability P(w) has been plotted against 
the involved ratio, w/w, of the molecular to the average free 
volumes for four representative values of the shape parameter n. 
The resulting distribution curves are rather similar to those depicted 
in Fig. III-10 of Appendix III-I. . 

According to Equation (III-12b), the probability of finding a free 
volume exceeding the minimum value w* reqUired for diffusive mol
ecular displacements can be written as: 

[
w* l;-]n 

In P(w*) = - w r(l+n~ , (III-14a) 

where In denotes again the natural or Napierian logarithm. loge. 
Substitution of the corresponding specific free volumes - relating 

to one gram of a particular liquid - leads to the following expres
sion for a given liquid at the temperature and pressure involved: 

In p(vr) = -[:; r(1~Un (III-14b) 

It may already be mentioned here that, under ordinary conditions 
of temperature and pressure, the probability P(v;) usually proves 
to be very small, being of the order of. say, 1 'ro. 
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FIG.ill-S. 
Cumulative Distribution Curves for Free Volume A~cording to Equation (IlI-12b). 

3. MOLECULAR TRANSPORT PROPERTIES 

On the basis of the above-described model tne molecular trans
port properties of a given liquid can be derived by considering that 
diffusive molecular jumps will occur with a probability directly pro
portional to the probability of finding molecules with a free volume 
greater than the minimum required value. As a consequence, both 
the self-diffusion coefficient and the fluidity - the reciprocal of vis
cosity - should be directly proportional to the probability P(vr) de
fined by Equation (III-14b). 

Confining oneself to the viscosity, 11, of a given liquid, this may 
thus be represented, at any fixed temperature and pressure, by the 
equation: 

(III-15) 

where l1e denotes the fictitious viscosity that would be reached for 
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vf "'CO, that is at infinitely high temperature. 
In conclusion, at any fixed te mpe1'ature and p1'essure, the "reduced" 

l'iscosil'}' TI/Tle of a given liquid would be delermined solely by the 
sf alistical di stl'ibuUon of its f,'ee volume, lhl s distribution being 
characterized, in hm'mony witlz Weibull's function, by three para
meters: its specific free volume, vf, its minimum required specific 
free volume , Vf' and lhe shape parameter, It, characteristic of the 
pm'Ucular liquid. 

C. VISCOSITY -TEMPERATURE EE'PECT 

Equation (III-15) ean be transformed into an explicit viscosity-tem
/Jcrature equation by appropriately accounting for the effect of tem
perature - at constant pressure - on the three parameters occur
ring on its right-hand side. 

Of these parameters the exponent n is essentially independent of 
temperature. For a given liquid this parameter assumes some char
acteristic value - usually between 0.5 and 2.0 - which determines 
the overall form of the statistical distribution of its free volume. 
In other words, with varying temperature the location of the ap
pl'opriate distribution curve as represented in Fig. llI-9 would 
remain unchanged. In fact, for a given value of the free volume w 
only the ratio w/w - and therefore also the probability P(w) - would 
increase with rising temperature, that is along the path indicated 
by the particular distribution curve in Fig. III-9. 

The second parameter, the minimum required specific free volume, 
vi, is governed by the configUration and the flexibility of the liquid's 
molecules. As a rule, this free volume Vf amounts to about 80-990/0 
of the specific volume, v, of the liquid considered. For simple 
liquids the free volume v f may be expected to be almost indepen
dent of temperature. However, for more complex liquids, especial
ly those with associated or long-chain molecules'~), it may change 
somewhat with temperature. 

At any rate, the effect of temperature on viscosity as comprised 
I':quation (III-15) will predominantly be determined by its effect 

on the specific free volume, v f. To a good approximation, the lat
ter effect can generally be described by a simple linear relation
ship, although this may be less accurate for more complex 
litlUlds91, 93,97). 

For assessing the effect of temperature on the ratio Vr/Vf in Equa
tion (III-15) the following expression of a very general type can 
t'easonably be resorted to: 

(III-16) 

where the exponent r approximates to unity and the parameter To 

*) For long-chain molecules the physical significance of the Illinimmll required free volume ",' 
and likewise ItIH of the Illolec"lar free volume w canllot so easily be visualized. It has been 
poInted out Ihat ill the caSe of such molecules these qualltities should rather be related to their 
"flow units" (colllpare i m. o;.:!). 
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denotes the absolute temperature where the specific free volume, 
vel of the liqdd would become zero. Further, the constant k re
presents the value of the ratio v;/v[ that would be reached when the 
absolute temperature T is decreased to 10 K above the limiting 
temperature To. 

As regards the order of magnitude of the limiting temperature To, 
it can be stated that for all the liquids investigated so far this 
temperature proved to come close to their so-called J!iass-trallsitioll 
temperature, To being consistently somewhat lower9r,93.97). Accord
ingly.. for a given liquid the constant k would . approximate to the 
value~') of the ratio v;7v[ in its glass-transition state. 

Combination of Equations (Ill-IS) and (111-16) readily yields the 
following expression for explicitly describing the effect of temper
ature, at any constant pressure, on the viscosity of a given liquid: 

[k r (1+k)T 
(Ill-17) 

(T-To)rn 

Since the numerator and the exponential product rn on the right
hand side of the latter equation are essentially independent of tem
perature, this equation explicitly defines the effect of temperature, 
at any constant pressure, on the "reduced" viscosity n/fle of an ar
bitrary liquid by means of only three parameters. 

For comparing the above-derived Equation (III-17) with the em
pirically developed viscosity':temperature Equation (III-10) the latter 
is conveniently rewritten in the form: 

11 _ G~' 
In fI ... - (T _ 138)S' (Ill-lOa) 

where the constant G* stands for the value of In (fI/fI .. ) at the stand
ard reference temperature T=139o.K .. 

It is then readily seen that both equations become identical when 
the fictitious viscosity fie and the limiting temperature To are re
placed by the fixed constants fI .. (=0,0631 cP) and 138<J<., respec
tively, As pointed out in the preceding sections of this chapter, ex
perimental verification has proved that the latter constants, n .. and 
138°K, may invariably be employed as approximative values for all 
the various kinds of liquids inves tigated so far. 

Conversely, it may be claimed that the new viscosity-temperature 
Equation (Ill-lOa), which was originally derived along purely 
empirical lines, can also be obtained on the basis of the foregoing 
statistical-physical considerations taking the free-volum.e concept of 
the liquid state as a starting-point, 

Further comparison of Equations (III-17) and (III-lOa) leads to the 
result that the Slope Index, S, may be approximately identified with 
the exponential product rn. This also implies that, since the para-

*J According to Williams, Landel and Fenyl02). this value amounts to apprOXimately 40 for many 
liquids. 
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meter r is close to unity, the Slope Index would be nearly equal to 
the shape parameter n in .Weibull's function for describing the statis
tical distribution· of free volume amongst the numerous molecules 
of a given liquid. Conversely, the Slope Index may now be interpreted 
as the quantity which, in accordance with Fig. 111-9, predominantly 
determines the overall form of the statistical distribution of the free 
volume of the liquid concerned. 

Obviously, Equation (111-17) constitutes a more general expression 
than Equation (III-lOa) in that, in contrast to the latter equation, 
it also permits the parameters 7le and To to vary from one liquid 
to another. 

It can easily be shown that Equation (111-17) includes, in addition 
to the newly developed Equation (III-lOa), several well-known, pre
viously established viscosity-temperature expressions as specia1 
cases. For To =OoK and rn=l, Equation (111-17) becomes identical 
to de Guzman1s simple exponential Equation (III-I). Further, Vogel's 
Equation (1I1-2)~') is obtained solely by taking rn=l. Finally, sub
stitution solely of To =OoK yields Equation (111-3) introduced by Cor
nelissen and Waterman. 

Consequently, Equation (III-17) may be deemed significant also in 
that it clearly indicates the kind and degree of approximations in. 
volved in the aforementioned empirically established viscosity-tem
perature expressions. 

III. 3. 8. Concluding Remarks 

Some concluding remarks may first be devoted to the concept and 
definition of "free volume ". In fact, various definitions have been 
proposed in the course of timel03-105). 

Basically, the free-volume concept represents a more or less 
oversimplified device for (analytically) approximating the very com. 
plex, and in many cases presumably inextricable, molecular dis
tribution junction of liquids and its correlation with their equilibrium 
and, particularly, their transport properties. . 

It is no wonder, therefore, that various - more or less loose -
definitions of free volume have been proposed. Cohen and Turnbull, 
in their above-described model for the liquid state, defined the free 
volume of molecules as the volume per cage available for free re
distribution91-93). Let it suffice here to mention that, under ordinary 
conditions of temperature and pressure, the thus-defined free volume 
usually appears to amount to something like 1-20% of the molecular 
volume. A critical discussion of several earlier definitions of free 
volume has been presented by Bondi103). 

,Whilst for simple liquids free volume can be related to the indiv
idual molecules, its physical significance for liquids consisting of 
long-chain molecules - which display so-called segmental flow (see 
§ VIII. 4. 4, part B) :- cannot so easily be visualized. It has been 
pointed out that in the latter case free volume should be related not 
to the long-chain molecules as a whole but rather to their ''flow 

*) Cohen and Turnbull's afprOXimative formulation leads to essentially the same viscosity -temper
ature equatlon91 , 93, 97 . 
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units", that is to their effective segments 94,103,104). 

It has become clear that, notwithstanding the indicated deficiencies 
inherent in any free-volume model of the liquid state, the simplified 
physical picture represented by some suitable model can be advan
tageously utilized for deriving basically correct. correlations for the 
equilibrium and transport properties of liquids. As regards the quan
titative application of such correlations, one is confronted with the 
problem that numerical values for one or more of its parameters, 
although having a plausible physical interpretation, cannot (yet) be 
assessed a priori. The parameters concerned then have to be re
garded as adjustable ones, the appropriate numerical values being 
derived from experimental data. 

In the above respect the Cohen-Turnbull free-volume model of 
the liquid state has proved particularly successful and has meanwhile 
met with great approval on the part of authorities such as Bondi98) 
and Dixon and Webb 99). 

Starting from the Cohen'-Turnbull model, the present approach has 
resulted in a very general formulation for the transport properties 
of liqllids. More particularly, the resulting viscosity Expression 
(111-15), though shll tentative, may well turn out to be a valuable 
contribution in further clarifying their viscous properties, the more 
so as a rigorous solution based on some sophisticated molecular 
theory would seem hardly conceivable for the very complex liquids 
encountered in modern engineering practice. After all, the derived 
Equation (111-17) has proved quite successful, even in the simplified 
form represented by the empirically developed Equation (III-lOa), 
for describing the viscosity-temperature relationships of all the 
various kinds of liquids inve stigated so far. 

APPENDIX 

Appendix III-I. Weibull's Statistical Distribution Function 

A random variable is characterized by the feature that it can as
sume a more or less extensive range of values which cannot be as
sessed more accurately than by means of some appropriate statistical 
distribution function. Such a statistical distribution function, or rather 
cumulative distribution function, defines the probability P(x) of choos
ing at random an individual having a value of x greater than x. This 
definition implies that P(x) also denotes the statistical fraction of the 
individuals considered with an x-value exceeding x. 

A well-known statistical distribution function, which has proved 
to possess an unusually wide validity range, has been proposed by 
Weibull100 ,101). It has been extensively and very successfully ap
plied to a great variety of problems, notably to material-fatigue 
problems. Since its introdur::tion, in 1939, this versatile distribution 
function has gained a still increasing prominence100 ,101,106) • 

In its most general form Weibull's cumulative distribution func
tion can be written as; 
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p(x) = e 
-C~y} 

(1II-18a) 

where y, /.l and n denote parameters of location, of scale and of 
shape, respectively. The location parameter y represents the lower 
limit imposed upon the random variable x and may be either positive, 
or zero or also negative; the scale parameter /.l and the shape 
parameter n, however, can assume only positive values. 

By introducing the "reduced" variable: 

z=x-y 
/.l 

Equation (III-l8a) can be put into the standardized form: 

P{x) = e 

(111-19) 

(lII-l8b) 

Plotting this standardized form of Weibull's cumulative distribution 
function for different values of the shape parameter n yields distribu-

05 

~=o.368 
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FIG. III-IO. 
Cumulative Distribution Curves According to Weibull's Function (II1-1Sb). 



n 

-89-

tion curves of very different shapes. Fig.III-10 depicts four such 
curves, the shape parameter n having representative values of 0.5, 
1.0, 1.5, and 2.0, respectively. 

Fig. III-10 clearly demonstrates that the Weibull function comprises 
a great variety of distribution curves. In fact, it includes various 
well-known distribution functions as special cases. Thus, the curve 
characterized by n=l. 0 represents an ex.tJonential distribution of the 
variable x, Whilst the curve resulting for n=2.0 is identical to the 
statistical distribution described by Rayleigh's function. Further, 
Weibull has pOinted out that for n=3.25 his function constitutes an 
excellent approximation of the normal, or Gaussian, distribution 
function. 

The probability of choosing at random an individual having a value 
of x located between x and x+dx is defined by the integral: 

x+dx 

f p(x) dx. 

x 

where p(x) represents the so-called probability-density function. It 
is readily seen that this probability-density function p(x) is related 
to the corresponding cumulative distribution function P(x) by the 
identity: 

.. 
P(x) f p(x) dx. (III-20) 

x 

In accordance with Equation (fiI-18a), Weibull's probability-density 
function can readily be shown to read: 

(x-r\n 
p(x) = % (XiI-Ie -V). (III-21a) 

By introducing again the reduced variable z and by choosing the 
scale parameter u equal to unity the latter equation can be cast into 
the standardized form: 

p(x) " 
n-l _zn n z e (III-2Ib) 

In Fig. III-ll this standardized form of Weibull's probability-den
sity function has been plotted for the same representative values of 
the shape parameter n as used in cO!lstructing the corresponding 
cumulative distribution curves of Fig. III-IO. 

lt is seen that the probability-density curves according to Weibull's 
Function (11I-21b) may be very different for different values of their 
shape parameter n. For shape parameters above unity these curves 
pass through a maximum; the maximum is located closer to the 
average value of z as the shape paraIlleter approximates closer to 
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the value 3.25. the relevant distribution being practically normal 
(see above). 

1.0 

L~~ 
0,0 

_ z 

FIG. Ill-ll. 
Probability-Density Curves According to Weibull's Function (IU-21b). 

An important single characteristic of statistical distributions is 
represented by the particular average value x over the range of values 
covered by the random variable x. In accordance with We.ibull's prob
ability-density Function (III-21a). this average value x is defined 
by the identity: 

00 

x = J x f(x) dx. 

y 

Evaluation of the latter integral yields: 

x = l' + /.J r(1+!.) • n 

(III-22a) 

(III-22b) 
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where the gamma function r [l+(l/n)] comes fairly close to unity for 
the usually encountered values of the shape parameter n. 

Besides for computing the average value X, Identity (III-22b) may 
sometimes be conveniently employed for replacing the scale para
meter f.I in Weibull's statistical distribution function by the corres
ponding expression: 

X-'Y 

r(1+.!.) 
n 

or, in the frequently encountered case where l' =0: 

x 
r(1+!) • 

n 

(III-23a) 

(III-23b) 

An example- of the advantageous application of the latter expres
sion has been elaborated in § III. 3. 2. 



CHAPTER IV 

THE ISOTHERMAL VISCOSITY.PRESSURE RELATIONSHIP FOR A GIVEN 
LIQUID 

IV. 1. INTRODUCTION 

To a first approximation the isothermal viscosity-pressure re
lationship of liquids can be described by the equation: 

7) = 7)0' e «p. (IV-1a) 

where 7) denotes the dynamic viscosity at gauge pressure p and 1")0 

the dynamic viscosity at atmospheric pressure and at the same tem
perature. The only parameter, a, characterizes the liquid considered 
and would depend solely on temperature, not on pressure. As long 
ago as 1893 Barus 107) used Equation (IV -la) as an empirical ap
proximation. 

The latter equation can be rewritten in the logarithmized*) forms: 

log I") = alp + log I")(} (IV -1b) 

or 

log ~o = alp, (IV-1c) 

where a' = 0.4343 a. Formula (IV-1b) for the isothermal viscosity
pressure relationship of liquids proves to be analogous to de Guz
man's Equation (11I-1a) for their atmospheric viscosity-temperature 
relationship. 

Though originally established empirically, Equation (IV-Ia) - like 
the analogous viscosity-temperature equation - has later been ob
tained as a theoretical approximation. In terms of Eyring's theory 
of viscous flow (see § 111.1. 1), Equation (IV-1a), or rather (IV-Ie), 
may be rewritten as*): 

!L _ Vyis 
In 7)0 - RT p, (IV-1d) 

where the parameter Vyis (relating to one gmole) is characteristic 
of a given liquid, while R denotes again the molar gas constant. Un
like the parameter a' in Equation (IV-Ie), the quantity V vis is seen 
to have the dimension of a volume. 

The volume Vvis has a suggestive interpretation in Eyring's model 
for viscous flow (outlined in § 111.1.1). According to this model, the 
indicated jumps of activated molecules over a potential-energy bar
rier are only possible once a suitable "hole" has been created in 

0) Just as in the foregoing, log denotes the common or Briggsian logarithm, log10. whilst III stands 
for the natural or Napierian logarithm, loge' Note further that log e " 0.4343. 
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their neighbourhood. Now, the size of such holes (per gmole) is re
presented by the quantity V vis' 

Although Formula (IV-la) is extenSively used, it is not generally 
applicable; usually, it is valid to a reasonable approximation only 
in a moderate pressure range. In fact, whereas according to this 
formula log l1-p isotherms should be represented by straight lines, they 
generally prove to be perceptibly curved. As a rule, these isotherms 
are more or less concave towards the pressure axis. Only in com
paratively few cases have they been found to be slightly convex in 
that direction. 

Further, it should be mentioned that at very high pressures log l1-p 
isotherms which initially are either concave downward or straight 
are often changing gradually into convex ones 27.28.8.\1) • Accordingly, 
in the usual case of initially concave downward curves the indicated 
"transition" can be characterized by a point of inflection. The oc
currence of this transition in log I1-P curves has been attributed by 
Bridgman 8.9) to the "interlocking" of molecules in the strongly com
pressed liquid. Fortunately, such a transition is generally absent 
up to pressures of at least some 5,000 kgf/cm2 (71,OOO psi). "') 

IV.2. EMPIRICAL EQUATIONS 

In trying to describe the isothermal viscosity-pressure relation
ship of liquids by means of some empirical expression more adequate 
than Equation {IV -1a),'" it is highly useful to realize the strikinf qualitative resemblance between log I1-P isotherms and log I1-T
isobars (see § 111.1. 1). It is no wonder, therefore, that the analytical 
form of the more prominent viscosity-pressure equations proves to 
be similar to that of the well-known viscosity-temperature equations. 
In fact, as wiU be demonstrated below, these viscosity-pressure 
equations can formally be obtained from the analogous viscosity-tem
perature equations simply by substituting pressure for reciprocal 
temperature. 

Further, one point - the starting-point - of a given viscosity-pres
sure isotherm is defined by the corresponding atmospheric viscosity, 
11 0 , Actually, therefore, viscosity-pressure equations aim at des
cribing the effect of pressure on the specified iltlllosp/ze )';C viscosity 
of the liquid concerned. Accordingly, the number of characteristic 
parameters required in viscosity-pressure equations is reduced by 
one as compared with the number needed in the analogous viscosity
temperature equations. At the same time, however, the occurrence 
of the atmospheric viscosity as afixed constant in viscosity-pressure 
equations seriously limits their flexibility. In the latter respect it 
is rather unfortunate that log l1-P isotherms frequently pr-ove to ex
hibit their strongest curvature in the initial pressure range, that is 
in the vicinity of this very atmospheric viscosity. 

Several empirical viscosity-pressure equations [lave hC'en jH'oposed 

.) Particularly at low temperatures the log "1j-P isotherm; of c,'rtam ~~licone oj!, "'''l' ,'xilillil a 
point of inflection already at pressures of about 2.000· ... ouO kgfiCllJ~ (28,OOO-'<."J',) ;·'sl). 
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to replace Barus IS simple exponential Equation (IV -la). Such equations 
usually contain - apart from the atmospheric viscosity, YI 0 - two, 
or more, characteristic parameters instead of Barus's single one. 

Before introducing a newly developed equation, a few two-para
meter viscosity-pressure equations which, at least from a practical 
point of view, would appear to be the most valuable ones available 
will be briefly discussed, 

The following two-parameter equation, which is analogous to Vogel's 
Equation (nI-2) for the viscosity-temperature relationship of liquids. 
has been1successfully applied by the present author: 

YI K log - = ___ , 
no p.l +c 

(IV -2) 

where K and c denote parameters characteristic of a given liquid. 
Whilst the parameter K decreases rather rapidly with rising tem
perature, the other parameter, c, may generally be taken constant 
over a wide temperature range. The new viscosity-pressure Equation 
(IV-2) would seem to be the most attractive two-parameter equation 
developed so far. 

Another very valuable viscosity-pressure formula, which is anal
ogous to the Cornelissen-Waterman Equation (III-3) for the viscosity
temperature relationship of liquids, has recently been proposed by 
Roelands et al. 44) • 

log!l.. = K' pc'. 
no 

(IV -3) 

where K' and c' are parameters characteristic of the liquid con
cerned. In general, the exponent c' proves to be substantially con
stant over a wide temperature range, whereas the parameter K' de
creases rather strongly with rising temperature. 

A third viscosity-pressure equation, which is analogous to the 
Tait-type Equation (III-4), has been proposed by Blok in his dis
cussion on a paper by Hersey and Lowdenslager I08): 

log!l.. =: K". log (1 + 2...) 
no c ll 

• 
(IV-4) 

where K" and cIt are parameters characteristic of a particular liquid. 
The latter expression, which has been applied in several lubri
cation ~roblems. is also known as the generalized Karlson equa
tion 84,2). The present author has found that in a wide temperature 
range the parameter c" may generally be taken constant, whereas 
the parameter Kit decreases fairly strongly with rising temperature. 

The foregoing Equations (IV-2), (IV-3) and (IV-4) permit de
scrihinl1. not only concave and straight, but also convex log n-p iso
the l'mR; of course, they cannot hold at pr.essures so high as to give 
rise to the above-indicated transition*). Generally. these three equa-

.) Actually, this restriction has to be imposed upon any convenient Viscosity-pressure equation. 
Indeed, such an equation can apply only as long as log ~-p isotherms show a regular trend; that 
is if these are either straight or monotonously curved. 
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tions apply satisfactorily to any given liquid in the same very wide 
ranges of temperature and pressure where the aforementioned analo
gous viscosity-temperature equations are applicable, that is in a 
temperature range covering at least 200 0 C (3600 F) and up to pres
sures of at least 3,000-5,000 kgf/cm2 (43,000-72,000 psi). 

Moreover, for a given liquid the parameters c, c' and c" in the 
three aforementioned equations have proved to remain substantially 
constant in a wide temperature range. Consequently, each of these 
equations permits the construction of a diagram, typical of the liquid 
considered, in which the isotherms characterizing this liquid are 
depicted, in ~ wide temperature range and up to very high pres
sures, as a family of straight lines. 

Although the preceding two-parameter equations are very useful 
for analytically describing viscosity-pressure isotherms, yet they 
are rather cumbersome to use. In fact, it would be highly desirable 
to have available some convenient equation for describing the vis
cosity-pressure isotherms of liquids, particularly those used in 
present lUbrication practice, by means of only one characteristic 
parameter. Such an equation would also permit the construction of 
a generally applicable "rectifying' viscosity-pressure chart, that is 
a chart - analogous to the viscosity-temperature chart described in 
§ III. 1. 3 - in which the isotherms of all the various liquids satis
fying the basic equation would be represented by straight lines, at 
least to a good approximation*). 

The present attempts described in the subsequent Section IV.3 
aim at devising such a viscosity-pressure equation with only one 
parameter characteristic of the liquid under consideration. 

IV.3. THE PRESENT CHARACTERIZATION METHOD 

IV.3.1. Mathematical Description of the Isotherms 

The following new empirical equation has proved successful, over 
very wide ranges of temperature and pressure, for describing the 
isothermal viscosity-pressure relationships of lubricating oils and 
even all the other liquids tested so far: 

log 1'1 + 1. 200 = (log 1'10 + 1. 200) (1 + ~)Z 

or. logarithmized: 

(IV -5a) 

log{log 1'1 + 1. 200) Z.log (1 + 2, ~OO) + log (log 1'10 + 1. 200), (IV -5b) 

where 1'1 denotes the dynamic viscosity, in cP, at gauge pressure 

") Sanderson109 ,llO) has suggested that such a rectifying chan - though for 1< in e mat ic viscosity -
could be obtained by adjusting a pressure scale, proportional to the square root of pressure, along
side the temperature scale of the ASTM kinematic viscosity-temperature chart (see. Ill.l. 2). 
However, the indicated viscosity -pressure chart proves to be far from generally applicable; in 
fact. it generally is bound to fail at lower pressures. 



p, in kgf/cm 2 , and no the dynamic viscosity at atmospheric pres
sure and at the same temperature. 

According to the latter equations, the viscosity-pressure relation
ship of a liquid whose atm:Jspheric viscosity, 1)0, has been specified 
is determined solely by the dimensionless quantity Z. This quantity 
Z therefore constitutes a significant and convenient viscosity-pres
sure criterion (see Chapter VII). 

Whilst for a liquid the parameter Z would be independent 
of pressure, it usually varies slightly with temperature or - in
directly - with its atmospheric viscosity, Tlo, entering into Equa
tions (IV-5a) and (IV-5b). This parameter Z may either increase or 
decrease. somewhat with rising temperature or may remain sub
stantially constant. But the resulting variations of Z generally prove 
to be so small that it may be taken constant over a fairly wide tem
perature range. 

The present viscosity-pressure Equation (IV -5b) shows a close sim
ilaricy to the newly developed viscosity-temperature Equation (III-6b). 
Thus, it is seen that the negative value of the constant 2,000 in Equa-
tion!IV -5b) denotes the fictitious negative in kgf/cm2 , where 
the analyticall:J extrapolated viscosity equal to TI... This 
fictitious viscosity Tlcc would again amount to 0.0631 cP and would be 
common to all liquids. Accordingly, this viscosity TI "" would 
be reached for any given liquid either by increasing temperature to 
infinity or by decreasing pressure to -2,000 kgf/cm 2 • 

Those preferring to measure (gauge.) pressure in psi (1 kgf/cm2 " 14.22 psi), denoting tllis by p', 
may rewrite Equation (IV -5b) as: 

log (log '1'1 + 1.200) " Z' leg (1 + 28~:40) + log (log '1'10 + 1.2(0), (IV -Dc) 

where, for a given liquid, Z has the same value as in Equation (IV -5b). 
Likewise, for pressure expresseQ in atm (1 kgf/cm2 = 0.9678 aIm), denoted by p", oue may write: 

log(log'l'l + 1.2(0) " Z' log (1 + Pg".) + log (log '1'10 + 1.2(0), 
, I, 36 

(IV -5d) 

where, for a given liquid, Z has again the same value as in Equation (IV -5b). 

For the sake of simplicity, Formula (IV-5b) is rewritten in the 
form: 

II Z n + Ho ' (IV-5e) 

where H represents the viscosity function already defined in Chapter 
III, that is H log (log 1) + 1. 200). FUrther, the pressure function 
II is seen to be defined by: 

n log (1 + :r,&u). (IV -6) 

so tliat n ' 0 for atmospheric p 0 kgf/cm 2
• This pres-

sure function II appears to rather analogous to the temperature 
function 0, defined by Equation (III -8). 

'Thus, by constructing scales proportional to the viscosity function 
H and the pressure function II a "rectifying" chart is obtained, that 
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is a chart in which by definition all viscosity-pressure curves satis
fying the basic Equation (IV -5b) are represented by straight lines. 
Essentially the same chart is naturally obtained when one of the above 
equivalent equations is taken as a basis. Obviously, this viscosity
pressure chart will be very similar to the viscosity-temperature chart 
described in § III. 1. 3; in fact, both rectifying charts not only possess 
a common viscosity scale, but the pressure and temperature scales 
are also closely related. 

The new viscosity-pressure chart reproduced in Fig. IV -1 has been 
provided with a single viscosity scale, in cP, and a double pres
sure scale, pressure being in both kgf/ em 2 and psi. This 
chart~') covers very wide viscosity and pressure ranges, viscosities 
extending from 1. 00 to 10'1 cP and pressures up to 5,000 kgfJcm2 

(71,100 psi). 
The scales concerned have been so proportioned that the (upward) 

slope of viscosity-pressure lines is numerically equal to the para
meter Z in the basic Equation (IV-5e). Therefore, from such a chart 
i'his dimensionless quantity Z, the new .viscosity-pressure criterion, 
which will be termed the "Viscosity-Pressure Index". can be as
sessed most readily. The accuracy of such a graphical assessment 
of this index will usually suffice for any practical purpose**),provided 
that the chart's format is large enough, like that of the full-size 
chart reproduced in Fig. IV - L 

In addition to the viscosity -pressure chart here described, extensive tables have been prepared to 
facilitate the numerical conversion of pressures, expressed in either kgf/cm2 or psi, into the cor
responding pressure functions defincd by Equations (IV -6b) and (IV-DC), respectively. Accordingly, 
Tables IV-la and IV-lb contain pressures, in kgf/cm2 and psi, and the values of the corresponding 
pressure fUllctions log [1+(1'/2,000)] and log (1+(p'/28,440}j, respectively->, 

In Figs. IV -2 through IV -6 the viscosity-pressure isotherms of a 
great variety of liquids, primarily chosen amongst those used as 
lubricating oils, have been plotted in a chart according to Equation 
( V -5e). All the liquids indicated in these figures are specified in 
Table IV-2, 

Fig. IV -2 comprises four divergent types of mineral 0115****) tested 
in the well-known ASME pressure-viscosity project 27) • Besides three 
natural mineral oils representing pronounced paraffinic, naphthenic 
and aromatic types, one polymer-blended mineral oil (prepared from 
the latter paraffinic oil) has been included. For each oil two iso
therms, relating to 37.8°C (lOOoF) and 98.9 0 C (2100 F), have been 
depicted; the involved pressures extend to over 10, 000 kgfJcm 2 

(142,000 psi). 
Besides four important types of synthetic lubricating oils likewise 

tested in the ASME pressure-viscosity project 27}, Fig. IV -3 com-

.) Like the viscosity -temperature chart described in 8 III,I. 3 this full-size viscosity-pressure chart 
has been printed on a format of 35 by 50 cm (about 14 by 20 in) • 

.. ) It has appeared that as a rule there is not much sense in carrying numerical evaluation of the 
Viscosity-Pressure Index, Z, beyond twO decimal places, For instance. a value of O. '154 as
sessed for a certain index could reasonably be rounded off to 0,75 • 

.... ) For the relevant viscosity conversion. Table UI-l can be utilized. 
""'*) Further, in the H -n charts of Figs. IV -8 ahd IV -9 to be discussed larer on in this chapter the 

entire family of isotherms Itas been depicted for a natural and a polymer~blended mineral oil, 
respectiVely, 
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TABLE IV-1a 

Pressure Convemon Table (kgf/cm2) 

l!gf/cm2 n kgr/cm2 n kgf/cm2 n kgf/cm2 n 

0 0.0000 600 0.1139 1,500 0.2430 3,000 0.3979 
20 0.0043 620 0.11'/3 1,550 0.2492 3,100 0.4065 
40 0.0086 640 0.1206 1,600 0.2553 3,200 0.4150 
60 J.Ol28 660 0.1238 1,650 0.2613 3,300 0.4232 
80 0.0170 680 0.1271 1,700 0.2672 3,400 0.4314 

100 .. 0.0212 700 0.1303 1,750 0.2730 3,500 0.4393 
120 0.0253 720 0.1335 1,800 0.2788 3,600 0.4472 
140 0.0294 740 0.1367 1,850 0.2844 3,700 0.4548 
160 0.0334 760 0.1399 1,900 0.2900 3,800 0.4624 
180 0.0374 780 0.1430 1,950 0.2956 3,900 0.4898 
200 0.0414 800 0.1461 2,000 0.3010 4,000 0.4771 
220 0.0453 820 0.1492 2,050 0.3064 4,100 0.4843 
240 0.0492 840 0.1523 2,100 0.3118 4,200 0.4914 
260 0.0531 860 0.1553 2,150 0.3170 4,300 0.4983 
280 0.0569 880 0.1584 2,200 0.3222 4,400 0.5052 
300 0.0607 900 0.1614 2,250 0.3274 4,500 0.5119 
320 0,0645 920 0.1644 2,300 0.3324 4,600 0,5185 
340 0.0682 940 0,1673 2,350 0,3375 4.700 0.5250 
360 0.0719 960 0.1703 2.400 0.3424 4,800 0.5315 
380 0,0756 980 0.1732 2,450 0.3473 4,900 0.5378 
400 0.0792 1,000 0,1761 2,500 0.3522 5,000 0.5441 
420 0,0828 1,050 0.1833 2,550 0.3570 5,500 0.5740 
440 0.0864 1,100 0.1903 2,600 0.3617 6,000 0,6021 
460 0.0899 1,150 0.1973 2,650 0.3664 6,500 0.6284 
480 0.0934 1,200 0,2041 2,700 0,3711 7,000 0.6532 
500 0,0969 1,250 0.2108 2,750 0,3757 7,500 0.6767 
520 0.1004 1,300 0.2175 2,800 0.3802 8,000 0.6990 
540 0.1038 1,350 0.2240 2,850 0.3847 8,500 0.7202 
560 0.1072 1,400 0.2304 2,900 0,3892 9,000 0.7404 
580 0.1106 1,450 0.2368 2,950 0;3936 10,000 0.7782 
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TABLE IV -lb 

Pressure Conversion Table (psi) 

psi x 10-3 n psi X 10-3 IT psi x 10-3 IT psi x 10-3 IT 

0 0,0000 15 0,1339 30 0,31:'<7 50 0,4406 
0,5 0,0076 15,5 0,1889 30,5 0,3164 51 O,446J 
1 0,0150 16· 0,1938 31 0,3201 52 0.4515 
1.5 0, 0223 16,5 0.1987 31,5 0,3237 53 O,456~ 

2 0,0295 17 0,2035 32 0.3274 5+ 0,4622 
2,5 0.0366 17,5 0.2082 32,5 0,3309 55 0.4674 
3 0.0435 18 0,2129 33 0.3345 56 0.4726 
3.5 0.0504 1B.5 O~ 2176 33.5 0.33BO 57 0.4777 
4 0.0511 19 0.2222 34 0.3+15 58 0.4827 
4.5 0.0638 19.5 0.2267 34.5 0.3449 59 0.4877 
5 0,0703 20 0,2312 35 0,3483 60 0,4927 
5.5 0,0768 20,S 0,2357 35,5 0.3518 61 0.4975 
6 0.0831 21 0,2401 36 0.3552 62 0.5024 
6.5 0,0594 21.5 0,2444 36.5 0.3585 63 0.5071 
7 0,0955 22 0.2488 37 0.3619 64 0.5119 
7.5 0,1016 22,S 0.2531 37,5 0.3652 65 0.5166 
8 0,1076 23 0,2573 38 0,3685 66 0,5212 
8,5. 0,1135 23,5. 0,2615 38,5 0.3717 67 0.5257 
9 0,1194 24 0,2657 39 0,3749 68 0,5303 
9,5 . 0,1252 24,5 0,2698 39.5 0,3781 69 0,5348 

10 0,1308 25 0,2739 40 0,3813 70 0,5392 
10,5 0,1364 25,5 0,2779 41 0,3876 75 0.5607 
11 0.1420 26 0,2819 42 0,3938 80 0,5812 
11~5 0,1475 26,S 0,2859 43 0.4000 90 0,6195 
12 0.1529 27 0.2898 44 0,4060 100 0.6548 
12,5 0,1582 27.5 0,2938 45 0,4120 110 0,6873 
13 0,1635 28 0.2976 46 0.4178 120 0.7176 
13,5 0,1687 28.5 0.3014 47 0,4236 130 0,7459 
14 0,1738 29 0.3053 48 0,4293 140 0,7724 
14.5 0,1790 29.5 0,3090 49 0.4350 150 0.7975 



-101-

---i __ - Gauge Pressure 

FIG. IV -2. 
The ApplicabUiIY of the New Viscosity-Pressure Chart to Divergent Types of Mineral Oils. 

For designations see Table IV -2. 

prises six liquids, namely five lower alcohols and liquid mercury, 
whose viscosity-pressure data have been determined by Bridgman '1,8) 
in the scope of his classical high-pressure investigations. Various 
isotherms depicted in Fig. IV -3 extend again up to extremely high 
pressures. 

Fig. IV -4 depicts viscosity-pressure isotherms, up to about 5,000 
kgf / cm 2. (71, 000 psi), of eight miscellaneous liquids mainly taken 
again from the aforementioned investigations. . 

In Fig. IV -5 viscosity-pressure data, up to about 3,500 kgf/ em 2 

(50,000 psi), have been plotted for six divergent kinds of pure hy
drocarbons. The data on five of these compounds derive from the 
important investigations carried out by Schiessler et al. in the 
scope of API Research Project 42 11,12) • 

Finally, Fig. IV -6 comprises a motley of ten liquids, their vis
cosity data covering pressures up to about 2,000 kgf/cm2 (28,000 
psi). 

The 38 liquids included in Figs. IV-2 through IV-6 represent a great 
variety of chemical constitutions, whilst their 42 isotherms depicted 
are fully representative of the various possible types of isotherms 
indicated in Section IV. 1. 

Most of these isotherms correspond to log n-p curves that are 
more or less concave downward, notably in the lower pressure range. 
Further, several isotherms have been included which are represented 
in a log n -p chart either by straight lines (for instance, isotherm 
No.2a in Fig.IV-2 and isotherm No.1 in Fig. IV-B) or by convex 
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FIG. lV-a. 
The Applicability of the New Viscosity -Pressure Chart to Synthetic Lubricating Oils 

and Miscellaneous Liquids. 
For deSignations see Table IV -2. 

downward curves (for instance. isotherm No. 3a in Fig. IV -2 and 
isotherms Nos. 5 and 7 in Fig.IV-6). Finally. it should be mentioned 
that even a few isotherms displaying the above-indicated transition 
in a log TJ-p chart have been depicted in Figs.IV-2 through IV-6, 
that is up to pressures markedly above their transition region. 

In view of the great variety of viscosity-pressure isotherms com
prised by Figs. IV -2 through IV -6 and the quite extensive pressure 
rangeR covered, the validity of the basic Equation (IV -5e) has been 
!:Jut to a really severe test. The straight lines in these figures ob
viously fit the experimental data'~) for all the various kinds of liquids 
remarkably well. 

') The plotted viscosity data relate to rates of shear low enough to warrant Newtoniau bella viour. 
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FlG.N-4. 
The Applicability of the New V ucosity -Pressure Chart to Miscellaneous Liquids. 

For designations see Table IV -2. 

In addition, Equation (IV -5e) has been verified for numerous other 
liquids, not depicted here, of still other, and very divergent types. 
These include many pure compounds as well as rathe r complex 
mixtures. 

The new viscosity-pressure Equation (IV -5e) has proved to apply 
quite satisfactorily to the nUmerous liquids investigated so far, and 
in a very wide pressure range at that. The extent of this applicabil
ity range depends, of course, on the particular liquid or, more 
explicitly. on the type of its isotherms. It stands to reason that a 
definite limit is set to the applicability range of the present, and 
any other, viscosity-pressure equation by the pressure where the 
liquid starts to solidify. 

Consequently, the present equation permits satisfactorily describing 
not only concave downward and straight, but also convex downward 
log r)-p isotherms. Although it obviously cannot hold equally good at 
pressures so high as to give rise to a transition in the log r)-P 
isotherms considered, yet it has appeared to apply fairly well even 
at pressures markedly above their transition range. 

Usually, the new viscosity-pressure Equation (IV -5e) may be con-
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FIG. IV -5. 
The Applicability of the New Viscosity-Pressure Chart to Divergent Kinds of Pure Hydrocarbons. 

Por designations see Table IV -2. 

sidered to apply satisfactorily up to pressures of at least 3,000-5,000 
kgf/cm 2 (43~ 000-71,000 psi), Only outside this applicability range 
will the deviations of the experimental points from the straight lines 
in Figs. IV -2 through IV -6 result in errors considerably beyond the 
normal viscometric accuracy. Although as yet the number of reliable 
viscosity-pressure data measured over a wide temperature range is 
comparatively small, it may be "Stated that the temperature range 
where the present Equation (IV-5e) holds good would generally amount 
to at least about 200°C (360°F). 

Summarizing, the present viscosity-p'i"essure Equation (IV-5e) 
may generally be considered to apply satisfactorily in the same very 
wide ranges of temperature and pressure where the ana}ogous vis
cosity-temperature Equation (lII-6h) is applicable, that is in a tem
perature range of at least 200°C (360°F) and up to pressures of at 
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least 3,000-5,000 kgf/ctn 2 (43,000-71,000 PS4. 
In particular, the applicability of the present viscosity-pressure 

equation to all the various kinds of tnineral oils tested tnay be deetn
ed quite satisfactory. 
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FIG.IV-G, 
The Applicability of the New Viscosity-Pressure Chart to Miscellaneous Liquids. 

For designations see Table IV -2. 

It should be noted that for several liquids included in Figs. IV-2 
through IV -6 the deviations from the depicted straight-line relation
ships are of a rather systematic nature. This implies that most of 
these deviations could almost entirely be eliminated through a slight 
alteration of one or both constants, 1. 200 and/or 2,000, in the basic 
Equation (IV:.!5b). 

But in view of the rather unusual width of the pressure range 
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TABLE IV-2 

Designations to the Oils Depicted in Figs. IV -2/1V-6 

No. Ty pe of Liquid Experimenters' Designation Temp •• Slope Rd. 
deg C Z 

Natural and Polymer-Blended Mineral Oils, fig. IV -2 

1 Natural Mineral Oil Paraffinic Oil. coded 31-G; la: 3/.8 0.6, 27 
Oil A-3 of Table 11-1 Ib: 9B.9 0.67 

2 d iIto Nap!1thenic Oil, cooed 37-G; 2a: 37.8 0.85 21 
Oil A-11 of Table n-l 20: 98.9 0.8-+ 

3 
" 

Aromatic Extract, coded 52-G; 3a: 37.8 ].05 27 
Oil A-16 of Table 11-1 3b: 98.9 0,96 

4 Polymer-Blended all No.1 Blended With 4a: 37.8 0.6] 27 
Mineral Oil "Paratoue". 4b: 98.9 0.60 

Blend cooed 44-G 

SynthetiC Lubricating Oils and Other Liquids, Fig. IV -3 

1 Poly butene Commercial Sample. coded 46-G 98.9 0.86 27 
2 Diester Di(2 -ethylhexyl) sebacate. 37.8 0.55 27 

coded loA 
3 d ilto o-Oi (2 -ethylhexyl)phthalate. 98.9 0.65 27 

coded 56-H 
4 Poly glycol Commercial Polypropylene 98.9 0,58 27 

Glycol Derivative. coded 21-0 
6 n -Amyl Alcohol Pure Compound 30 0.46 7,8 
6 n-Butyl Alcohol ditto 30 0.45 7,8 
7 n -Propyl Alcohol . 30 0.42 7,8 
8 Ethyl Alcohol 

" 
30 0.38 7.8 

9 Methyl Alcohol .. 30 0.37 7,8 
10 Mercury .' 

30 0.03 8 

Miscellaneous Liquids, Fig. IV -4 

1 Castor Oil Commercial Sample ("Gilmore ") 40 0,43 111,26 
2 Silicone on Commercial Linear Polymethyl- 37.8 0.50 27 

siloxane, cooed 55-H 
3 Glycerol Pure Compound 30 0.19 7,8 
4 Oleic Acid ditto 75 0.49 7,8 
5 Pure Hydrocarbon 1-Cyclopentyl-4(3 -cyclopentyl- 98.9 0.63 27 

propyl)dooecane, coded 10-C 
6 ditto n-Decane 30 0.73 112,37 
7 Aniline Pure Compound 75 0.53 7,8 
8 Water ditto 30 0.09 7.8 
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CONTINUATIC!< OF TABLE IV-2 

1\0. T}'pt! of Liquid Experimenters' Designation Temp., Slope Ref, 
deg C Z 

Pure Hydrocarbons, Fig. IV of) 

I Pure fl ydrocarboll U(Z-Cyclohexylethyl)heptadecane, 37,8 0,63 12 
coded PSU 88 

w d illO 9 (~-Pheny leth y 1)lleptadecane , 3'1.8 0.60 12 
coded PSU 87 

:I .. 9·-n -Octyilleptadecane, coded 37,8 0,58 12 
PSlJ 25 

-I .. 1,I-Diphenylheptane. codlold 60 0,68 12 
PSU 503 

;, .. I-Phenyl-3(Z-phenylethyl)hen - !l8,9 0,60 11 
decane. coded PSU 18 

13 .. n-Hexadecanc. coded 11-<:: 98,9 0,68 27 

Miscellaneous Liquids, Fig, IV -6 

1 Fluorocarboll Commercial Sample of a Fully 120 1,54 4<3 
fluorinated Mineral Oll 
( "Perfluorolube ") 

2 Silicoue Oil Commercial Linear Polymethyl- 60 0,51 4B 
siloxane, coded DC 200 

3 Chlorofluorocarbon Commercial M'Jnochlorotrifluoro- 98,9 0,99 27 
ethylene Polymer, coded 
"Fluorolube-Standard", 54-H 

-I Rapeseed Oil Typical Sample 40 0,43 113 
5 Pure Hydrocarbon 1,2,3,4.5,6,7,8,13,14,15,16- 98,9 0,94 12 

D'Jdecahydrochrysene, coded 
PSU 674 

6 Water-Glycol Fluid Commercial Sample of a Water- 37.8 0.14 114a 
Glycol Type Hydraulic FlUid, 
coded "Ucon M-1" 

7 Pure Hydrocarbon Perhydrochrysene, coded PSU 675 98.9 0,80 12 
8 ditto l,l-Diphcnylethane 37,8 0,62 12 
9 .. cis -Decalin 60 0,66 48 

10 .. teans -D ecalin 60 0.74 48 

+ 
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covered for these liquids - in several cases considerably wider than 
the aforementioned range of 3,000-5,000 kgf/cm2 - it is not deem
ed really necessary to carry out such an alteration. In fact, with 
a less wide pressure range - for instance up to about 1,000-2,000 
kgf/cm2 (14,000-28,000 psi) - which still suffices for many cases, 
the present values of the constants, 1. 200 and 2, 000, in Equation 
(IV-5b) will not result in any deviations markedly beyond the normal 
viscometric accuracy of 2 -30/0. 

Above all, however, any adaptation of the present two constants 
to any liquid or, rather, any class of liquids specifically would 
make the resulting equation less accurate for many other types of 
liquids, so that it would not be as widely applicable as the present 
Equation (IV -5b). 

IV. 3, 2. The Relationship Between the Family oj Isotherms Charac
terizing a Given Liquid 

Just as the aforementioned isobars (see § ill, 2. 2, part B) the 
isotherms of a given liquid as represented by straight lines in the 
basic viscosity-pressure chart according to Equation (IV -5e) have 
proved to converge - again to a good approximation - towards a 
common point. Accordingly, this family of isotherms characterizing 
a given liquid also constitutes a jan. 

,~ Temperature 

H 

I 
FIG. IV -7. 

Schematic Representation of Gon:verging Isotherms. 

ThiS convergence of isotherms has been illustrated for an ar
bitrary liquid in the schematic Fig. IV -7. The point of convergence, 
denoted by p p • is termed the "viscosity-pressure pole", It has a 
pressure coordinate Up. which is strongly negative, corresponding 
to a pole pressure p p of the order of -2, 000 kgf/ cm2

• The viscosity 
coordinate Hp corresponds to a very low pole viscosity. 1Jp, roughly 
of the order of 0,1 cP, Remarkably enough. for any given liquid 
this pressure-pole viscosity 1Jp shows the same value as its tem-
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perature-pole viscosity, that is the viscosity coordinate of the vis
cosity-temperature pole (see § III. 2. 2, part B). 

For other liquids the viscosity-pressure pole may be located in 
the opposite region of the H-II chart, that is the region of ex
tremely high viscosities and pressures. In the third case the family 
of isotherms characterizing a given liquid may ,be represented in the 
basic viscosity-pressure chart by a family of parallel straight lines, 
so that they constitute a sheaf. Such a sheaf may mathematically be 
considered to represent a "degenerated" convergence of the isotherms, 
the viscosity-pressure pole being located at infinity, that is at in
finite values of the viscosity function H and the pressure function 
II~'). ' 

In each of these three distinct cases of convergence the viscosity
pressure pole - like the corresponding viscosity-temperature pole 
- is located far beyond the ranges of viscosity and pressure that are 
of practical significance. As will be shown hereafter, the value of 
the delineated pressure-pole concept lies primarily in its mathematical 
convenience, namely for casting the underlying relationships into a 
really simple analytical form. 

fIG. IV-B. 
Convergence of Isotherms for a Paraffinic Mineral Oil. 

") The correspondin~ pole viscosity and pressure may. be taken to amount either to "lip ="1) ... and Pp" 

=-2,000 kgf/cm, or to "l)p=" and pp'''''. 
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Convergence of Isotherms fOI a Polymer-Blended Mineral 011. 
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Concrete examples of converging isotherms are provided by Figs. 
IV -8 through IV -10; for practical reasons the points of convergence 
could not be indicated in these figures. 

Fig. IV -8 depicts the various experimentally determined viscosity
pressure isotherms for the paraffinic mineral oil (coded A -4 in 
Table II-1) whose family of isobars has been plotted in the prece
ding Fig. III -8. The family of isotherms depicted in Fig. IV -8 covers 
the very wide temperature range from 0 to 218. 3°C (32-425°F) and ex
tends up to pressures of over 5,000 kgf/cm 2 (71.000 psi). This fan
shaped family of isotherms has a viscosity-pressure pole in the re
gion of extremely high viscosities and pressures. Accordingly, in 
the pressure range covered by Fig. IV -8 these isotherms are very 
nearly parallel. 

Fig. IV-9 shows a fan of isotherms, covering a similar temperature 
and pressure range as that in the preceding figure, for a polymer
blended mineral oil*) coded 27-E in the ASME pressure-viscosity 
project 2~). The viscosity-pressure pole of this oil is located in the 
region of very low viscosities and strongly negative pressures, like 
that indicated in the schematic Fig. IV -7. 

Finally, the isotherms of two linear polymethylsiloxanes of widely 
different viscosity ~rades have been depicted in Fig.IV-10. The plot
ted viscosity data *) on these two silicone oils. coded B 100 and 
B 1, ODD, have been determined by Kuss 1~). Over the temperature 
and pressure ranges covered, that is from 25 to BOoC (77-1760 F) 
and up to 2,000 kgf/cm 2 (28.000 psi). the isotherms of either oil 
are substantially parallel. 

IV. 3. 3. A Complete Viscosity-Pressure Equation 

From the outlined convergence of the family of isotherms charac
terizing a given liquid (see Fig. IV -7) a simple viscosity-pressure 
equation can readily be derived that may be termed "complete" in 
that it implicitly indicates the effect of temperature on the pressure 
variation of viscosity by means of only one temperature-dependent 
quantity, Ho (or 1'10 ): 

H-Ho n 
(IV-7a) 

Hp-Ho np 

In the limiting case where the family of isotherms has degenerated 
into a sheaf. Equation (IV -7a) reduces to: 

(IV -7b) 

where the Viscosity-Pressure Index Z r> which can be determined 
at some arbitrary standard reference temperature. shows one com
mon value for the entire family of isotherms characterizing a given 
liquid. 

0) This oil has been specified in Table X-S. 
"*) The author is much Indebted to Prof.E.KuSi. al. the lnstltut ffir Erdolforschung In Hannover. for 

generously placing the complete sets of experimental data at hU disposal. 
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Equation (IV -7a), or (IV -7b), in contrast to the basic Equation 
(IV-5e), does describe the temperature effect implicitly by only 
one quantity. that is the atmospheric viscosity function Ho or simply 
the atmospheric viscosity 170' Therefore, as long as Equation (IV -7a) 
holds good, the viscosity-pressure dependence at any specified value 
of 170' and thus at any specified temperature, is completely charac
terized solely by the two pole coordinates, H p and IIp. In the limit
ing case where Equation (IV -7b) applies satisfactorily, the viscosity
pressure dependence at any given temperature is sufficiently defined 
by one single parameter, namely the temperature-independent Vis
cosity-Pressure Index Zr. 

But Equation (IV -7a) is not yet complete as a viscosity-tempera
ture-pressure relationship, which will be derived in Chapter V. 

IV.4. DISCUSSION 

IV.4.1. The New Viscosity-Pressure Equation in Comparison With 
Previous Equations 

As compared with previously established equations for satisfactorily 
describing the isothermal viscosity-pressure relationship of liquids 
over a wide pressure range (see Section IV. 2). the new Equation 
(IV -5e) has the unique feature that it contains only one single para
meter, Z, this naturally being the minimum number of parameters 
required for fully characterizing the viscosity-pressure dependence 
of liquids. Likewise, the rectifying viscosity-pressure chart con
structed in accordance with the new equation would seem to con
stitute the only such chart developed so far. 

Notwithstanding the use of one single parameter in the present 
viscosity-pressure equation, its overall correlational accuracy would 
appear to be at least on a par with that achieved by the best two
parameter equations available (see Section IV. 2). Above all, how
ever, the present equatim'l has the bas i c advantage over existing 
equations that it combines an almost unsurpassable simplicity with 
an almost universal applicability. 

Further, the new viscosity-pressure equation has proved to lend 
itself particularly well as a basis to a simple and convenient meth
od for classifying, according to their pressure dependence of vis
cosity, all the various kinds of oils encountered in current lubrication 
practice. In fact, the relevant classification is achieved solely by 
means of the Viscosity-Pressure Index Z. The latter criterion has 
the additional advantage that it may be taken constant in a fairly 
wide temperature range. These things will be elucidated in Chapter 
VII. 

Last but not least, as already indicated, the present viscosity
pressure Equation (IV -5e) displays a close similarity to the newly 
developed viscosity-temperature Equation (III-Bh). As will be shown 
in subsequent parts of this thesis, the latter similarity is very con
venient for establishing several attractive interrelationships between 
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the temperature and pressure dependence of the viscosity of a given 
liquid and for formulating its complete viscosity-temperature-pres
sure eqJation. Moreover, this similarity will prove very helpful in 
devising suitable correlations for predicting the viscosity-pressure 
relationship of interrelated liquids (for example mineral oils) from 
their atmospheric viscosity-temperature relationship. 

IV. 4.2. Further Discussion of the Viscosity-Pressure Pole Concept 

Recently, Roelands et al. 44) demonstrated that, in a suitable 
viscosity-pressure diagram, the family of isotherms characterizing 
any given liquid can be depicted, in a very wide temperature range 
and up to very high pressures, as a fan (compare § IV. 3.2). Fur
ther, in the "Authors ' Closure" to their paper these investigators 
stated that the described convergence of isotherms is not at all 
a unique feature of the particular viscosity-pressure equation 
employed in that paper, that is Equation (IV-3). Indeed, the oc
currence of such a convergence does not depend on the particular 
expressions used for defining the rectifying viscosity and pressure 
scales, provided only that such expressions are sufficiently accurate. 

Accordingly, the involved viscosity-pressure pole concept may be 
claimed to have ge n era I significance, irrespective of the math
ematical framework used jor representing the viscosity-pressure 
re lationship. 

It would appear that Roelands et al. 44) were the first to state ex
plicitly the existence of a viscosity-pressure pole for any given 
liquid. It should be mentioned, however, that previous investigators 
had suggested more or less related regularities between the iso
therms of a given liquid ll5,ll6,84,28,ll7) • But, without entering into 
the details of the latter regularities, it can be stated that these re
present only special cases of the viscosity-pressure pole concept 
delineated by Roelands et al,. In fact, it is found that these reg
ularities lead up to the existence of a viscosity-pressure pole for a given 
liquid only in the special case where its isotherms are rectified -
in a very wide temperature range and uf to very high pressures -
by plottinil viscosity on a logarithmic 84,2 .ll7) or some closely re
lated ll5,l 6) scale against pressure on a linear scale. 

As a matter of fact, the foregoing generalized viscosity-pressure 
pole concept involves another approximation, although, generally, 
a very good one. Consequently, the applicability of the present vis
cosity-pressure Equation (IV-7a), accounting for the implied conver
gence of isotherms, should be confined to a somewhat smaller tem
perature and pressure range in order to retain fully the correlational 
accuracy inherent in the basic viscosity-pressure Equation (IV-5e). 

IV, 4.3. Concluding Remarks 

In conclusion it may be useful to devote a few remarks to the 
limits set to the validity of viscosity-pressure equations in general 
and of the proposed equation in particular. As these remarks are 
similar to those made in part C of § III. 1. 4 on the applicability of 
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viscosity-temperature equations, they will be very concise. 

a. Empirical viscosity-pressure equations should be considered and 
utilized primarily as iuterpolating equations. Consequently, in order 
to obtain good conformance to the present Equation (IV -5e) over 
a wide pressure range, more than one high-pressure viscosity 
value should preferably be known. Further, safe extrapolations 
may normally be performed only over very moderate pressure 
ranges. 

b. Empirical viscosity-pressure equations may no longer be deem
ed fully significant at pressures so high as to give rise to cer
tain physical phenomena, such as partial solidification or struc
ture formation, which seriously affect the viscosity of the' liquid 
concerned, either in a reversible or irreversible manner. 

c. Referring to the relevant remarks on the accuracy of viscosity
temperature equations, it should finally be emphasized not to ex
aggerate the accuracy to be embodied Into viscosity-pressure equa
tions designed primarily for practical applications. 

IV.5. A TENTATIVE STATISTICAL-PHYSICAL BASIS FOR THE 
NEWLY DEVELOPED VISCOSITY-PRESSURE EQUATION 

Starting from the Cohen-Turnbull free-volume model of the liquid 
state and applying Weibull's function for describing the statistical 
distribution of the free volumes of the individual molecules of a given 
liquid, a tentative viscosity-temperature expression essentially iden
tical to the empirically established Equation (III-lOa) has been achiev
ed in Section III. 3. 

It will be shown in the present section that the same statistical
physical basis may be employed for deriving a viscosity-p1'essure 
expression which may be regarded as a generalized version of the 
empirically developed Equation (IV-5a). 

As delineated in Section III. 3, the following expression would hold 
at any fixed temperature and pressure: 

In ~e [4r(I+~)r· (III-15) 

This expression can be transformed into an explicit viscosity-pres
sure equation by appropriately accounting for the effect of pressure 
- at constant temperature - on the three parameters occurring on 
its right-hand side. 

Of these parameters the exponent n constitutes a characteristic 
constant for any given liquid and is essentially independent of pres
sure (and temperature). The second parameter, the minimum re
quired specific free volume, vi" is governed by the configuration 
and the flexibility of the liquid's molecules. For simple liquids the 
free volume Vt may be expected to be almost independent of pres
sure. However, for more complex liquids, especially those with as-
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sociated or long-chain molecules, it may decrease somewhat with 
rising pre'ssure 111,"2). 

At any rat", the effect of pressure' on viscosity as comprised by 
Equation (III-IS) will predominantly be determined by its effect on 
the specific free volume, vr. To a first approximation, the latter 
effect can generally be described by a simple linear relationship, 
although this may be less accurate for more complex liquids, 

For assessing the effect of pressure on the ratio vT IVf in Equa
tion (III -15) the following expression, analogous to the corresponding 
temperature Expression (III-I()}, can reasonably be resorted to: 

v;' = (vt\ (1 + ~ r, 
vf vf)O 0 

(IV-S) 

where the subscript "0" relates again to atmospheric pressure and 
the exponent w represents a parameter characteristic of the liquid 
considered, usually assuming values between, say, 0.3 and 1. O. 
Further, the negative value of the parameter Pu denotes the pres
sure where the specific free volume, vI" of the liquid would become 
infinitely high; to a first approximation, the pressure Po might be 
identified with the internal pressure of the liquid concerned. 

Combination of Equations (Ill-IS) and (IV-B) readily yields the fol
lowing expression for explicitly describing the effect of pressure, 
at any constant temperature. on the viscosity of a given liquid: 

I') ( 1')0) ( P)WIl In . = In - 1 + - . 
lie I')e· Po 

(IV-g) 

Since the exponential product wn is essentially independent of pres
sure, this equation explicitly defines the effect of pressure, at any 
constant temperature, on thc "reduced" viscosity rl/l1c of an arbitrary 
liquid - with known atmospheric viscosity, 110 - by means of only 
two parameters. 

For comparing the above-derived Equation (IV-g) with the empiric
ally developed Equation (IV -Sa) the latter is conveniently rewritten 
in the form: 

(IV-Sa') 

It is then readily seen that both equations become identical when 
the fictitious viscosity lie and the limiting pressure Po are replaced 
by the fixed constants 11", (= 0.0631 eP) and 2,000 kgf/cm 2 , res
pectively; As pointed out in the preceding sections of this chapter, 
experimental verification has proved that the latter constants, 17", 
and 2,000 kgf/cm2 , may invariably be employed as approximative 
values for all the various kinds of liquids investigated so far. 

Conversely, it lIlay be claimed that the nell' viscosity-pressure 
Equation (IV-5a) , which was originally derived along Imrd)' 
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empirical lines, can also be obtained on the basis of the foregoing 
statistical-physical considerations taking the free-volume concept of 
the liquid state as a starting-point. 

Finally. comparison of Equations (IV-g) and (IV-5a') also yields 
the result that the Viscosity-Pressure Index, Z, may be approx
imately identified with the exponential product wn. Further, it has 
been indicated in § III. 3. 2 that the shape parameter n in Weibull's 
function for describing the statistical distribution of free volume 
amongst the numerous molecules of a given liquid would be nearly 
equal to its Slope Index, S. 

These findir:tgs lead to the very interesting result that the newly 
introduced parameter w would approximately represent the ratio of 
the Viscosity-Pressure Index, Z, to the Slope Index, S, of the 
liquid under consideration. 
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CHAPTER V 

THE COMPLETE VISCOSITY·TEMPERATURE.PRESSURE RELATIONSHIP FOR 
A GIVEN LIQUID 

V,1. CORRELATION BETWEEN THE CONVERGENCES OF ISOBARS 
AND ISOTHERMS 

A strikingly close connection appears to exist between the con
vergences of isobars and isotherms as described in the preceding 
Chapters III (§ III. 2. 2, part B) and IV (§ IV. 3.2), respectively. In 
fact, it can be shown mathematically that the convergence of the 
isobars of a given liquid involves the convergence of its isotherms, 
and vice versa. This point has been elaborated in Appendix V-I, 
at the end of this chapter. 

Starting from the convergence of the isotherms of a given liquid 
and the equation of its atmospheric isobar, that is Equation (III-6h), 
it has been mathematically deduced in that appendix that all its iso
bars are represented by straight lines in one and the same H-0 dia
gram. Moreover, it has been proved that these isobars converge 
towards a common point, the viscosity-temperature pole, which has 
the same viscosity coordinate, rip, as the viscosity-pressure pole. 
Thus, the remarkable fact, already indicated in § IV. 3. 2, that the 
viscosities of the two viscosity poles possess the same value is 
found to be also a mathematical consequence of either convergence. 

In an analogous way, but by reasoning in an inverse manner, 
the convergence of isotherms can be deduced from that of the C01'

l'esponding isobars. 

The present discussion of the correlation between the convergences 
of isobars and isotherms has been based on newly developed emph'
ical formulas for viscosity as a function of temperature and pres
sure. 

It should be emphasized, hO/(lcver, tlzat the relevant statemcuts 
remain equally valid if othcy adequate mathematical expressions 
aye employed for the isobaric lliscosity-temperatuyc yelationship aud 
the isotheymal viscosity-prcssure relatiOllshiP, provided only that 
the same viscosity junction is utilized for 1'epresenting either rc
lationshlj) . 

V.2. MATHEMATICAL DESCRIPTION OF THE COMPLETE VISCOS
ITY-TEMPERATURE-PRESSURE RELATIONSHIP FOR A GIVEN 

LIQUID 

V.2.1. The Prescnt Viscosity-Te1nperature-Pressure Equation 

On the basis of the described convergence of both the family of 
isobar's and of isotherms characterizing a given liquid, the following 
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comparatively simple formula for the complete viscosity- temperature
pressure relationship of any of the liquids under consideration can 
readily be derived: 

H S0 0 + C0Il + Dil + log Go' (V-la) 

where the characteristic parameters C and D are defined in terms 
solely of the two atmospheric quantities, Go and So' and the coor
dinates of the viscosity-pressure pole, Hp and TIp, as follows: 

S 0 
C (V -2) 

IIp 

and 

Hp - log Go 
D= (V -3) 

IIp 

According to Equation (V -Ia), four parameters, Go, So, C and 
D, suffice for describing H as a function of 0 and IT or also, in
directly, for describing dynamic viscosity 11, in cP, as a function 
of temperature t, in deg C, and (gauge) pressure p, in kgf/cm 2 • 
For the latter purpose Equation (V -la) can be rewritten as: 

log(log 11 + L 200) = -So 10g(1 + 1~5) + 

+ [-C. log (I + 1~5) + DJ log(l + 2, boo) + log Go (V-1b) 

or, in delogarithmized form: 

(1 + __ p_) -Cdog(l + 1~5) + D 
log 11 + 1. 200 = Go 2, 000 

(1 + _t )So 
135 

(V -Ic) 

It should be emphasized that over a very wide temperature range 
and up to very high pressures the four parameters characterizing, 
according to Equation (V-Ia), or (V-Ib) or (V-Ic), the complete vis
cosity-temperature-pressure relationship of any given liquid, are 
essentially constant. 

For practical purposes it will normally be preferred to introduce 
the viscosity grade, 110 r - defined as the viscosity at atmospheric 
pressure (p=O) and at some arbitrary standard reference temperature 
(tr) - into the latter equations for the complete viscosity-temperature
pressure relationship of a given liquid. Substitution of the corres
ponding viscosity function Ho r' relating to IT"'O and 0 =0 r , into 
Equation (V-Ia) yields: • 

(V-4) 
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According to Equation (V -4), only three parameters, namely So. 
C and D, are required for fully characterizing the effect of both 
temperature and pressure on the viscosity grade of a given liquid. 

V. 2. 2. Con'elation Between the Families of Isobars, Isotherms and 
Isoviscids Characterizing a Given Liquid 

According to the basic Equation (V -1 a), the complete equation for 
the family of isobars characterizing a given liquid may be written 
as: 

H = 80 + Dn + log Go. (V-ld) 

where the pressure variation of the non-atmospheric Slope Index S 
is defined by: 

s So + en (V-5a) 

or, more explicitly, by: 

s = So + C· log (1 + z.lrm) . (V -5b) 

Similarly, the complete equation for the family of isotherms charac
terizing a given liq\lid may be written as: 

H = zn + S00 + log Go. (V -Ie) 

where the temperature variation of the viscosity-pressure criterion 
Z is defined by: 

z D + C0 (V-6a) 

or, more explicitly. by: 

z = Zooc - C·log (1 + 1~5)' (V -6b) 

Obviously, the parameter C, defined by Equation (V -2), is a highly 
significant quantity in that it determines not only the pressure var
iation of the viscosity-temperature criterion S, but also the tem
perature variation of the viscosity-pressure criterion Z. The very 
simple correlation between the involved variations of the criteria S 
and Z is easily shown to read: 

as 
an 

az 
as C. (V-7) 

For any given liquid the parameter C assumes a characteristic 
value, which may be positive, zero or negative. Accordingly, three 
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different cases can be distinguished with respect to Equation tv -7). 
For C=O (IIp= ::!: 00). both Sand Z show a constant value, namely 

and Z=D(=Zood; thus, both the isobars and the isotherms will 
constitute a sheaf. For positive values of C (ITp negative), S in
creases with rising II (rising pressure), and likewise Z incl'eases 
with rising 0 (decreasing temperature)':'). Finally, for negative val
ues of C (l1p positive), S decreases with rising IT (rising pressure), 
and likewise Z decreases with rising 0 (decreasing tempel'Hture). 

For all the various liquids tested, however, this quantity C proved 
to be so small that both the pressure variation of the Slope Index, 
S, and the temperature variation of the Viscosity-Pressul'e Index, 
Z, are not very conspicuous. In faet, thesE' variations normally ap
pear to be negligible over fairly wide ranges of temperature and 
pressure. 

"/soviscids", 'or constant-viscosity curves, define the way in which 
temperature and pressure have to be simultaneously inereased or 
decreased so as to keep the of a given liquid at some 
specified level. 

Rewriting the basic viscosity-temperature-pressure Equation (V -la) 
as: 

o 
-DrI + CH - log Go} 

cn + So 
(V-If) 

it is readily seen that at any constant value of the viscosity (re
presented by the function H) of a given liquid a hyperbolic relation
ship results between' the temperature function e and the pressure 
function n. 

Further, for representing the family of isoviscids characterizing 
a given liquid it may be useful to introduce the three pole coor
dinates, H p' 0 p and IT, into Equation (V-H), The relevant ex
pression readily follows from Equation (V -12a) derived in the sub
sequent Section V,3: 

0- 0p 
rIp H-Hp 

(V-12b) 
So n--rI p 

Consequently, in a 0-11 plot the family of isoviscids characterizing 
a given liquid is depicted by a family of equilateral hyperbolas with 
a common centre at 0=0p and I1=ITp; the two asymptotes are defined 
by the pole and the pole pressure of the liquid consid-
ered, that is 0=0p and n=l1 p, respectively. 

Such a family isoviscids is depicted, in accordance with Equa-
tion (V-12b» in the schematic Fig. V-1. This figure relates to the 
case where the isobars and isotherms of the liquid under consider
ation (;onverge towards some very low viscosity (Hp), as in-
dH'al.f'd in the preceding 111-7 and IV. -7, respectively. It should 
be noted that there must two limiting curves in the lattel' figUre, 
namely one for solidification or solid separation> and the other 

'j This case has been Ulustrated in the schematic Figs.1ll-7 alld IV -7. respectively. 
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where the liquid starts to volatilize or to deeompose. Further, it may 
be remarked that the isovisdds extrapolated analytically to H"Hp 
would degener'ate into a pair of straight lines, namely the two 
asymptotes d'::!picted in Fig. V-I. 

The isoviscids plotted in Fig. V -1 for a liquid with a very low pole 
viscosity (Hp) are more 01' less concave downward. In the second 
case, where the isobars and isotherms of the liquid considered con
ve l'ge towards some extremely high viscosity (H p), its isoviscids 
al'e represented in a 0-II figure by more or less convex downward 
curves. In either case .. however, the two asymptotes are located so 
far' beyond the physically significant temperature and pressure range 
that those parts of these isoviscids which assume practical impor
tance generally tend to approximate to straight lines in such a 0-II 
figure. Moreover', these nearly straight lines are practically parallel 
so that, to a fair approximation, they constitute a sheaf. Exaetly, such 
a sheaf of isovi,scids would be obtained in the third possible case, 
namely where the isobars and isotherms of the. liquid concerned con
verge at infinity, so that these isobars and isotherms also constitute 
a sheaf. 

a-a 

(i) 
I 

I 

I _L _______ _ 

'" Increasing ,/-
Reference Viscosit}y /' 

,/ 

! 
I 

I 
I 
I 
I 
I 
I 

I 
/ 

/ 

I 
/ 

/ 
/ 

/ 
/ 

/ 
I I 

I 
/ 

I 
I 

/' 
/ 

/ 

----lI __ - 1T (Increasing Pressure) 

FIG. V-i. 
Schematic Representation of lsoviscids According to Equation (V -12b). 

Finally, a concrete example for illustrating the foregoing dis
cussion is provided by Fig. V-2. This figure represents the family 
of isoviscids';'), from a to 218.3°C (32-425"F) and up to pressures 
of over 5, 000 kgf/cm2 (71, 000 psi), for the paraffinic mineral oil 
whose families of isobars and isotherms have been depicted in Figs . 

• ) The plotted data have been interpolated [rom the experimental isotherm,. 
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1II-8 and IV-B, respectively. Since these isobars and isotherms eon
verge towards some extremely high viscosity, the isoviscids in the 
present Fig. V -2 should be more or less convex downward; but, in
deed, the deviations from the depicted straight-line relationships prove 
to be very small. 
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FIG. V -2. 
The Family of Isoviscids for a Paraffinic Mineral on. 
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V, 2,3, A Simplified Viscosity-Temperature-Pressure Equation 

As indicated in the preceding § V. 2. 2, the pressure variation 
of the Slope Index, S, and likewise the temperature variation of the 
Viscosity-Pressure Index, Z, of a given liquid normally prove to 
be relatively small. In fact, over fairly wide ranges of temperature 
and pressure, extending generally from about 20 to .120oC (68-248°F) 
and up to pressures of about 2,000 kgf/cmz (28,000 psi), both in
dices may be taken constant without markedly affecting the correla
tional accuracy of the basic Equation (V -la). 

In the latter ranges it is practical to maintain for the Slope Index 
its atmospheric value, So, and for the Viscosity-Pressure Index its 
value, Z£, determined at some arbitrary standard reference tem
perature tr (for instance 40°C)' corresponding to 0"'0 r. Thus, the 
following simplified equation: 

H (V-8a) 

will generally apply fairly well in the aforementioned temperature 
and pressure ranges. In order to bring out the relationship between 
dynamic viscosity 1'), in cP, temperature t, in deg C, and \lressure 
p, in kgf/cm2 , tlie latter equation may be rewritten as: 

log 1] + 1. 200 (V -8b) 

According to Equation (V -8a), or (V -8b). only three parameters, 
Go, So and Zp suffice for defining the complete viscosity-temper
ature-pressure relationship of a given liquid. 

FUrther, the parameter Go(= log no ooc+!. 200) may again be ruled 
out in favour of the viscosity grade, no £I or the corresponding vis
cosity function Ho r' Thus, Equations' (V-Sa) and (V-8b), respec
tively, may readily be cast into the forms: 

(V-9a) 

and 

log n + 1. 200 

(
tr + 135 )SO ( )Z '" 1 + p r 
t + 135 z:ourr. (V-9b) 

log 110,r+ 1.200 

Consequently, in the specified ranges of temperature and pressure 
only two - being, of course, the minimum number con" 
ceivable all -, namely the atmospheric Slope Index, So. and the 
Viscosity-Pressure Index Zr, suffice for describing the effect of both 
temperature and pressure on the viscosity grade of a given liquid. 

As long as the simplified viscosity-temperature-pressure Equation 
(V -Sa) is valid, both the family of isobars and the family of iso
therms characterizing a particular liquid are depicted by a sheaf, in 
an H-9 and H-n chart, respectively, In addition, its family of iso-
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viscids, plotted in a 0-n chart, also constitutes a sheaf. 
n would appear interesting to devote some further attention to this 

sheaf of isoviscids, which is represented by the expression: 

-0 n---- (V-IO) 
So So 

Accordingly, the common slope of a family of isoviscids obtained on 
plotting -0 versus n (see Fig. V-I) is equal to the ratio of the vis
cosity-pressure criterion Zr to the viscosity- temperature eriterion 
So. 

In the particular case where it is desired to know the temperatures 
and pressures that have to be applied in order to retain the atmos
pheric viscosity Ho r (at some specified temperature 0 r), these can 
be calculated from' the simple equation: 

o n - 0 r • (V-ll) 
So 

V.3. THE VISCOSITY-TEMPERATURE-PRESSURE SPACE MODEL 
FOR A GIVEN LIQUID 

Now that the complete viscosity-temperature-pressure Equation 
(V -la) has been discussed and the families of isobars, isotherms 
and isoviscids characterizing a given liquid have been d~picted in 
two-dimensional figures, it has become fairly simple to construct 
the complete viscosity-temperature-pressure space model. 

Using H,0 and n as rectangular coordinate axes, the complete 
viscosity-temperature-pressure relationship of a given liquid can be 
traced by a definite surface which in general is slightly curved. 
From the basic Equation (V-Ia) this curved surface can be shown 
to constitute a hyperbolic paraboloid having two sets of straight gen
eratrices. Fig. V -3 offers a schematic picture of the latter surface':'). 

n should be emphasized, however, that over fairly wide ranges 
of temperature and pressure this surface may be considered to have 
degenerated into a plane. In fac t, such a plane will prove a good 
approximation of the actual viscosity-temperature-pressure surface 
as long as the simplified IDquation (V -8a) applies satisfactorily, that 
is if the parameter C in the basic Equation (V-la) approaches zero 
or, in other words, if the isobars and isotherms constitute a sheaf 
(Hp ±. 00). 

The general case where the viscosity-temperature-pressure sur
face is slightly curved will now be fUrther elucidated with the aid 
of the schematic Fig. V-3. 

For fl=constant, H is linear in 0. This means that the isobars 

.) Fig. V -3 depicts this surface for the case where the pole viscodty (Hp) is very low; it should be 
added that an essentially similar surface is obtained in the opp<site case where the pole viscosity 
is extremely high. 
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Spatial Representation of the Viscosity -Temperature-Pressure Relationship (V -la). 
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are straight, so that these must for'm one of the two sets of Hll'uight 
generatrices. In fact, in the space model or Fig. V - 3 the isobaJ's 
are represented by the secants of the viscosity-tempel'atul'e-presstlre 
surface with planes parallel to the H-0 plane. If projeeted on the 
H-0 plane, as in Fig.IlI-7, the isobars possess a viscosity-temper
ature pole having HI' and 01' as its eoordinates. Therefore, all 
the isobars intersect a particular straight line which is parallel to 
the II-axis. This line (H=Hp, 0=01') is termed the "viscosity-tem
perature pole lille". 

For 0=constant, H is lineal' in II, which means that the isotherms 
are also straight. Spatially the isotherms, whieh constitute the 
other set of straight generatriees, at'e represented by the secants 
of the viscosity-temperature-pressure surface with planes parallel 
to the, H-II plane. If projected on the H-II plane, as in Fig.IV-7, 
the isotherms possess a viscosity-pressure pole having HI' and IIp 
as its coordinates. Therefore, like the isobars, all the isotherms 
intersect a certain straight line, which is parallel to the 0-axis. 
This line (H=Hp, II=IIp) is termed the "viscosity-pressure pole 
line ". 

Since the two pole lines intersect - in the "viscosity-te11lperature_ 
pressure pole" P (H=Hp , 0=01" II=IIp) -, they are situated in the 
same plane, the "viscosity pole Plane" (H=Hp), which is parallel 
to the 0 -II plane. 

Of either set of straight generatrices, that is the isobars and 
the isotherms, three are shown in Fig. V-3. The isobars correspond 
to the following II-values: to II=II p, giving the viscosity-pressure 
pole line itself; to II=O, giving the atmospherie isobar, with the vis
cosity value H=Ho; and to some arbitrary value II=II1. The three iso
therms depicted correspond to the following 0-values: to 0=01', giv
ing the viscosity-temperature pole line itself; to 0=0 (t=OOC), where 
H=log G; and to some arbitrary value 0=0 1, 

For H=constant, a hyperbolic relationship between 0 and II results 
which implies that the isoviscids are projected on the 0 -II plane, 
as in Fig. V-I, as a family of equilateral hyperbolas. In the present 
space model such hyperbolic curves are represented by the secants 
of the viscosity-temperature-pressure surface with planes parallel 
to the 0-II plane. The three isoviscids depicted in Fig. V-3 cor
respond to the following H-values: to H=Hp, where the isoviscid 
has actually degenerated into a pair of straight lines, namely the 
two pole lines; to H=O (1)=0.0631 cp); and to H=log Go, where the 
isoviscid intersects the H-axis (0=0, II=O). 

It should be noted that there must be two limiting curves on the 
viscosity-temperature-pressure surface, namely one for solidif
ication or solid separation, and the other where the liquid starts to 
volatilize or to decompose. Further, it will be evident that these cur
ves comprise only a small portion of the entire surface depicted in 
Fig. V -3. 

Finally, it may be useful to rewrite the basic viscosity-temper
ature-pressure Equation (V -la) in terms of the three coordinates of 
~he viscosity-temperature-pressure pole P of Fig. V-3, that is in 
terms of Hp,0p and IIp. By simple algebra one finally arrives at 
the expression: 
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(V-12a) 

:\('cordingly, for a given position of the viscosity-temperature-pres
I'lUl'e pole the sudace depicting H as a fUnction of 8 and fi will be 
d('Iined completely if only a second point on this surface is known. 
Let this second point be given by a reference viscosity, Hr , at for 
all liquids invariably the same standard reference temperature, 0 r , 
and also at invariably the same standard reference pressure, fir. 
Then, the atmospheric Slope Index, So, the only parameter in Equa
tion (V -12a) besides the three pole coordinates, can easily be elim
inated fpom that equation. Thus, the following symmetrical expres. 
SiOll is achieved: 

H - Hp 0-81' n - np 

(V-13) 

As long as Equation (V -13) holds good, the viscosity of a given 
liquid ClJll be calculated at any specified temperature and pressure 
if only its viseosity-temperatut'e-pressure pole and a reference point 
(outside this pole)' are known. 

In practice, this reference point will normally be the viscosity 
gJ'(ltie of the liquid considered, that is its viscosity, Ho r' at at
mospheric pressure, fi=O, and at some standard reference temper
ature, 0 r • In the latter case Equation (V-13) reduces to: 

0- 0 p n - nl' 
(V-14) 

V. 4. DISCUSSION 

V, 4.1. Previous Empirical Equations for the Complete Viscosity
Tempe'rafure-P'ressure Relationship of Liquids 

Several empirical equations have previously been proposed for 
describing the complete viscosity-temperature-pressure relationship 
of liqUidS. Unfortunately, nearly all these equations leave much to 
be desired as regards their accuracy and/or practical convenience. 

The empirical equations developed - primarily for lubricating oils -
by Kiesskalt 118), Cragoe119), Suge 113) , Seeder120) and Cameron60) 
imply that at any given temperature the viscosity-pressure depen
dence of the liquid considered would be described by Barus's simple 
exponential Equation (IV -lal, In general, therefore, the applicability 
of these viscosity-temperature-pressure equations*) is bound to be 

") In the paper cited119) Cragoe further proposed a second equation which was intended to apply 
to oils whose Isotherms are slightly concave downward in a log 1)-P diagram. But eVen if con· 
fined to such oils the latter e'-luation has appeared to yield very erroneous results at pressures of 
ollly a few thousand kgf/cm2 (compare Hersey and Hopldns26) and Dow121». 
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restricted to moderate pressures, say, below 1,000 kgf/cm2 (14,000 
psi). 

More accurate equations are that derived by Lederer 112) and, par
ticularly, the one proposed by Bradbury et al. 28). The latter equa
tions, however, are complex in form and contain an unduly high 
number of characteristic parameters. Accordingly, they are very 
cumbersome in numerical evaluation and do not lend themselves to 
convenient graphical representation of the i~volved viscosity-tem
perature-pressure characteristics':'). 

Recently, Roelands et al. 44) proposed an equation which has 
proved really satisfactory over very wide ranges of temperature and 
pressure. This equation will be discussed in the context of the sub
sequent § V. 4. 2. 

V. 4.2. The Basic Pole Concept 

The basic feature of the newly developed mathematical framework 
for characterizing the complete viscosity-temperature-pressure re
lationship of a given liquid consists in that, in suitable rectifying 
charts, both its family of isobars and that of isotherms can be depicted as 
a fan, both fans having the same pole viscosity. This finding has 
led to the comparatively simple viscosity-temperature-pressure Equa
tion (V-la). which in the three-dimensional plot of Fig. V-3 is re
presented by a hyperbolic paraboloid with two sets of straight gen
eratrices. 

As suggested in the discussions of Chapters IIland IV, respectively, 
both the family of isobars and that of isotherms characterizing a par
ticu1,ar liquid will likewise converge towards a common pole vis
cosity when plotted in rectifying charts that are based on adequate 
expressions different from those developed in the present paper, 
provided only that the same viscosity scale is employed in either 
chart. In othti!r words, numerous mathematical formulations would 
be conceivable - at least in principle - for the defining quantities 
H,0 and II Qf the basic Equation (V-la). 

Consequently, as already indicated by Roelands eta l. 44}, the in
troducedpole concept may be claimed to have general significance, 
irrespective of the particular mathematical formulations employed. 

The delineated pole concept has proved very valuable in casting 
the complete viscosity-temperature-pressure relationship of liquids 
into a convenient analytical form, whilst minimizing the number of 
parameters required for characterizing a given liquid. 

In fact, this concept also constitutes the basis of an equation, re
cently proposed by Roelands et al. 44}, which has proved really satis
factory over very wide ranges of temperature and pressure. The 
latter equation, which has been obtained by suitably combining Equa-

O} The equation empirically derived by Bradbury eta 1. 28) is remarkable in that it would apply even 
at pressures So high as to give rise to the above -indicated transition (see Section IV. 1), Although 
tb!.s complex equation can be conSiderably Simplified if it is confined to pressures where the Iso' 
therms display a regUlar trend, yet it remains unduly cumbersome. It should further be noted 
that, in contradislinctlon to the authors' conjecture. the parameter "G" in their simplified Equa
tion [19] would generally vary more or less with temperature. 
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tions (111-3) and (IV-3), may be rewritten as: 

log 17 
A' o - --.-, 
T"O 

(V-IS) 

where the parameters C' and D' have a similar meaning as the cor
responding quantities C and D, respectively, in the present Equation 
(V-la); the remaining parameters of Equation lV-IS) are identical 
to those in the aforementioned basic equations. 

It is seen that Equation (V-15) does represent a particular form 
of the generalized Equation (V-la) in that it utilizes only different 
mathematical formulations for the functions H,0 and n occurring in 
the latter equation.. , 

The temperature function, Tao, and the pressure function, pC, 
entering into Equation (V -15) each contain a parameter - the ex
ponents a~ and c', respectively - which may differ from one liquid 
to another, As a rule, therefore, Equation (V-15) requires six para
meters if very wide ranges of temperature and pressure are to be 
covered. It has appeared, however, that within certain groups of re
lated liquids one or both exponents, a~ and/or c I, may be taken to 
possess one common value for all the members of such a group. 
Indeed, for many liquids only the four remaining parameters of Equa
tion (V -15) are really needed for satisfactorily describing their vis
cosity-temperature-pressure relationship over fairly wide ranges of 
temperature and pressure. Generally, these four parameters suffice 
for defining the latter relationship if only moderate temperature and 
pressure ranges are involved, both exponents, a~ and c', being taken 
equal to unity'''). 

It is interesting to note that, recently, Appeldoornl24) has thoroughly checked a viscosity-tem
perature -pressure equation-) which, as he indicated, may be conceived as another simplified form 
of the published Equation (y -15). Appeldoorn employed the temperature expression-' Jo~ tF' with 
tF in deg F, instead of T-aO in Equation (V -15) and simply the pressure p instead of pc In Equa
tion (V-15), the exponent c' thus being taken equal to unity. 

Since the validity of Barus' s Equation (IV -la) for the isothermal viscosity -pressure relationship has 
again been implied, the viscosity-temperature-pressure equation under discussion may not be 
applied above about I, 000 kgf/cm2 (14,000 psi) either; moreover, the temperature range covered is not 
so wide, that is from about 20 to 1200 C (68-24lloF). Within these limited ranges of temperature 
and pressure the latter equation proved very useful for many petroleum -based lubricating oils and 
pure hydrocarbons, although various other types of oils could nor be included. 

It should be emphasized that on the strength of the general nature 
of the present pole concept several satisfactory equations for the 
complete viscosity-temperature-pressure relationship of liquidS can 

") Recently, the author found that the consequent simplified form of Equation (V -15) has previously 
been used by Sternlicht123) for describing, over a limited temperature and pressure range. the 
viscosity-temperature-pressure relationship of the two mineral oils employed in his lubrication 
experiments • 

.. ) Essentially the same equation had been proposed already by HeISey and Hopkins26). 
""') As elucidated by Appeldoorn. this particular temperature function derives from Slorte's well

known equation for the atmospheric Viscosity-temperature relationshIp of liquids. 
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easily be written down, simply by substituting adequate expressions 
for the fUI).~tions H,e and n in the basic Equation (V-1a), Such 
adequate expressions can be chosen from the many equations avail
able for ~he atmospheric viscosity-temperature relationship and the 
isothermal viscosity-pressure relationship, respectively. Preferably, 
the temperature and pressure functions to be combined should have 
an analogous form, such as in Equation (V-15). 

For example combination of Equations (III-2) and (IV-2) yields: 

log TJ 
Ao C" 

- --- + ---
T+ao T+ao 

(V-16) 
1 D" 

+--- + B o • 
p.l + C p"l+ C 

where the four parameters Ao' 1-\30' ao and c are identical to those 
in the basic equations, whilst C and D" constitute new parameters 
similar to the corresponding quantities C and D, respectively, in 
Equation (V-Ia). Thus, like the foregoing Equation (V-15), the pres
ent Equation (V-16) contains six characteristic parameters. 

Over very wide ranges of temperature and pressure, Equation (V -16) 
has proved to hold good for all the divergent kinds of liquids con
sidered, in general even slightly better than Equation (V -15). In ad
dition, the mathematical form of Equation (V -16) is somewhat more 
attractive than that of Equation (V-15). 

All in all, Equation (V-16) is recommended for representing the 
viscosity-temperature-pressure relationship of liquids in cases where 
an unusual correlational accuracy is demanded and further in all 
those cases where it is not a serious drawback to deal with six para
meters. 

V. 4.3. The Main Features of the Present Viscosity-Temperature
Pressure Equation in Retrospect 

In connection with the preceding discussion of the basic pole con
cept (§ V. 4. 2) it should be em.IJhasized that the particular mathem
atical formulations developed for the quantities H,e and n in the 
present viscosity-temf'erature-pressure Equation (V-la) have the al
luring - and apparently unique - feature that they do not contain any 
additiona~ parameters that would be characteristic of the liquid con
sidered. Indeed, over very wide ranges of temperature and pres
sure the latter formulations have proved to remain valid for all the 
divergent kinds of liquids investigated so far, so that they may be 
claimed to be well-nigh universally applicable. 

Thus, only four parameters are required for satisfactorily de
scribing the complete viscosity-temperature -pressure relationship of 
all these 'liquids, generally in a temperature range of some 200°C 
(360°F) and up to pressures of about 3,000-5,000 kgfjcm2 (43,000-
71, ODD, psi). In all probability, these four parameters represent the 
minimum number achievable for the very wide temperature and pres
sure ranges explored. 

Consequently, in the aforementioned ranges only three parameters 
suffice for fully characterizing the effect of both temperature and 
pressure on the viscosity grade of a given liquid. 

All in all, the complete viscosity-temperature-pressure Equation 

I 

i 

j 
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(V-la) bas proved to combine an almost unsurpassable simplicity 
with a well-nigh universal applicability. 

Moreover, it has been found that over somewhat more restricted, 
but still quite considerable, ranges of temperature and pressure 
the aforementioned number of four characteristic parameters oc
cUl'ring in the eomplete Equation (V-la) may be reduced to only 
three. A(,cording to the resulting simplified Equation (V-Sa), both 
the family ofisobars and that of isotherms characteriZing a given liquid 
can then be plotted as a sheaf in an H-0 and an H-n chart, res
pectively. 

The validity of the simplified Equation (V-Sa) also implies that 
only two parameters - definitely the minimum number conceivable 
at all - suffice for describing the effect of both temperature and 
pressure on 'the viscosity grade of a given liqUid. 

Further, the complete viscosity-temperature-pressure Equation 
(V-1a), or rather the simplified Equation (V-Sa), has proved to lend 
itself particularly well as 'a basis to an extremely simple and rational 
method for classifying, according to both their temperature and pres
sure dependence of viscosity, all the various kinds of oils encoun..: 
tered in current lubrication practice. In fact, the relevant classific
ations are achieved solely by means of the atmospheric Slope Index, 
So. and the Viscosity-Pressure Index, Z. respectively. These clas
sifications will be elaborated in Chapters VI and VII, respectively. 

Last but not least, the complete Equation (V -la), or the simplified 
Equation (V-Sa). constitutes a very attractive starting-point when it 
is attempted to establish convenient correlations for estimating the 
viscosity-temperature-pressure characteristics of liquids, notably 
all the various kinds of mineral oils encountered, from easily as
sessable physical or chemical properties. This will be elucidated in 
Chapters VIll through X. 

APPENDIX 

Appendix V-I. Deduction of the Convergence of the Isobars of a 
Given Liquid from That of Its Isotherms 

The convergence of the isotherms ofa given liqUid as described 
in § IV. 3.2 is mathematically defined by the expression: 

H - Ho IT 
(IV -7a) 

Besides this convergence of isotherms, the equation of the, at
mospheric isobar 1S given, that is: 

Ho = So 0 + log Go' (III -6h) 

Substitution of Equation (III-6h) into Equation (IV -7a) leads to: 



-132-

H " So (1 - ~J 0 + log Go (1 - ~p) + HI' ~p' (V-17) 

Accordingly, for a given value of pressur'e, that is for a given 
isobar, H is a linear function of 0. so that the isobars characteriz
ing the liquid considered are represented by straight lines in one 
and the same H-0 chart. These isobars form a family of straight 
lines with pressure as a parameter. The problem to be solved is 
whether this family is a fan; that is whether it has a viscosity-tem
perature pole. 

For the latter purpose it should be noted that Equation (V -1 7) 
constitutes a particular version of the aforementioned isobar expres
sion: 

H " S 0 + log G. (qI-IO) 

where the pressure-dependent parameters Sand G have the values 
specified by Equation (V-17). 

Using the relevant expression for G: 

log G " log Go (1 - ~p) + (V-IS) 

for eliminating the factor II/IIp from Equation (V-17" the latter 
equation can readily be cast into the form: 

H - log G 

Hp - log G 

So 

Hp - log Go 
0. (V-19) 

Denoting the temperature where the atmospheric isobar would reach 
the viscosity, H p , of the viscosity-pressure pole by 0 p , it is seen 
that Equation (V-19) can be rewritten as: 

H - log G 
(III-lIa) 

Hp - log G 0 p 

Thus, the latter equation proves to be identical with Equation (Ill-Ila) 
defining mathematically the convergence of isobars. Indeed, like the 
atmospheric isobar all elevated-pressure isobars appear to reach the 
viscosity, Hp, of the viscosity-pressure pole at invariably the same 
temperature 0 p • 

Consequently, it has been demonstrated that the above family of 
straight isobars does form a fan; that is that it has indeed a vis
cosity-temperature pole. In addition, it has been shown at the same 
time that the viscosity coordinate, Hp ' of this viscosity-temperature 
pole is equal to that of the corresponding viscosity-pressure pole. 



CHAPTER VI 

A RATIONAL METHOD FOR CLASSIFYING LUBRICATING OILS ACCORDING 
TO THEIR ATMOSPHERIC VISCOSITY·TEMPERATURE RELATIONSHIP*) 

VI. 1. INT RODUCTION 

VI.I.1 Background 

There is a long-felt need for a simple, yet sufficiently quantitative, 
criterion of the atmospheric ~'*) viscosity-temperature dependence of 
liquids, in particular lubricating oils. Of course, viscosities at var
ious, more or less representative, temperatures may be given or 
specified. But in many cases, notably for correlational purposes, 
one single quantity for characterizing the viscOsity-temperature de
pendence of lubricating oils would be highly desirable or even in
dispensable. In addition, for practical - particularly commercial -
purposes such a quantity should have a comparative nature. in order 
that its value should be readily appreciated for any given oil irre
spective of its particular viscosity grade. 

A staggering amount of work has been devoted to the vexing pro
blem of developing such a criterion. Of the many criteria proposed 
the Viscosity Index, originally developed by Dean and Davis (1929) 
and after some refinement adopted as an ASTM standard, has cer
tainly reached the most wide-spread usage. 

Vr.1. 2. Discussion of the ASTM Viscosity Index (VI) 

In the VI-system 125-128) the viscosity grade of a given oil is de
fined as its kinematic viscosity at 2100 F (9S. 9°C). At a second stand
ard reference temperature. fixed at IOOoF (37. SoC), the kinematic 
viscosity of the given oil is compared with the kinematic viscosities 
of two reference oils of the same viscosity grade. The latter two 
oils belong to two distinct, arbitrarily selected, standard reference 
series of natural mineral oils exhibiting strongly different kinematic 
viscosity-temperature dependence. 

Either standard reference series constitutes a " natw'ally" homo
logous group of oils, which means that the members of such a series 
have been obtained from one and the same crude by comparable re
fining methods. The members of the first series, the so-called H
series, derived from a Pennsylvania crude yielding oils with rel
atively flat kinematic viscosity-temperature curves, whilst the mem
bers of the second series, the .so-called L-series, derived from a 

.) The greater part of this chapter has already been published in Reference 69 • 
•• ) Throughout the present chapter the viscosity-temperature relationship invariably relates to a t

mo s p her 1 c pressurel for convenience, however, the term" atmospheric" will generallybe 
omitted. 
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Gulf Coast crude yielding oils with relatively steep kinematic vis
cosity-temperature curves. To the oils of the H- and L-series VI
values of 100 and 0, respectively, have been assigned by definition. 
For an arbitrary oil the VI is obtained from the equation: 

VI 100 (VI -1) 
ilL - IIH 

where IIU, lIa and II L denote the kinematic viscosities at 1000 F of 
the oil considered and the reference oils of the H- and L-series, 
respectively. 
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PIG, VI-I. 
Schematic Hepresentation of the ASTM Viscosity Index. 

As illustrated in the schematic Fig. VI-I, Equation (VI-I) states 
that the VI of a given oil is calculated simply by linearly interpola
ting between the kinematic viscosities IIH and ilL,' For oils whose 
kinematic viscosity IIU is not intermediate to the two reference kine
matic viscosities the VI is obtained by linearly extrapolating ac
cording to Equation (VI-I). In the latter case, of course, the VI 
either exceeds 100 or assumes some negative value. 

Owing to its comparative nature, the VI-scale yields substantially 
the same indices for oils that, although not belonging to the two 
standard reference series, are also interrehited by so-calll'd natural 
homology. Thanks to this attractive feature, the VI soon found nl
most universal acceptance in the pet.oleum industry, pa rticularly 
for commercial purposes. 
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Indeed, for the mineral oils in use at the time of its introduction 
(1929) the VI proved - at least for technological purposes - a quite 
satisfactory criterion. The last decades, however, synthetic lubrica
ting oils and polymer-blended mineral oils have increasingly been 
introduced. Particularly with such oils the VI-system shows ce'r
tain well-known ambiguities and irregularities which render it quite 
inadequa.te for these fluids 129~134) • 

In the first place, ambiguities have long been r.ecognized to be in
herent in VI-values much higher than those originally considered. 
Whilst theoretically such ambiguities may arise as soon as the VI 
exceeds 123, they assume practical importance at somewhat higher 
values, say, above 130. In fact, if, for instance for purchasing 
purposes an oil should be specified as to its kinematic viscosity
temperature relationship by kinematic viscosity at some standard ref
erence temperature and by so high a VI, two oils would meet this 
specification. One oil would have the very small temperature depen
dence of kinematic viscosity that is usually intended, but the other 
would be distinctly worse in this respect. 

TABLE VI-1 

Kinematic Viscosities of Two Synthetic Oils Having a Common VI 

Kinematic Viscosity. cS 
VI Type of all 

100oF(37. soC) 131°F( 55OC} 21OoF(98.9OC) 

Linear Polymethylsiloxane 247 183 99.5 135 

Poly( ethylene 'propy lene) 
Glycol Derivative ~i38 183 58.1 135 

This rather awkward ambiguity may be illustrated in Table VI-1 
for two oils - encountered in actual lubrication practice - having 
both a VI of 135. It is seen that either oil would comply with one 
and the same specification, namely a kinematic viscosity grade of 
183 cS at 55°C (131°F) and a VI of 135. But the polymethylsiloxane 
displays a distinctly smaller kinematic viscosity-temperature de
pendence than the poly(ethylene-propylene) glycol derivative (com
pare also § VI. 2. 4). 

It may further be pointed out that the ambiguities inherent in very 
high VI-values become exceptionally obvious if a series of "perfect" 
oils is considered; that is oils whose (kinematic) viscosity is not 
affected at all by temperature. Whilst such oils should naturally have 
a common VI, l.t appears that the corresponding VI's vary strongly 
with the kinematic viscosity grade of the member considered 181. 135} • 

In the second p18ce, the VI-system breaks down for relatively fluid 
oils, that is with kinematic viscosities v 2100 F from about 7 cS down
wards. The relevant i-r-regularities boil down to an overestimation 
of differences in kinematic viscosity-temperature dependence by the 
conventionaL VI and, moreover, to an underrating of the kinematic 
viscosity-temperature dependence of such relatively fluid oils as 
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compared with more viscous oils. This will be elucidated in the fol
lowing Section VI. 2, 

The fU n dam e n tal reason for the aforementioned ambiguities and 
irregularities consists in that the VI cannot generally be upheld as 
a satisfactory, or even an unambiguous, criterion of the kinematic 
viscosity-temperature 1'elationship of liquids, since it falls short of 
being defined on the basis of some adequate expression for the kine
matic viscosity-temperature dependence actually exhibited by the 
liquids in a wide tempeyature range. 

Finally, with synthetic oils of types having qensity values appre
ciably greater than that usual amongst mineral oils, say, greater 
than 1 g/cm 3 , the conventional VI is not fair in that it is based on 
kinematic viscosity. In fact, in comparison with mineral oils of 
the same VI, it has proved to underrate the flatness of the temper
ature variation of the particular viscosity characteristic that really 
counts in actual lubrication practice, that is the dynamic as against 
the kinematic viscosity (see § I. 2. 2). Examples of such unfair ra
tings by means of the conventional VI are provided in § VI. 2. 4. 

VI. 1. 3. The Present Status of the Problem 

All in all, there would appear to be a consensus - partly owing 
to the rapid development of synthetic lubricating oils - that the Vis
cosity Index can no longer be upheld as a viscosity-temperature 
criterion that is both reliable and fair 129-134}. 

In fact, numerous investigators have in the course of time devoted 
a staggering amount of work to the problem of developing a suitable 
criterion to replace the VI. This is evidenced by the fact that at 
leastfifty criteria may be traced in the literature 129.:.133:135,136) many of 
which are more or less interrelated. Since none of these has so far 
found wide-spread usage Or met with fairly general approval, the indi
cations are that a really satisfactory criterion has not yet emerged. 
In fact, from sheer necessity the conventional VI has remained in 
wiae-spread usage. This rather awkward situation has prompted a 
resolution at the Fourth World Petroleum Congress, in 1955, and 
this has been followed up by ASTM who set up a special committee 
to study this vexing problem 132,133,135,136) • It would appear, however, 
that no acceptable solution has so far been presented*). 

0) Recently. Wright137) proposed a revision of the conventional VI-system for calculating VI's above 
100; this was accepted as a standard by ASTM. in June, 1964. The modified system retains the 
standard reference series of oils as well as the standard reference temperatures of the conventional 
VI-system. In fact, Wright's modification boils down to a repair of the conventional system solely 
in the range of VI-values above 100. leaving lower values unchanged. 

The modified ·system. which eliminates the indicated ambIguities inherent in the conventional 
system. may be regarded to meet the principal commercial requirements. However, as recogniZ
ed by the aforementioned ASTM committee. the modified system does by no means meet the 
requirements to be imposed on a more fundamental system. fow which a rea~ need con
tinues to exist. 
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Summarizing, there is still a real need for a significant and fair 
criterion that is not afflicted with the ambiguities and irregularities 
inherent in the conventional VI, yet retains its meritorious compar
ative nature in that it is indicative of the viscosity-temperature de
pendence of the oil concerned. irrespective of its viscosity grade, 
and that can be appreciated at least equally readily, also by non
experts. Further, in order to prove also significant and fair in lu
brication practice such a criterion should be based on dynamic 
viscosity. Moreover, its assessment should preferably be even sim
pler than that of the VI, for instance by eliminating the need both 
for standard reference oils and for standard reference temperatures. 
Such a criterion would thus also be put on a more absolute basis. 
Finally. one might also aim at achieving greater convenience than 
provided by the VI in predicting the viscosity at any temperature 
once the oil's viscosity grade, that is its viscosity at some given 
temperature, is specified in addition. Then it will be serviceable 
not only as an identifying criterion for commercial and production 
purposes, but it will also constitute a valuable and convenient tool 
for design calculations in hydrodynamic lubrication. 

It will be shown that the above requirements and aims are indeed 
fulfilled by the viscosity-temperature criterion to be described in 
the following parts of this chapter. 

VI.l.4. The New Criterion 

The present criterion is based on the newly developed two-para
meter Equation (III-6h) for describing, over a very wide temperature 
range, the viscosity-temperature relationships of all the various 
kinds of lubricating oils, including synthetic oils, encountered in 
present-day lubrication practice. Like any similar previous equation, 
it has proved to permit the construction of "rectifying" scales for 
a chart in which the viscosity-temperature relationship of any such 
oil is represented, to a really good approximation, by a straight 
line (see Chapter III). But over previous equations it shows the 
following basic advantage. 

In the rectifying charts in current usage, such as that issued by 
ASTM, the viscosity-temperature relationships of oils of different 
viscosity grades, form more or less as a fan when these are min
eral oils belonging to one and the same naturally homologous group 
In having, for instance, a common Viscosity Index 63,66). However, 
in contrast to such conventional rectifying charts, the new chart is 
of the "parallelizing" type in that, over a wide temperature range, 
the viscosity-temperature relationships of homologous oils are rec
tified to straight lines that no longer show different slopes but are 
parallel. . . 

This "homologous parallelism" yields the basic advantage that the 
slope of the parallel lines is a constant parameter characteristic of 
the entire naturally homologous group to which the oil or oils con
sidered belong, the viscosity grade of tl:le particular member of the 
group being immaterial in this particular respect. It is considered 
significant that a similar constancy of the aforementioned slope has 
also been observed with various groups of pure hydrocarbon liquids, 
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such ill'! the n-paraffins, that are homologous in a truly rigorous chem
ical sense. 

The major advantages of the new viscosity-temperature criterion, 
denoted as the "Slope Index" and defined as the slope in the afore
mentioned chart, are: the well-nigh unsurpassable simplicity of its 
assessment, particularly when the relevant chart is used; further, 
the fact that it dispenses entirely with the need for standard refer
ence temperatures and even standard reference series of oils; last 
but not least, it is not afflicted with the ambiguities and irregular
ities inherent in the conventional Viscosity Index. 

It should also be emphasized that the new criterion has been based 
on dynamic viscosity, which, in contrast to kinematic viscosity, is 
a really significant property both in the theory and practice of lu
brication. AccordIngly, there is no longer any masking effect of thE' 
irrelevant property of density. 

Finally, the Slope Index has been converted empirically into a 
IJDynamic Viscosity Index" (DVI) which comes close to the conven
tional Viscosity Index throughout the range where the latter is not 
afflicted with ambiguities or irregularities. 

VI. 2. THE NEW VISCOSITY -TEMPERA TURE CRITERION 

VI.2.1. Slope Indices of Representative Hydrocarbon Oils*) 

In Fig. VI-2 the Slope Indices, S**), of the members of two re
presentative naturally homologous groups of mineral oils, namely 

<L-serie5(VI=O) 

Mineral Oils 

H-series( VI=100) 

11----- n-Paraffins 

I I I I 
20 30 40 50 60 70 

11,OO'C .cP 

FIG. Vl-2. 

Slope Indices of Representati Ye Hydrocarbon Oils • 

• , The Sl'ope Indices of hydrocarbon-oil mixtures are extensively discussed in Chapter Xll . 
.. ) ror convenience, the subscript "0" - referring to atmospheric pressure - has been ommited from 

the Slope Indices and the viscosities occurring in this chaptet (compare the footnote to § VI.l.l). 
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the H- and L-series standardized by ASTM for the VI-system, hav
ing by definition 100 and 0 VI, respectively, have been plotted against 
the individual viscosity grades as expressed in terms of dynamic 
viscosity, in cP, of each member at a standard reference temper
ature of 100°C (212°F)*). It appears from Fig. VI-2 that for the 
members of either group the Slope Index is indeed substantially con
stant over almost the entire range of viscosity grades covered by 
the ASTM Viscosity Index tables 128). This range covers, in terms 
of the originally specified kinematic viscosity, II 210°F' values from 
2. O*'~) up to 75 cS and this corresponds to a range of dynamic vis
cosityat the above standard reference temperature of 100°C, 1')10o o C' 
that extends from about 1. 6 up to 65 cPo 

Further, a similar "homologous constancy" of the Slope Index has 
been found to hold good for other naturally homologous groups of 
mineral oils having VI's different from those of the H- and L-series. 

It should be noted, however, that with the two naturally homo
logous groups of mineral oils depicted in Fig. VI-2 a sharp break
down of the constancy of the Slope Index occurs at low viscosity 
grades, that is 1') 100°C from 5 or 6 cP downwards (corresponding 
to v 2100r ~ 7 cS and lower). Below this rather abrupt transition 
the two lines concerned do not only fall conspicuously, but they also 
converge towards each other very rapidly as the viscosity grade de
creases. The author has actually found that at the lowest viscosity 

explored, even lower than those of the most fluid oils in the 
and L-series, that is from about 1') 100°C 1.0 cP (v 210°F "" 

1.3 cS) downwards, differences in the origin or the chemical con
stitution of such oils no longer reflect themselves in their viscosity
temperature dependence (see Chapter VIII). In fact, this dependence 
is then solely determined by the viscosity grade of such a fluid oil, 
irrespective of its origin or chemical constitution***). This may be 
taken to mean that attempting to' differentiate amongst oils of viscosity 
grades approaching the aforementioned level as to their viscosity
temperature dependence amounts to stretching imagination too far. 

All in all, Fig. VI-2 clearly demonstrates the inadequacy of the 
conventional VI-system in the range of low viscosity grades. In fact, 
the relevant irregularities have frequently been criticized, and thor
oughly so by Hardiman and Nissan 136). As indicated already in 
§ VI. 1. 2, these irregularities in the VI-system with relatively fluid 
oils accrue from the fact that the VI falls short of being defined on 
the basis of some adequate expression for the viscosity-temperature 
dependence actually exhibited by the oils over a wide temperature 
range. 

The new criterion, the Slope Index, however, is based on the most 

.) This temperature comes quite close to the standard reference temperature of 210°F adopted in 
the VI-system. It should be pointed out, howe~er, that the following discussion applied irres .. 
pective of the particular standard referellce temperature selected • 

.. ) In addition, the relevant ASTM standard provides equations for calculatirig basic data for the 
H- and L-series if the kinematic viscosity v 210°F is sma lIer than 2.0 cS. 

-) Accordingly. oils with such low viscosity grades will follow a common line in Fig. VI-2. This 
line bas been drawn as a dashed line, just like the interpolated curves which connect it with 
the solid lines of the H- nnd L-series according to the ASTM tables (down to 111000 C '" 1.6 
cP) • 
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universally valid expression found so far for the viscosity-temper
ature dependence of oils, and thus it removes completely the afore
mentioned irregularities inherent in the VI-system with relatively 
fluid oils. 

It is recognized that there is some vagueness in the concept of 
"natural" homology as used above in connection with the H- and L
series of the VI-system and as reflected in the constancy of the 
Slope Index over the greater part of the range of viscosity grades 
covered by these natural oils. But also with various groups of pure 
hydrocarbon liquids, such as the n-paraffins, that are truly homologous 
in a rigorous chemical sense a constancy that may be regarded as 
absolute does hold for the Slope Index. For instance, for all the 
n-paraffins for which the author could find reliable viscosity data77;139-141) 

in the temperature range from 0 to 150°C (32-302°F), that is for 
the members from n-C:; up to n-C 64, the Slope Index showed in
variably one and .the same value. Accordingly, the line representing 
in Fig. VI-2 the Slope Indices of the n-paraffins, in contrast to the 
lines for the H - and L-series, is straight and horizontal through 
the entire range of viscosity grades explored. 

It is worthy of note that for other truly homologous groups of pure 
hydrocarbons, namely the n-a-alkenes, n-alkylcyclopentanes and 
the n-alkylbenzenes, the Slope Index displays the same value, or 
very nearly so, as for the n-paraffins. It so happens that this com
mon Slope Index has an easily memorizable value, namely 1. 00, 
which may be considered significant to the last digit. 

Before continuing this treatment, it should be pointed out that, 
owing to the approximative nature of the basic viscosity-temperature 
Equation (III-6b), the Slope Index of a particular liquid generally 
tends to vary somewhat with the temperature range considered. In 
order to avoid the consequent discrepancies it is recommended to 
indicate, at least approximately, the temperature range covered by 
a particular Slope Index. 

Admittedly, this also imposes the restriction upon the present clas
sification system that, in order to enable a fair evaluation of the 
viscosity-temperature qualities of different liquids, their Slope In
dices should relate to comparable temperature ranges. This restric
tion, however, does not detract from the fact that the present clas
sification system, in contradistinction to the conventional VI-system, 
does not need the prescription of standard reference temperatures. 

VI. 2.2. Conversion of the Slope Index into the "Dynamic Viscosity 
Inde x" (D VI) 

It is an alluring feature of the new criterion, the Slope Index, that 
it correlates fairly strictly with the conventional VI, if only so in 
the range where the latter criterion may be deemed satisfactory in 
that it does not show there ambiguities or irregularities. This also 
opens up the possibility of so converting the Slope Index into still 
another viscosity-temperature criterion, the "Dynamic Viscosity In
dex", that within the aforementioned range fits the conventional VI 
fairly closely. Consequently, the familiar values of the VI can be 
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retained to a good approximation, although this can be achieved 
only for the range concerned. Moreover, in the remaining range, 
where the conventional VI is erratic, this can now be replaced by 
the rational DVI. It should be noted that the soundness of the DVI 
originates from the fact that it has been based on the essentially 
sound Slope Index, S. This soundness is not affected by the fact that 
the DVI has been fitted empirically to the conventional VI. 

In principle, the authors consider the conversion into the DVI as 
an unnecessary extension to the Slope-Index criterion. Indeed, the 
Slope Index is a straightforward quantity with an analytically well
defined and simple meaning, whereas this is no longer true of the 
Dynamic Viscosity Index. Nevertheless, from a practical or com,,: 
mercial point of view it is perhaps a wise compromise yet to in
troduce the DVI, though only temporarily. In fact, for a start it 
might well prove advantageous that this converted criterion yields 
numerical values of an order of magnitude that is familiar and, 
therefore, for the time being more informative than the Slope Index 
to both manufacturers and users of lubricatin~ oils. 

But it is highly discouraged to introduce a 'kinematic" Slope In
dex, such as might be introduced through making the basic Equation 
(IlI-6b) suitable for homologous parallelism of the temperature var
iation of kinematic viscosity by readjustment of the constants 1.200 
and 135 and, of course, of the present value of the index S. Such 
al1 index would, amongst other undesirable features, reintroduce 
the unfairness towards synthetic oils having densities greater than 
those of mineral oils. 

It is suggested to define the Dynamic Viscosity Index by the con
version formula: 

DVI (VI-2) 

It is fully realized that this conversion is somewhat arbitrary. There
fore, in contrast to the basic criterion, the Slope Index, it is open 
to modification by others, for instance by some committee. 

According to Conversion (VI-2), a small Slope Index, S, which is 
indicative of a small variation of viscosity with temperature, cor-

TABLE VI-2 

Some. Corresponding Vailles of 
Sand DVI According to Con

version (VI-.2) 

Slope Index 
DVI 

Rounded off Exact 

0,00 0.00 213 

0,50 0,46 200 
1.00 1,00 150 
1.25 1.23 100 
1.50 1. 50 0 
1.75 1,78 -200 
2,00 2.01 -500 
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TABLE VI-3 

The Relationship Between Slope Index and DVI Accordillg to COIl\'ersion (VI-2) 

Values of DVI 

S Second decimal point of S 

0. 1 2 3 4 5 6 1 :·13 0.,0. 213.0. 2.8 2,7 2.5 2,3 2.1 2.0 l,H 

0..1 211,2 I,D 0.,8 0.,6 0.,3 0..1 200.9 9,6 9.~ 9 .. 2 
0.2 208.9 B.6 8.4 8,1 7,8 7.6 7,3 7.0. 6.7 6,4 
0.,3 20.6,0. 5.7 5.4 5 .. 0 4,7 4,3 4.0. :J,6 a,2 '2.~ 

0..4 202.4 2,0. 1,6 1,2 0,7 0,3 199.8 9,4 8,9 8,4 

0,5 197.9 7,3 6,8 6,3 6 .. '7 5,2 4,6 4.0 3,4 2.8 
0..6 192.1 1,5 D.B 0.,1 189.4 8,7 B,O 7,3 6,5 5.7 

0.,7 184.9 4,1 3.3 2.4 1,5 0..6 179,7 H,8 7.8 6.8 
0..8 1'15.8 4,8 3,8 2,7 "'tlli 169.3 8,1 6,9 5.7 
0.,9 164.4 3,1 1.8 0..4 159.0. 6,2 4,·; 3,2 1,6 

1.0. 150.,0 148.4 6,7 6,0. 3,2 139.6 7.7 5.8 3.9 

1,1 181.9 129.8 7.7 5,6 3,4 1,1 118.8 6,4 4,0 1.5 
1,2 109.0 6.5 3,9 l.2 98,4 95.5 92,6 89,6 86.6 83.5 
1,3 80.,3 77,1 n.? 70,3 66,9 63,3 59,6 55,9 52,1 48.2 

1,4 44,2 40..1 35,9 31,6 27.2 22,1J 18,1 13,4 8,6 3.7 
I, & -1.3 -6,5 -11,8 -17,2 -22,7 -2H,4 -34,2 -40,0. -46,1 -52.:! 
1,6 -58,7 -65,2 -n,8 -78,6 -85,6 -92.1 -100,0. -10.7.4 -115.0 -122,9 

1,7 -l~;O. 8 -139.0. -147,4 -1.55,9 -164,7 -173,6 -182,8 -Hl2,2 -201,8 -211,6 
1,8 -221,7 -232,0 ,5 ... 253.3 -264.:l -275,6 -287,1 -29ll,9 -311,0 -323,4 

1.9 -336.0 -349,0 ,2 -375,8 -!l89,7 -40.3,9 -41H,4 -4.13,3 -448,5 -464,1 

2,0 -480.0 -496.2 -i>13,O -&30,0 -547,6 -5G5,4 -583.7 -602,5 -612,5 -641,1 

0 1 2 3 4 5 6 7 8 9 
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rel:>ponds wiih a high DVI. For the extreme case of "perfect" oils 
djl:>playing no viscosity change with temperature at all, so that 8=0, 
til€' DVI would attain the yalue 213. Owing to the analytical nature 
of Conven;ion (VI-2), a given change of the Slope Index reflects it
splf in a rdatively great change in the DVI. Thus, particularly at 
low values of thl' DVI this is very sensitive, and perhaps even over
sPllsiUve, towards a given change in temperature dependence of vis
cosity as compared with the Slope Index. 

TABLE VJ-4 

Slope Index, DVl and VI of Representative Mineral Oils 

Oil 
1I100oC'cP 

Oll 
S DVI VI 'll:J.oooc,cP 

S DVI VI 
Code"} Code 

F-l 4.74 1.22 104 99 A-13 8.07 1.50 -1 -1 

F-14 4.94 1.23 101 97 A-ll 8,09 1.49 4 " AN-6 4.95 1.19 112 116 A-14 8,28 1,47 13 13 
F-25 6.12 1,2·, 98 95 F-S3 9,06 1.56 -3-1 -31 

We-7 5.15 1.1S 114 117 F-69 9,1·'!' 1,51 -6 -6 

A-9 5.31 1. 26 1)3 91 We-ll 9.16 1.37 56 61 

F-16 5.42 1.23 101 98 We-lH 9.27 L 17 116 117 

A -3 5.48 1,26 93 88 F-50 9,211 1..H 67 71 

1'-26 5.61 1.24 98 95 We-l0 9 .. 38 I" l~ 52 51 

\Ve -61i 5.73 1.22 104 106 We-9 10.n 1.40 44 45 

AN-l 5.14 1.26 93 91 We-S lO .. 21:l 1.44 27 32 

AN-2 5.77 1.26 93 93 We-l 10.,33 1.Hi 11,1 IB 

AN-3 5.83 1.22 104 105 F-29 10.42 1.43 32 40 

We-u 5.86 1.21 106 107 We-4 10.66 1.41 40 47 

1'-33 5.86 1.31 77 71 We-3 10.69 1.63 -7g -7'1 

1'-18 6.00 1.24 9S 98 F-71 11,35 1.55 -23 -B 

A-I;; 6.05 1.37 56 55 A-7 11.70 1.25 96 103 

F-27 6.17 1.25 96 96 F-54 11.72 1.60 -59 -41 

\\Ie-2H 6.55 1.2il 87 B5 A-4 12.22 1.26 93 9S 

We-5H 6.G7 1.26 93 94 F-30 12.33 1,43 32 42 

1'-20 6.71 1,24 98 99 A-8 12.47 1.21 10" 108 

AN-4 G.84 1.36 60 53 F-72 12.47 1.56 -34 -22 

We-311 6.86 1.43 32 25 A-a 12.88 1.25 96 101 

We-4H 7.43 1.32 74 78 A-IS 13.03 1.77 -hi<, -213 

We-5 7.46 1.30 80 S3 F-73 13.74 1.56 -34 -15 

1'-67 7,52 1.-+7 13 12 A-12 15.14 1.60 -59 -28 

AN-;; 7.5[) 1.43 32 29 1'-55 15.28 1.63 -79 -51l 

1'-22 7.7<: 1. 24 98 99 1'-31 15,56 1.42 36 52 

We-2 1l.02 1.36 60 61 1'-32 17.95 1,40 44 58 

1'-28 8.07 1.37 56 ~ A-5 27,2 1.2t1 !l7 97 

.) Refers to similarly coded oils specified in Table II-I. 

The concise Table VI-2 may serve as a useful guide for easily 
memoriz lng, Hnd for getting acquaInted with, the corresponding values 
of Slope Index and DVI according to Conversion (VI-2). In addition, 
the extemlive conversion Table VI-3 has been prepared. Since there 
is normally not much sense in carrying'!lumerical evaluation of the 
Slope Index beyond two decimal places (see §. III. 1. 3), it follows 
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from Table VI-3 that usually the corresponding DVI's could reason
ably be rounded off to the nearest integral value; only at very 
high DVI's, that is above about 180, may it be significant to re
tain their first decimal place. 

At least for mineral oils a fairly strict correlation has indeed 
been found between the DVI and the conventional VI but, of course, 
only in the aforementioned range where no ambiguities or irregular
ities are inherent in the latter criterion. This may be verified 
from Table VI-4 where the relevant data on 60 widely divergent 
mineral oils have been arranged in order of increasing viscosity 
grade as defined by dynamic viscosity at 100oC. All Slope Indices, 
S, have ~been calculated from Formula (III-6e), that is from the 
known dynamic viscosities at 100 and 210 oF. 

On the whole, the correlation between the DVl' s calculated ac
cording to Definition (VI-2) and the conventional VI's is surprisingly 
good. In fact, it may be seen from Table VI-4 that for most mineral 
oils the discrepancies between corresponding values of these two 
criteria are so small as to be hardly significant in view of the ac
curacy attainable for either DVl or VI. This is indeed surprising. 
since discrepancies might be expected on the basis of the differences 
in density amongst the various mineral oils. After all, kinematic 
viscosity in the VI-system is compared with dynamic viscosity 
in the DVI-system, so that density is influential. Remarkably enough, 
even for mineral oils with VI's considerably beyond the usual range 
from 0 to 100 VI the agreement between DVl's and VI's still re
mains, in general, quite reasonable. 

VI. 2.3. The New Criterion for Non-Hydyocarbon Types of Lubrica-
. ting Oils 

It has -been elucidated above how various value s of the new vis
cosity-temperature criterion - expressed in terms of either, directly, 
the Slope Index or, indirectly, the DynamiC Viscosity Index - could 
be tied to the well-known viscosity-temperature characteristics of 
representative mineral (essentially hydrocarbon) oils and also of 
various groups of pure hydrocarbon liquids. Accordingly, all these 
composite or pure hydrocarbon liquids may be taken to instill the 
comparative nature of the conventional VI, through Conversion (VI-2), 
into the new DVI-scale. Therefore, the DVl may indeed be deemed 
to retain this meritorious comparative nature for any type of lu
bricating oil encountered. 

Fig. VI-3 conveys an illuminating picture of the actual viscosity
temperature qualities, expressed in terms of both rational criteria, 
S':') and DVl, of various important non-hydrocarbon types of synthet
ic lubricating oils, name¥.' fluorocarbons 72,142,143) and chlorotrifluoro
ethylene polymers 144,72,2 ,142) ; further, polypropylene and poly (ethyl
ene-propylene) glycol derivatives as represented by the well-

0) All Slope Indices, S. have been calculated for the conventional temperature range from about 
20 to 1200 C (68 _248oF) in order to permit a fair comparison of these With the corresponding 

VI-values. 
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known "Ucon LB- and HB-series", respectively 114b, 72); and, finally, 
(linear) polymethylsiloxanes 145,146,17,27,48,72). Furthermore, individual 
points have been indicated for two typical mineral-oil extracts 46) and 
a few individual liquids not so often used for lubrication purposes, 

S DVI 
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FIG. VI-3. 
The New Viscosity-Temperature Criterion for Various Types of Oils. 

namely water 79a) and the liquid metals gallium 78} and mercury 80} • 
For comparison, the horizontal parts of the lines referring to the 

H- and L-series of mineral oils*) and· also the entire line for the 
n-paraffins have been replotted from Fig. VI-2. It appears that these 
three kinds of composite or pure hydrocarbon liquids occupy an 
intermediate position with respect to the Slope Indices or, what in 
essence amounts to the same thing, the Dynamic Viscosity Indices 
of the aforementioned non-hydrocarbon liquids. 

Fig. VI-3 shows that in the range of higher viscosity .grades each 
of the homologous groups of synthetic non-hydrocarbon oils under 
consideration has an approximately constant value that is character
istic of the entire homologous group concerned and does not depend 
on the particular member in the range under consideration. In the 
range of rather low viscosity grades, however, the differentiation 
as to Slope Indices, or DVI's, between the various typ~s of liquids 
under consideration, including the hydrocarbon oils, becomes much 

0) Since several synthetic lubricating oils with relatively small viscosity-temperature dependence 
display considerably higher viscosity grades than the mineral oils normally encountered in lu
brication practice, the Jines for the H- and L"series as depicted in Fig. VI-3 have here been 
extrapolated somewhat beyond 'Il1000C:065 cP, the highest viscosity grade included in the ASTM 
standard table, that is up to 'l/1000d'100 cPo 
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less and even tends to vanish*') (compare also Fig.I-1). 
Moreover, for several homologous groups of liquids the relevant 

curves prove to intersect somewhere in the range of low viscosity 
grades. This finding clearly demonstrates that a classification of a 
low-viscosity lubricating uil, belonging to some homologous group. 
according to its viscosity-temperature dependence need not invariably 
be quite so indicative of that group as the more viscous oils homo
logous to the fluid oil. In other words, it now appears that, un
less the least viscous members are excluded, for arbitrary homo
logous groups of lubricating oils it is in general not possible to establish 
a viscosity-temperature criterion that would show one single value 
characteristic of the entire group considered. But for the sufficiently 
viscous members the Slope Index, or the Dynamic Viscosity Index 
derived from it, would appear to have a unique value that is typ
ical of the homologous group concerned and certainly more so than 
the ASTM Viscosity Index. 

VI. 2.4. Comparison Between DVI's and VI's of Various Types of 
Lubricating Oils 

Also from the commercial and the productional point of view it is 
worth-while to verify to what extent the DVI-values of the most im
portant types of synthetic non-hydrocarbon lub.ricating oils and also 
those of polymer-blended mineral oils compare with the ir usually 
more or less erratic VI-values. For this purpose it is informative 
to distinguish between two ranges of viscosity grade. namely (see 
Fig. VI-2): 

a. the range where the kinematic viscosity vZlOoF exceeds about 
7 cS (corresponding to a dynamiC viscosity 111000C of 5 or 6 cP); 
and 

b. the "transition~l" range from about 7 cS down to 2 cS (the 
latter value corresponding to a dynamic viscosity 11

100
0 c of 

about 1. 6 cP). 

a. For the former viscosity range, that is the range where the 
aforementioned irregUlarities with relatively fluid oils are not yet 
inherent in the VI-system, the following conclusion can be upheld: 

The rea 1 viscosity-temperature qualities of many s y nth e tic 
oils as assessed from the magnitude of their temperature 
vari.ation Of d y n ami c viscosity are underrated, as compared 
with mineral oils, by the conventional VI-system. The under
rating is more pronounced according as their DVI's and their 
viscosity grades are higher. 

To support this conclusion two homologous groups of synthetic 
lubr~cating oils of which the temperature variation of both dynamic 
and kinematic viscosity is reputedly small, the commercially avail
able (linear) polymethylsiloxanes and poly(ethylene-propylene) glycol 
derivatives, are put forward. Fig. VI-4 depicts the trends of their 
DVI's (see also Fig. VI-3) and VI's with varying viscosity grades. 
Obviously, except for the least viscous oils, the members of 

") For the various groups of mineral oils this has already been shown in the preceding Fig. VI-2. 
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both groups of oils are strongly underrated by the conventional VI
system, Moreover, at higher viscosity grades their VI's con
tinuously decrease, whereas, judging from the trend of their DVI's, 
their viscosity-temperature qualities actually increase, until they 
approximate a constant level. 
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FIG. VI-4. 

DVI and VI of Two Homologous Groups of Synthetic Lubricating Oils. 

Such an underrating of the real viscosity-temperature qualities 
ofoHs by their conventional VI-values, as exemplified by Fig. VI-4, 
may even lead to the ambiguities known to be inherent in the VI
system. These ambiguities have already been d.iscussed in § VI. 1. 2. 
In the relevant Table VI-l such awkward ambiguities have been 
illustrated for two oils - one from either group depicted in Fig. 
VI-4, that is a (linear) polymethylsHoxane and a poly(ethylene
propylene) glycol derivative - that possess a common VI-value of 
135, although their kinematic viscosity-temperature dependence 
differs considerably. 

TABLE VI-5 

Slope Index and DVI of Two Synthetic Oils Having a Common VI 

KInematic and Dynamic Viscosities 

Type of Oil 100°F(37. sOq 131°F(55OC) 210°£'(9S.90q S DVI VI 

cS cP cS cP cS cP 

Linear Polymethylsiloxane 247 236 183 1'12 99.5 90.4 0.41 202.0 135 

Poly (ethylene -propylene) 
Glycol Derivative 333 347 183 189 58.1 57.9 0.'17 179 135 

Now, for the latter two oils the Slope Index and the Dynamic 
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Viscosity Index have been calculated and listed in Table VI-5, It 
is seen that the new criterion, either in terms of S or DVI, does 
differentiate between the two oils and, being related to dynamic 
viscosity, in a way that is really significant in lubrication prac
tice, 

A similar underrating by the VI-system, though not so pronoun
ced as with the present two homologous groups of synthetic lu
bricating oils, is found amongst polymer-blended mineral oils with 
sufficiently high viscosities, that is with V 2100p exceeding about 
7 cS, This may be exemplified by the data listed ln Table VI-6 
on six blends with varying "Paratone" (a mineral-oil solution of 
polyisobutylene) concentration derived from the same base stock 147) • 

Further, this table shows that, whilst the viscosity-temperature 
qualities expressed in terms of S or DVI increase regularly 
with increasing polymer concentration, the corresponding VI-values 
are misleasing in that they pass through a maximum. 

TABLE VI~6 

Slope Index, DVI and VI of Typical 'Paratone" -Blen
ded Mineral Oils 

Polymer 
'IlI00oC' cP S DVI VI 

Concentration. Wt.'. 

0 5,1 1.26 93 87 
5 7,6 1,18 114 116 

10 10.5 1.13 126 126 
20 18.6 1.05 141 129 
30 31,4 1.00 160 130 
40 49.0 0,98 153 129 
44 60.4 0,97 165 126 

b. As regards the oils with viscosity grades v2100 p in the relatively 
low "transitional" range from about 7 cS down to 2 cS, the fol
lowing conclusion can generally be upheld: 

Conventional VI-values yield an exaggerated impression 
about the differentiation as to the rea 1 viscosity-temperature 
qualities of such oils, both mineral and synthetic. 

This accrues from the aforementioned fact that, whilst the real 
viscosity-temperature qualities of the members of the basic H
and L-series of the VI-system approach each other closer and 
closer at viscosity grades v2100 p from about 7 cS downwards, these 
two qualities are nevertheless, rather arbitrarily, kept 100 points 
apart in the conventional VI-scale (compare Fig. VI-2). 

It may be added that,as illustrated by VI-3, at viscosity 
grades v 210 0 p below 2 cS - which are not comprised by the ASTM 
tables - the differentiation as to Slope Indices, or DVI's, between 
the various types' of liquids considered even tends to vanish, 

Further, it may be recalled that the viscosity-temperature qual-
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ities of mineral oils with a kinematic viscosity Zl2100p below about 
7 cS are underrated, as compared with the more viscous members 
of the same naturaIJy homologous group, in the conventional VI-sys
tem (see Fig. VI-2). This underrating is more pronounced according 
as the viscosity grade of the mineral oil considered is lower. 

Finally, as has already been stated in § VI.!. 2, the conventional 
VI is a clearly unfair viscosity-temperature crLterion also for oils 
with densities differing considerably from those common for min
eral oils, that is those lying above the range from 0.8 to 1. 0 g/cm 3, 
The reason is that it is based on kinematic viscosity which contains 
density, a property that is irrelevant in normal lubrication practice. 
Misleading VI's are actually found with various types of synthetic 
lubricating oils. The examples in Table VI-7 are so illustrative be
cause the densities are comparatively high, fluoro oIls being invol
ved. 

If the aforementioned "density effect" is to be brought out sepa
rately, however, the DV~'S and VI's may be directly compared only 
for the first two oils of this table. This accrues from the above 
conclusion that for the remaining two oils, having kinematic vis
cosities Zl 210 0P below about 7 cS, an additional overrating of the dif-

TABLE VI-1 

Slope Index. DVI and VI of Typical I'luoIo Oils 

Type of Oil Ref. d210°1" Y210°1'. '1)1000(:. S DVI VI 
g/cm3 cS cP 

FluoIocarbon 143 1.85 9.05 15.96 1.84 -264 -614 
ChI orofl uorocarbon 144 1.831 15.0 26.2 1.54 -23 -113 
Fluorocarbon 72 1.903 3.28 6.03 1.56 - 34 -694 
Chlorofluorocarbon 72 1.832 5.61 9.93 1.44 + 27 -1'78 

ferentiation according to viscosity-temperature qualities is inevitable 
with the VI-system. Therefore, the picture given by the VI becomes 
even more distorted with these last two oils. 

VI. 2.5. The New Viscosity-Temperature Criterion in Retrospect 

The simple and convenient Slope Index has proved significant for 
claSSifying, according to their temperature dependence of viscosity. 
all the various kinds of oils encountered in present lubrication prac
tice. 

The following features of the Slope Index may finally be emphasized: 
1. It dispenses with the ambiguities and irregularities inherent in 

the conventional VI-system and several other previous criteria. 
2. The Simplicity of its assessment would appear to be well-nigh 

unsurpassable, particularly if the relevant viscosity-tempera
atitre chart is used. 

3, It can be assessed from the viscosities at any two arbitrary 
temperatures, provided only that these are sufficiently widely 



-150-

spaced. This means that there is no need at all for prescri
bing standard reference temperatures and that international 
agreement as regards their levels and units, either deg C or 
deg F, is eliminated as a possible stumbling-block. 

4. Standard reference series of oils can be dispensed with al
together and thus another item of arbitrariness has· been elim
inated. 

5. It is based on dynamic viscosity, which, in contrast to kine
matic viscosity, is a really significant property both in the 
theory and practice of lubrication. Accordingly, there is no 
longer any masking effect of the irrelevant property of density. 

6. The Slope Index may, if so desired, be converted into the 
Dynamic Viscosity Index. As regards dispensing with the am
biguities, the irregularities and the lack of significance in
herent in the conventional VI-system, there are no essential 
differences between the Slope Index and the Dynamic Viscosity 
Index. However, if only for the time being, the DVI might per
haps be preferred to the Slope Index. In fact, in frequently 
coming close to the conventional VI the use of the D VI might 
well make for a smoother transition towards the ultimately 
proposed Slope-Index system for rating the temperature depend
ence Of viscosity. 

VI. 3. CONCLUDING REMARKS 

VI. 3, 1. The Relationship Between the Viscosity-Temperature Coef
ficient and the New Viscosity- Temperature Criterion 

The effect exerted by the variation of the viscosity of oils with 
temperature - the "temperature-viscosity effect" - on their hydro
dynamiC lubrication performance is usually treated in terms of the 
(atmospheric) viscos~ty-temperature coefficient II This quantity is 
defined by: 

1 al1 (3=---
11 at 

alnl7 
- -a-t- • 

where In stands again for the natural logarithm, log e • Accordingly, 
the viscosity-temperature coefficient (3 has a clear physical signif
icance: it represents the relative change of viscosity per tempera
ture unit. It has the dimension of a reciprocal temperature. 

By differentiating the basic viscosity-temperature Equation (III-6b) 
with respect to temperature the following comparatively simple ex
preSSion for (3 is readily obtained: 

i3 " 2.303 S eOr 11 ! h~OO). (VI-4) 

where log denotes again the common logarithm, logl.o. From the 
latter equation it is seen that the Viscosity-temperature coefficient 
generally varies rather rapidly with temperature. Therefore, for 
comparing the viscosity-temperature coefficients of oils some stand
ard reference temperature has to be adopted. For example, at a 
standard reference temperature of 40°C (104°F), Equation (VI-4) 
reduces to: 
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(VI-5) 

As shown by Equation (VI-4), the new viscosity-temperature cri
terion, the Slope Index, S, is related very simply to the viscosity
temperature coefficient, {3 (both quantities taken at atmospheric pres
sure). The relevant relationship is particularly convenient when oils 
of the same viscosity grade are .considered. Denoting two isoviscous 
oils by the subscripts A and B, it is readily seen that: 

(VI-B) 

To put it into words: the ratio of the viscosity-temperature 
coefficients of oils having the same (specified) viscosity grade is 
given simply by their Slope-Index ratio. Accordingly, Equation (VI-6) 
would be very useful ;in the selection of oils, notably in the many 
cases where a certain viscosity grade has been prescribed and tem
perature varies considerably (see Section XIII. 2). 

It may be added that an interesting simplification of Identity (VI-6) 
results if the n-paraffins - whose Slope Indices all happen to be 
unity are taken as reference liquids. In that case Identity (VI-6) 
may be rewritten for an arbitrary oil with a viscosity-temperature 
coefficient {3 and a Slope Index S as: 

S = --'1- • 
f3 Par (VI-7) 

where {3Par denotes the viscosity-temperature coefficient of the n
paraffin (either real or hypothetical) displaying the same viscosity 

as the oil considered. . 

Besides in the theory of hydrodynamic lubrication, the viscosity
temperature coefficient is widely employed in theoretical stUdies on 
the viscosity-temperature characteristics of liquids. Actually, in the 
latter studies the use of the closely related quantit:r, E vis' denoted 
by Eyring as the "activation energy for viscous flow', is frequently 
preferred (see § III. 1 . 1). From the definitions of f3 and E vis it 
follows that at any value of the absolute temperature T they are 
interrelated by the expression: 

(VH3) 

where R denotes again the molar gas constant. 
In addition to its theoretical meaning in several models for vis

cous flow, the quantity E vis has the practical advantage over the 
straightforward viscosity-temperature coefficient {3 that, at least in 
a moderate temperature range, it is relatively independent of 
temperature (compare § III. 1. 1). 

According to Equation (VI-8), Identity (VI-B) may be rewritten in 
terms of E vis as indicated by the following Equation (VI -9) which 
states that the ratio of the Slope Indices of oils displaying the same 
viscosity grade also equals the ratio of their· activation energies for 
viscous flow: 
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(Evis )~ 

(Evl.s)B 
(VI-9) 

VI. 3. 2. Further Information on the Slope Indices of Miscellaneous 
Liquids 

It may be emphasized that, whilst the Viscosity Index and most 
other previous criteria have been designed more or less specifically 
for petroleum-based lubricating oils, the present viscosity-temperature 
criterion has proved to apply to any type of liquid considered so 
far. 

Moreover, the applicability of the new criterIon holds irrespective 
of the particular temperature range where the substance under con
sideration occurs in the liquid state. Oil the other hand, quite apart 
from the other serious shortcomings of the conventional VI-system, 
this system obviously cannot be applied to substances that have solid
ified already at its lower standard reference temperature, that is 
lOOoF (37.8°C). The latter point has become of increasing impor
tance with the introduction of liquids developed specifically for modern 
high-temperature applications 23). An example of such a liquid is 
provided by the polyphenyl ether depicted in Fig. 111-3. 
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FIG. VI .. &. 
Slope Indices of Miscellaneous Liquids. 

The latter figure and the related Fig. III-4 contain Slope In-
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dices for various types of liquids not yet considered in the present 
chapter. In conclusion it is thought useful to present some further 
information on the Slope Indices of a number of miscellaneous 
liquids*). notably a few series of synthetic oils that have achieved con-
siderable importance in current lubrication practice. . 

Therefore, in Fig. VI-5 the Slope Indices**) of a variety of liquids 
have been depicted as a function of their viscosity grades; for prac
tical reasons the viscosity grade 111000C has been plotted on a lo
garithmic scale. For comparison the horizontal parts of the lines 
referring to the H- and L-series of mineral oils and also the entire 
line for the n-paraffins have again been included (compare Figs. 
VI-2 and VI-3). 

The depicted dibasic acid esters represent in order of increasing 
viscosity grade di(2 -ethylhexyl)glutarate, -adipate, -azelate and 
-sebacate, respectivelyl48). The alkyl groups incorporated into the 
depicted trialkyl orthophosphates and tetra-alkyl orthosilicates' range 
from n-butyl up to n-decyl and up to n-dodecyl, respectively 23c, 23dy • 

Further, the (meta-linked, unsubstituted) polyphenyl ethers reproduced 
in Fig. VI-5 contain from 3 to 7 phenyl groups per molecule 23b). The 
fifth series of synthetic liquids is represented by polybutenes of 
comparatively low polymerization grade 27,149) . 

Finally. individual points have been indicated for several interest
ing liquids, namely two typical chloroparaffins having a chlorine 
content of 60 and 70 wt.'Yo, respectivelyl'!); furthermore, a typical 
bitumen '14) • glycerol'1) and two fatty oils. that is castor OUlll,26) 
and rapeseed OU ll3) . 

• ) In addition, the Slope Indices of a great variety of pure hydrocarbons are compiled in Table 
VIII.IO of ~ VIII.4.3 • 

• ) Practically all these Slope Indires have been calculated from ylscositles determined in the tem
perature range from about 20 to 1200 C (68-248'7). 



CHAPTER VII 

A RATIONAL METHOD FOR CLASSIFYING LUBRICATING OILS ACCORDING 
TO THEIR VISCOSITY·PRESSURE RELATIONSHIP 

VIr. 1. INTRODUCTION 

For several purposes it would appear highly desirable, or even 
necessary, tohave available some simple, yet sufficiently quantitative, 
criterion of the viscosity-pressure dependence of liquids, in partic
ular lubricating oils. Such a criterion, all by itself, should satis
factorily characterize the pressure effect on the viscosity grade of 
a given oil. In addition, for practical purposes it would be 
alluring if this criterion had a comparative nature, in order that 
value should be readily appreciated for any given oU irrespective 
of the viscosity grade involved. 

In fact, such a viscosity-pressure criterion would be rather 
analogous to the viscosity-temperature criterion, the Slope Index, 
introduced in the preceding Chapter VI. 

Now, it has been demonstrated in Chapter IV that, according to 
the new viscosity-pressure Equation (IV -5e), the pressure effect on 
the viscosity grade of a particular oil is sufficiently characterized 
by one single quantity, Z. Therefore, the quantity Z does con
stitute an accurate and convenient viscosity-pressure criterion. 

Moreover, as will be shown below, the viscosity-pressure 
criterion Z may indeed be taken to possess the desired comparative 
nature. Consequently, the criterion Z should be very useful not only 
as a characterizing quantity but also for classi!:ying, according to 
their pressure dependence of viscosity, all the various kinds of 
mineral oils considered - both natural and polymer-blended -, all 
the divergent types of synthetic lubricating oils tested and even 
all the other miscellaneous liquids investigated so far. 

All in all, the new viscosity-pressure criterion Z, which has 
appropriately been termed the "Viscosity-Pressure Index", may in
deed be deemed to represent the viscosity-pressure quality of any 
given oil irrespective of its viscosity grade. 

Just like the analogous Slope Index the Viscosity-Pressure Index 
can be assessed with a well-nigh unsurpassable simplicity, particu
larly if the relevant viscosity-pressure chart is employed (see 
§ IV. 3. 1). Thus, the assessment of the unambiguous and straight. 
forward Viscosity-Pressure Index involves neither standard reference 
pressures nor standard reference series of oils. Another important 
feature of the latter criterion consists in that it may be taken con
stant in a fairly wide temperature range without seriously interfering 
with the correlational accuracy of the basic Equation (IV -5e). 

Finally; it may be remarlced that -the present field of viscosity
pressure criteria, in sharp contrast to the field of viscosity-temper-
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ature criteria (compare Chapter VIL has so far remained nearly 
untrodden. Accordingly, the introduction of the Viscosity-Pressure 
Index, in contradistinction to that of the Slope Index, will not be 
hampered by the wide familiarity with previous (unsatisfactory) crite
ria. 

VII. 2. THE NEW VISCOSITY -PRESSURE CRITERION 

VII. 2.1. The Classification of Oils by Means of the Viscosity-Pres
sure Index 

Owing to its very nature, the aforementioned classification of oils 
by means of the new viscosity-pressure criterion or any other 
criterion conceivable is bound to be a rather arbitrary matter. But 
the arbitrariness inherent in such a classification does not detract 
from its practical value. In this connection, reference may be made 
to the method developed in the preceding Chapter VI for classifying 
oils, according to their temperature dependence of viscosity, by 
means of the Slope Index. 

The classifying ability of the Viscosity-Pressure Index, Z, has 
been derived from an empirical correlation between the viscosity
pressure dependence of m.ineral oils and their chemical constitution. 
Thus, it has been found that representative mineral oils with familiar 
viscosity-pressure characteristics may be taken to instill the desired 
comparative nature into the present Z-scale. 

Since the latter correlation will be extensively discussed later on 
in § IX. 3. 2, the following notes may suffice here. 

Adopting 40°C (104°F) as an arbitrary standard reference temper
ature, the Viscosity-Pressure Indices Z400C of a great variety of 
mineral oils have been plotted against their atmospheric viscosity 
functions Ho 400C' Using their total percentage of carbon atoms in 
ring structure, C R, as a measure of the chemical constitution of 
mineral oils, a simple correlation has emerged which permits 
satisfactory predictions of their Viscosity-Pressure Index Z400C 
solely from this percentage CR and their viscosity grade represented 
by Ho 400C' In fact, it has been found that, to a good approximation, 
for any series of mineral oils characterized by a common percentage 
CR a linear relationship exists between the Z4ooc-values and the 
Ho 400C-values of the members of such a series. In addition, it 
has appeared that for all the various series of mineral oils considered 
the relevant straight lines pass through one and the same point, so 
that they constitute afan. As indicated in Fig. VII-I, the coordinates 
of this common point amount to Ho 400C = 0.1400, that is no 400C .. 
= 1. 51 cP and to Z400C = 0.74. ' • 

It is seen from the latter figure that within any given series of 
mineral oils having a common percentage CR the Viscosity-Pres
Sure Index Z400C will, in general, either increase or decrease with 
increasing viscosity grade. But there appears to be one particular 
"transiUonal ll series, depicted by the horizontal line in Fig. VII-I, 
for which the Viscosity-Pressure Index is substantially constant. 
Accordingly, this transitional series, which proves to be characterized 
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by a percentage CR of 48, is also characterized by one single in
~x, name~ Z~~ O.~ 
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FIG. VII-I. 
Correlation Between the Viscosity-Pressure Dependence of Mineral Oils and Their Chemical 

Constitution. 

The indicated constancy of Z~oc for the series of mineral oils 
showing a common percentage CR = 48 holds good over the entire 
viscosity range explored, that is down to l'JO,4ooC = 1. 51 cP, the 
aforementioned viscosity coordinate of the point of convergence in 
Fig. VII-I. For still lower viscosity grades there exists no longer 
any significant effect of the chemical constitution of mineral oils on 
their viscosity-pressure dependence, this being then solely deter
mined by the viscosity grade of the very fluid oil considered. It 
may be added, however, that the lqtter viscosity grades are so very 
low that only occasionally they may become of practical importance. 

On the basis of the correlation outlined the series of mineral 
oils characterized by a common percentage CR of 48 may be con
sidered to serve as a series of standard reference oils in the present 
classification system. It should be emphasized, however, that these 
reference oils are not needed at all in the assessment of the Vis
cosity-Pressure Index for a given oU. 

It is deemed v~ry desirable that these standard reference oils are 
represented by a series of mineral oils of a "mixed" type in that, 
with respect to their chemical constitution, they occupy an intermediate 
position as compared with paraffinic and pronounced naphthenic/ 
aromatic oils. Conversely, therefore, the Viscosity-Pressure Index 
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Z400C of not too fluid oils provides, all by itself, some indication 
of their chemical constitution. 

A further remarkable feature of the present standard reference 
oils consists in that the characteristic value, Z400C = 0.74, established 
for their Viscosity-Pressure Indices at the adopted standard reference 
temperature of 40°C is not appreciably affected by temperatlire in 
the entire temperature range explored, that -is from about 0 to 
200°C (32-392°F). This finding leads up to the important conclusion 
that the present classification system remains equally valid at 
temperatures different from 40°C. 

Sum mar i zing, the present claSSification system has a sound and 
well-defined basis"'), which is closely connected with the chemical 
constitution of conventional mineral oils as expressed in terms of 
thei1 carbon-type composition. 

VII. 2. 2. The Viscosity-Pressure Indices of Various Types of Lubri
cating Oils and Miscellaneous Liquids 

In Fig. VII-2 the Viscosity-Pressure Indices~'*) Z400C of a great 
variety of lubricating oils and further liquids have been plotted against 
their viscosity gr13.des as expressed in terms of the viscosity 
functions Ho 400C (compare also Fig. 1-2). 

First of all, three homologous groups of, commercially available, 
synthetic lubricating oils have been depicted. These groups - being 
the only ones for which the author could gather sufficient data - are 
represented by the technically important (linear) polymethyl
siloxanes9, 17,27,48), polyglycols150) and polybutenes27 ,149). Besides, 
the truly homologous group of pure n_paraffins7,8,27,37.48,112) has 
been included. Remarkably enough, within each of the afore
mentioned homologous groups the Viscosity-Pressure Indices Z400C 
of the individual members proved to be linearly related - at least to 
a good approximation - to their viscosity grades Ho 400C' Accord
ingly, in Fig. VII -2 these four groups have been indicate'd by straight 
lines (see also § VII. 3. 3). 

Furthermore, individual points have been depicted in Fig. VII-2 
for a great variety of liquids, including several important types of 
synthetic lubricating oils. All these liquids are specified in Table 
VII",!. 

For comparison, the range of Viscosity-Pressure Indices repre
sented by all the various kinds of mineral oils investigated so far 
has been indicated by broken lines. In addition, the horizontal line 
for the standard reference oils, that is the group of mineral oils 
characterized by a common percentage CR of 48, has been depicted 

") It stands to reason that a classification based on a similar "homologous parallelism" as de
scribed for the Slope Index (see Chapter VI) would be conceivable only if for any mineral 
oil the Viscosity-Pressure Index would show invariably the same quantitative correlation with 
its Slope Index, irrespective of its viscosity grade. However, as will be extensively discussed 
in ChapterX,the viscosity-temperature-pressure characteristics of mineral oils cannot be reduced 
to such an idealized pattern. 

00) Practically all these Viscosity -Pressure Indices have been assessed from experimental data for 
the pressure range up to 1,000-2,0.00 kgf/crn2 (14,000-28,000 psi). 
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in the latter figure. 
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fIG. VII-2. 
Viscosity-Pressure Indices of Various Types of Lubricating Oils and Miscellaneous Liquids. 

For designations see Table VII-I. 

It is seen from Fig. Vn-2 that the Viscosity-Pressure Index may 
differ very widely from one liquid to another, particularly amongst 
the more viscous liquids. In the range of rather low viscosity 
grades, however, the differentiation as to Viscosity-Pressure In
dices between the divergent types of liquids under consideration, in
cluding mineral oils, becomes much less and would even tend to 
vanish*). 

VII. 3. THE TEMPERATURE VARIATION OF THE PRESENT VIS
COSITY -PRESSURE CRITERION 

VII. 3. 1. Introduction 

As indicated before, the Viscosity-Pressure Index of a given 
liquid generally varies only comparatively slowly with temperature. 
In fact, as stat.ed in Section V. 3, it may normally be taken constant 
in fairly wide ranges of temperature and pressure, say, from 20 to 

") Obviously, water and mercury are outstanding in the latter respect. In fact, a similar exceptional 
behaviour of these liquids has previously been observed with regard to their Slope Indices (see 
Fig, VI-3). 
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1200 C (68_248°F) and up to pressures of 2,000 kgf/cm2 (28, 000 
psi), without markedly affecting the correlational accuracy of the 
basic Equation (IV-5e). This applies not only to mineral oils but 
also to all the various kinds of synthetic lubricating oils and ad
ditional liquids investigated so far. 

No. 

1 
2 
3 

4 

5 

6 

7 
8 

9 
10 

11 
12 
13 
14 
15 
16 

17 
18 

TABLE VII-l 

Designations to the Individual Liquids Depicted in Fig. Vll-'2 

Type of Liquid 

Diester 
ditto 
Fluorocarbon 

Chlorofluorocarbon 

Silica te Ester 
Polyalkylstyrene 
Pol ymethacry la te 
Chloroparaffin 

ditto 

Triethanol Amine 

Mercury 
Water 
GlyceroL 
Castor Oil 
Rapeseed Oil 
Whale Oil 

Bitumen 
Water-Glycol Fluid 

Experimenters' Designation 

Di(2-ethylhexyl)sebacate, coded I-A 
0-Di(2-'ethylhexyl) phthalate. coded 56-H 
Commercial Sample of a Fully Fluorinated 
Mineral Oil ("Perfluorolube") 

Commercial Monochlorotrifluoroethylene. ~ol ymer, 
coded "Fluorolube Standard", 54-H 
n-Butyl Orthosilicate 
Typical Sample 

d itt 0 (Molecular Weight: abt. 30,000) 
Chlorinated Mixture of Paraffinic Hydrocarbons; 
Average Number of 14 Carbon Atoms per Molec

ule; Chlorine Content: 60 Wt."!. 
ditto; Chlorine Content: 70 Wt,·/. 

Pure Compound 
ditto 

Commercial Sample ("Gilmore") 

Typical Sample 
ditto 

Non-Plastic Asphaltic Bitumen A (Soft) 
Commercial Sample of a Water-Glycol Type 
Hydraulic Fluid, coded "Vcon M-'I" 

Ref. 

27 
27 
48 

27 

17 
17 
17 
17 

17 
13 

8 

7,8 

7,8 
11,26 

113 
113 

74 
114a 

But when a considerably wider temperature range is to be covered, 
it will usually be inevitable to account for the temperature variation 
of the Viscosity-Pressure Index. The determination or prediction of 
the latter variation is greatly facilitated by the validity of Equation 
(V -6a), which states that for any given liquid the Viscosity-Pressure 
Index, Z, varies linearly with the temperature function 0 or, what 
essentially amounts to the same thing, that Z varies linearly with 
the atmospheric viscosity function Ho. It may be recalled that the 
linearity between Z and Ho implies that when the family of isotherms 
characterizing a given liquid is plotted in an H-II chart, it is depicted 
as a fan, the viscosity-pressure pole being located either at very 
low or extremely high viscosities or, in the limiting case, at in
finity. 

For the presem purpose of estimating the temperature variation 
of the Viscosity-Pressure Index it has proved convenient to distinguish 
between the group of mineral oils and other types of liquids. 
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VII, 3.2. Mineral Oils 

Plotting the Viscosity-Pressure Index, Z, against the atmospheric 
viscosity function Ho yields, to a good approximation, a straight 
line for any individual mineral oil. Considering the straight Z-Ho 
lines obtained for the great variety of mineral oils investigated, it 
is found that, again to a good approximation, all these lines converge 
towards one single point. The relevant point of convergence happens 
to coincide with the one indicated in Fig. VII-I, so that its coordinates 
amount to ~=0.1400 (110=1.51 cP) and Z=0.74. The latter finding 
has been illustrated in Fig. VII-3, where every individual line would 
relate to a distinct mineral-oil. - ll.o,cP 
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Correlation Between the Viscosity-Pressure Indices and Atmospheric Viscosities of Mineral Oils. 

for the sake of clearness, the following remarks may be made. 
a. In the f.IIst place it should be emphasized tbat, although both figures possess one and the same 

point of convergence, the validity of the convergence illustrated in fig. VII-S is essentially 
independent of the applicability of the particular cOIIelation depicted in fig. VII-I. But it is 
true that, according to the latter correlation, a given Straight line in fig. VII-S is fully char
acterized sol.ely by the percentage CR of the mineta~. oil considered"). Accordingly, mineral 
oils will abow the smaller temperature variation of their Viscosity-Pressure Index, the closer 
their petcentage CR approximates to the aforementioned value of 48. 

b. In the second place it should be pointed out that the temperature variations of Z indicated in 
Fig. VII-S are by no means in conflict with the foregoing ltatement that the Viscosity-Pressure 
Index of a given liquid lIIay normally be taken constant in a fairly wide temperature range. 
Indeed, the latter variations of Z would be achieved only through very wide temperature Varia
tions,eoveting a range of at leaSt some 200-a00oC (360-540°1'). 

"> It should be added that in accordance with Fig. VII-1 very fluid mineral oils with a viscOility 
grade 1)O,40<>C not exceeding 1.51 cP are depicted in Fig. VII-S by one single straight line, 
irreapective of their percentage Cll' 
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Since for all the various kinds of mineral oils investigated so far 
the temperature variation of their Viscosity-Pressure Index has 
proved to follow the same simple pattern depicted in Fig. VII-3, the 
latter variation can readily be estimated solely from their atmospheric 
viscosity-temperature relationship. 

Such estimates can be made either by means of Fig. VII-3 or 
by means of the following analytical expression for the fan-shaped 
family of straight lines indicated in this figure: 

Z Zr - (Zr - 0.74)( Hoor - Ho ), 

~o.r 0.1400 
(VII-1a) 

where Zr and Ho r relate to the same standard reference temper
ature, for example 40°C. If it is preferred to introduce the 
standard reference temperature @r into Equation (VII-la), this may 
be rewritten as: 

Z 
- 0.74 ) 

0.1400 
(VII-lb) 

The Viscosity-Pressure Indices thus predicted will generally prove 
reliable over a temperature range extending from about 0 to 150°C 
(32-302~) and up to pressures of at least 3,000 kgf/cm2 (43,000 
psi). 

Finally, it may be remarked that the validity of Equation (VII-la) 
or (VII-1b) permits a substantial simplification of the complete 
viscosity-temperature-pressure Equation (V -la) if this is confined 
to mineral oils. This point will be elaborated in Section IX. 2. 

VII. 3. 3. Synthetic Lubricating Oils and Miscellaneous Liquids 

In general, the temperature variation of the Viscosity-Pressure 
index is characteristic of a particular liquid. Confining oneself to 
the members of a given homologous group of liquids, however, a 
simple interrelationship may be observed between the temperature 
variations ofthe Viscosity-Pressure Indices ofthese various members. 

This interrelationship consists in that, to a good approximation, 
the various straight lines obtained in a Z-Ho diagram, such as 

VlI-3, for the individual members of a particular homologous 
group prove to overlap, so that they conform to one continuous 
straight line. The latter finding implies that in the basic H-D chart 

-the various families of isotherms - one family for every member of 
the homologous group - are depicted as one single fan. Consequently, 
for all the members of a homologous group displaying the aforemen
tioned feature there is only one variable, namely the atmospheric 
viscosity. 

Although the present feature need not invariably apply to any 
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homologous group of liquids. it has proved to hold good at least for 
those homologous groups of synthetic lubricating oils for which the 
author could find sufficient experimental data. These are the 
homologous groups of (linear) polymethylsiloxanes, polyglycols and 
polybutenes. In addition, the latter feature has been found to apply 
well to the truly homologous series of pure n-paraffins. 

The inaividual members included in each of these four homologous 
groups are identical to those employed for constructing the relevant 
Z40Oc-Ho.400 C lines in Fig. VII-2*)' The present finding implies 
that at temperatures different f:r:om 40°C the Viscosity-Pressure 
Indices of the individual members of the groups considered would 
likewise conform to the relevant straight-line relationships depicted 
in the latter figure. 

VIlA. THE RELATIONSHIP BETWEEN THE VISCOSITY -PRESSURE 
COEFFICIENT AND THE NEW VISCOSITY -PRESSURE CRITERION 

The effect exerted by the variation of the viscosity of oils with 
pressure - the "pressure-viscosity effect" - on their hydrodynamic 
lubrication performance is usually treated in terms of the viscosity
pressure coefficient O! occurring in the simple exponential Equation 
(IV -la). In accordance with the latter equation this viscosity-pres
sure coefficient O! can be defined by: 

O! = 1. orj " oinn , 
rj op 8p (VII-2) 

where In stands again for the natural logariti:un. loge' Thus, the 
viscosity-pressure coefficient O! represents the relative change of 
viscosity per pressure unit (at some arbitrary reference tempera
ture). It has the dimension of a reciprocal pressure. 

However, this viscosity-pressure coefficient is not generally a 
unique measure of the (isothermal) viscosity-pressure dependence 
of a given oil. since it may still depend markedly on pressure (see 
Section IV. 1), In practice, the atmospheric viscosity-pressure coef
ficient, denoted by <1'0' is frequently employed; that is the <1'-value 
determined for pressu,re p approaching zero. In accordance with 
Equation (VII-2) the quantity O!o is defined by: 

<1'0 = (k*)o = (o~~!])o . (VII-3) 

It will be clear that, whilst for any give;n oil the atmospheric 
viscosity-pressure coefficient, o!o' does show a unique value. this 
can apply only as long as temperature is kept constant. 

As regards the numerical evaluation of the atmospheric viscosity
pressure coefficient. ~o. the difficulty arises that the value assessed 
from an experimentally determined log n-p isotherm is highly sen
sitive, or even oversensitive. to inaccuracies in the experimental 

") Likewise, the experimental data on these members derive from the investigations already cited 
in the discussion of 1'1g. VU-2 (I VII. 2. 2). 
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viscosities. A similar difficulty is naturally encountered when the 
atmospheric viscosity-pressure coefficient is assessed by means of 
some analytical expression for the isotherm. 

The relationship between the viscosity-pressure coefficient, <l!, and 
the new Viscosity-Pressure Index, Z, can be obtained by differen'
tiating the basic viscosity-pressure Equation (IV -5b) with respect to 
pressure. By so doing one readily arrives at the expression: 

-3 (p \Z-l 
a" 1.151-10 Z (log l'Jo + 1.200) 1 + 2,000) , (VII-4) 

where log denotes again the common logarithm, 10glO' As stated 
above, the Viscosity-Pressure Index, Z, remains practically con
stant over a fairly wide temperature range, say, from 20 to 120°C 
(68-248oF). According to Equation (VII-4), the temperature v'ariation 
of a over the latter range is then given implicitly by the atmospheric 
viscosity, l'Jo; in fact, with varying temperature the viscosity-pres
sure coefficient of a given oil would then change linearly with log l'Jo' 

It should be noted that, whilst the actual (isothermal) viscosity
pressure coefficient is usually found to chan~e rather rapidly in the 
pressure range up to, say, 1,000 kgf/cm (14,000 psi) - a'rapid 
decrease being frequently observed -, Equation (VII-4) allows for 
a more gradual change. The latter feature obviously accrues from the 
fact that in such cases the analytically adjusted isotherms repre
sented by the basic Equation (IV -5b) display a somewhat smoother 
trend - for instance in a log l'J-p diagram - than the experimentally 
determined viscosity-pressure curves. 

Accordingly, the viscosity-pressure coefficient obtained from 
Equation (VII-4) by substituting the value p=O will usually differ 
more or less (beyond the experimental inaccuracy) from the actual 
atmospheric viscosity-pressure coefficient, au, defined by Equation 
(VII-3). Whereas at first sight this might seem a drawback of 
Equation (VII-4), it readily tUrns out to constitute an advantage 
rather than a drawback. The reason is that, whilst the actual atmos
pheriC viscosity-pressure coefficient, 0'0' usually appears to be 
representative of the isothermal viscosity-pressure dependence of a 
given oil up to only about 200-300 kgf/cm2 (about 3,000-4,000 psi), 
the value derived from Equation (VII-4) has proved to be representative 
of this dependence up to considerably higher pressures, normally 
up to at least 1,000 kgf/cm2 (14,000 psi). 

Consequently, the latter a-value may generally be considered 
much more appropriate than ao. In order to distinguish between 
these two viscosity-pressure coefficients the former will be termed 
the "initial" viscosity .. pressure coefficient, denoted by ai. Its 
definition is seen to read: 

(VII-5) 

The aforementioned discrepancy between au and ai has been illustrated 
in the schematic Fig. VII-4, notably for the frequently observed type 
of a slightly concave downward log l'J-p isotherm. This figure cleal'ly 
demonstrates that at may indeed be claimed representative of the 
viscosity-pressure dependence of the depicted oil over a considerably 
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wider pressure range than ao. In fact, ai is seen- to represent some 
averaged value of the actual viscosity-pressure coefficients, a, 
encountered throughout the latter pressure range. 
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FIG. VU-4. 
Schematic Representation of Atmospheric and Initial Viscosity-Pressure Coefficient. 

As shown by Equation (VII-5), the new viscosity-pressure criterion, 
the Viscosity-Pressure Index, Z, is related very simply to the initial 
viscosity-pressure coefficient, ai' The relevant relationship is 
particularly convenient when oils of the same viscosity grade are 
considered. Denoting two isoviscous oils by the subscripts A and B, 
it readily follows from Equation (VII-5) that: 

Z A (adA 
-=--- , (VII-6) 

(a.) 
1 _ B 

irrespective of the 'particular reference temperature. To put it into 
words: the ratio of the initial viscosity-pressure coefficients of 
oils having the same (specified) viscosity grade is given simply 
by the ratio of their Viscosity-Pressure Indices. Accordingly, 
Equation (VII-6) would be very useful in the selection of oils, notably 
in those cases where a certain viscosity grade has been prescribed 
and pressure varies considerably (see Section XIII. 2). 

Besides in the theory of hydrodynamic. lubrication, the viscosity
pressure coefficient is widely employed in theoretical studies on the 
viscosity-pressure characteristics of liquids. Actually, in the latter 
studies the use of some closely related quantity -will frequently be 
preferred, In Eyring's theory of viscous flow the quantity VYis would 
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be representative of the isothermal viscosity-pressure dependence 
of liquids (see Section IV. 1). From their definitions it can readily be 
derived that at any (absolute) temperature T the quantity Vvis and the 
viscosity-pressure coefficient Il'i would be interrelated by the expres
sion: 

V vis = RTll'i • (VII-7) 

where R denotes again the molar gas constant. 
In accordance with the latter expression Equation (VII-6) may be 

rewritten in terms of Vvis as: 

ZA (V vis) A 

ZB (Vvis)B 
(VII-8) 

so that the ratio of the Viscosity-Pressure Indices of oils displaying 
the same viscosity grade also equals the ratio of their Vvis -values. 



CHAPTER Vlll 

THE ATMOSPHERIC VISCOSITY-TEMPERATURE RELATIONSHIP OF MIN· 
ERAL OILS: CORRELATION WITH CHEMICAL CONSTITUTION AND 

PHYSICAL CONSTANTS 

VIII. 1. INTRODUCTION 

VIII. 1. 1. Previous Investigations 

Because of the considerable practical importance associated with 
the atmospheric~') viscosity-temperature relationship of mineral oils 
(see Chapter I), numerous investigators have attempted to elucidate 
its correlation with the chemical constitution as well as with various 
physical properties of the oil. 

Most of the relevant studies have aimed at conveniently predicting 
the Viscosity Index**) (VI) of mineral oils either from their chem
ical constitution of from easily assessable physical constants. Amongst 
these studies two in particular have achieved very interesting results. 
Both started already in the early thirties in the scope of pioneer
ing works on the chemical constitution of mineral oils, namely 
by Waterman's school in Holland (part A, below) and by Fenske's 
in the United States (part B, below). 

More recently (1957), Cornelissen - likewise from Waterman's 
school developed a remarkable correlation which, unlike the 
aforementioned ones, aims at predicting the analytically defined 
kinematic viscosity-temperature relationship of mineral oils rather 
than their VI (part C, below). 

A. CORRELATIONS DEVELOPED BY WATERMAN AND ASSOCIATES 

In the scope of their aforementioned Investigations into the chemical 
constitution of mineral oils (see § II. 2. 2 and § XI. 4.1) Waterman 
and his associates have devoted much attention to the correlation 
between, on the one hand, the viscosity-temperature relationship of 
such oils and, on the other hand, both their chemical constitution 
and various physical constants. These investigators considered 
primarily saturated, that is aromatic-free, mineral-oil fractions. 

They succeeded in establishing a very good correlation, issued 
in graphical form, for estimating the VI of saturated mineral-oil 
fractions from their specific refraction - built up from refractive 
index and density - and their molecular weight 46). This correlation 

0) Throughout the present chapter the viscosity-temperature. relationship invariably relates to at
mospheric pressure; for convenience, however, the term "atmospheric" has usually been 
omitted • 

.. ) The Viscosity Index haD been discussed in § VI,l. 2. 
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proved very satisfactory for the various fractions tested, covering 
VI's from about -40 to +130. 

Afterwards 50b), they found that the combination of specific refraction 
and molecular weight utilized in the latter correlation could be con
veniently replaced by one single correlational variable, namely the 
total number of rings per average molecule*). This simplified 
version - indicating a VI-decrease with increasing ring number - is 
especially remarkable in that, as far as the author is aware, it 
constitutes the first reliable correlation that could be developed be
tween the viscosity-temperature characteristics of saturated mineral 
oils and their chemical constitution. The validity of this correlation, 
however, has been verified only for higher ring numbers, that is 
from about 2.0 to 4.0; the corresponding VI's ranged again from 
about -40 to +130. 

Waterman and his associl;ites have further attempted to extend the 
applicability of the first version of their correlation - the one in
volving the specific refraction and molecular weight as variables -
so as to include natural, that is aromatic-containing, mineral-oil 
fractions as well as saturated fractions for which it was originally 
developed 46). On the analogy of the idea underlying their "revised 
ring analysis" 50) they achieved a tentative correlation using the 
aniline point as a third variable. Unfortunately, this extended cor
relation was stated to hold only to a rather rough approximation. 

Finally, the latter investigators have tried - it would appear on 
the basis of the above-described correlation between the VI and the 
ring number of saturated mineral-oil fractions - to correlate the 
VI of natural mineral oils with their "carbon distribution". The 
relevant attempts, however, have remained rather unsuccessful 50b) • 

B. McCLUER AND FENSKE'S CORRELATION 

Whereas Waterman and his associates based their correlational 
attempts on saturated mineral oils, McCluer and Fenske started 
directly from natural mineral oils 151). They achieved an attractive 
correlation, issued in graphical form, for predicting the VI of such 
oils from only two physical constants: the kinematic viscosity at 
100°F (37. 8°C) and the specific gravity at 60°F (15. 6°C). This cor
relation has been checked for over a hundred mineral-oil fractions 
of various compositions - including saturated samples - with VI's 
ranging from about -10 to +125 and with viscosities at 40°C (104°F) 
from about 20 to 600 cP [corresponding to kinematic viscosities at 
210°F (98.9°C) from about 4 to 32 cS]. In all cases considered it 
has proved to permit safe predictions of the VI. Many mineral-oil 
fractions encountered in practice, however, display viscosities and/or 
VI's considerably below the aforementioned values. Consequently, 
McCluer and Fenske's otherwise attractive correlation would need 
at least substantial extension towards lower viscosities as well as 
lower VI's. 

") It is interesting to note that in the original "ring analysis .. 50) this total number of rings per 
average molecule is determined from the two aforementioned quantities, that is the specific 
refraction and the molecuiar weight. 
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C. CatNELlSSl!N'S CClW!LATION 

In contradistinction to the preceding correlations, Cornelissen's 
correlation has been based on an analytical expression for the kin
ematic viscosity-temperature relationship of mineral oils, and not 
on their. VI 40). His correlation, which was developed exclusively 
for natural mineral oils, requ.Lres a knowledge of three easily meas
urable physical constants: kinematic ,viscosity, density and refrac
tive index - all three constants being taken at a standard' reference 
temperature of :WoC (68°F). 

From the meager test results presented it would appear that 
'Cornelissen's correlation does permit good predictions for natural 
mineral-oil fractions throughout the (kinematic) viscosity range for 
which it has been designed. Unfortunately, the latter range is com
paratively small, dynamic viscosities at 40°C (104°F) extending from 
about 1 up to only 30 cPo 

Apart from its very limited applicability, Cornelissen's correla
tion is afflicted with two basic shortcomings. 
a. The first basic shortcoming concerns the analytical expression 

serving as a basis to this correlation. This particular expression 
is given by Equation (III-3) if the kinematic viscosity is sub
stituted for the dynamic viscosity. Whilst the basic expression of 
Cornelissen's correlation thus contains three characteristic para
meters. it has been shown in Chapter III that only two are really 
required for describing the viscosity-temperature relationship of 
mineral oils - and likewise any other type of liquid considered 
so far - with an accuracy that leaves very little to be desired. 
The latter statement applies the more so as the temperature range 
covered in Cornelissen's investigation was rather narrow, for 
most oils extending from 20 to 70°C (68-158°F). Consequently, 
the correlation based on the aforementioned three-parameter ex
pression was bound to become unnecessarily cumbersome. 

b. The second basic shortcoming of Cornelissen's correlation con
cerns the number of physical constants (three) employed. Indeed, 
as will be demonstrated in Section VIII. 3, either the density or the 
refractive index can be dispensed with as a correlational variable. 
Thus, even apart from the aforementioned inconvenience of the 
kinematic viscosity-temperature expression employed, Cornelissen's 
correlation could have been put into a substantially simplified form. 

All in all, it has appeared that Cornelissen's correlation has been 
cast into a form that is basically too complicated and unnecessarily 
cumbersome, the more so as its applicability has been confined to 
very limited viscosity and temperature ranges. 

VIII. 1. 2. The Present Approach 

As indicated above, most of the previOUS correlational attempts 
employed the VI as a measure of the kinematic viscosity-tem
perature dependence of mineral oils. However, even if it is con
fined to mineral oils, the VI is afflicted with a few serious short
comings, which have already been discussed in Chapter VI. In the 

, present· connection its main shortcoming consists in the use of 
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standard reference temperatures. In fact, the VI solely defines - and 
yet in implicit form - the relationship between the kinematic vis
cosities of a given oil at its two standard reference temperatures, 
100 and 210°F (37.8 and 98. 9°C). Consequently, it is very incon
venient to evaluate the kinematic viscosity-temperature relationshiP 
of a mineral oil whose VI has been given in addition to its kinematic 
viscosity grade. 

Obviously, a straightforward method for predicting the viscosity
temperature relationship of mineral oils should be based on some 
convenient analytical expression for describing the latter relationship 
over a wide temperature range. In this respect Cornelissen has 
taken a more appropriate starting-point than the other aforementioned 
investigators. Unfortunately, as stated above, Cornelissen's basic 
(kinematic) viscosity-temperature equation has proved to be insuf
ficiently convenient in that itrequires three characte ristic parameters. 

The newly developed viscosity-temperature Equation (III-6h) is 
very attractive in that it requires the minimum number of only two 
parameters for fully characterizing, over a very wide temperature 
range, the viscosity-temperature relationships of mineral oils - and 
likewise of all the other kinds of liquids investigated so far. In fact, 
apart from the viscosity grade of a given liquid, its Slope Index 
remains the only parameter to be considered. 

Consequently, on the basis of Equation (III-6h) the problem of 
predicting the viscosity-temperature relationships of mineral oils is 
reduced to that of predicting their Slope Indices. 

In accordance with the foregoing statements the present approach 
aims at achieving more satisfactory correlations than the available 
ones by taking the new Equation (III-6h) as a starting-point. In fact, 
it has been 'attempted to develop really satisfactory correlations for 
predicting the Slope Indices of mineral oils from their viscosity grade 
and either their chemical constitution or easily assessable physical 
constants. 

Experimental Data 

The results of the present study are based on reliable experimental 
data on no less than 360 mineral-oil fractions. As regards their 
origin and chemical composition these fractions may be considered 
representative of the entire range of natural mineral oils known so 
far. In addition, the fully hydrogenated samples of 100 natural frac
tions have been included. 

Table VIII-l lists the various investigations from which these basic 
data have been taken. Most of these oils constitute part of Water
man's collection and have been the subject of extensive investiga-' 
tions, of various kinds, carried out at the Laboratory for. Chemical 
Technology of the Technological University of Delft. Of' the indicated 
total of 247 oils taken from Waterman's collection 50 representative 
samples will feature below. 

The viscosity grades T) 4QoC *) and the Slope Indices, S*), of the 

") For convenience the subscript "0" - relating to atmospheric pressure - has been omitted from 
the viscosities and Slope Indices occurring in this chapter (compare the first footnote). 
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latter 50 oils from Waterman's collection and the remammg 113 oils 
of Table VIII-1 are compiled in Table VIII-2. All these oils have 

TABLE VW-l 

Specification of Mineral Oils included in the 
Present Investigation 

Investigation Ref. 
Number 
of Oils 

Waterman et at. 38-44 247 
Fenske et al. 45 73 
van Westen e t al. 4l) 17 
AS ME 27 16 
Andr~ and O'Neal 47 7 

Total 360 

been specified already in Table II -I, where their chemical composi
tion is characterized in terms of the n-d-M method and where several 
appropriate physical data are collected. For further particulars con
cerning the data of Table II-I reference may be made to the relevant 
explanation given in Chapter II. 

As regards the Slope Indices listed in Table VIII-2 it should be 
pointed out that these have invariably been determined from the vis
cosity data available in the temperature range between 20 and 100°C 
(68 and 212°F) and in most cases from those measured at 100 and 
210°F (37.8 and 98. 9°C). 

VITI. 2. CORRELATION WITH CHEMICAL CONSTITUTION 

VIII. 2.1. Introduction 

A quantitative correlation between the viscosity-temperature rela
tionship of mineral oils and their chemical constitution would be 
very desirable not only for prediction purposes but also for getting 
a better understanding of the underlying regularities. In fact, in the 
latter respect the chemical constitution of the oils may be deemed 
more informative than individual physical constants. 

Of course, for correlational purposes "chemical constitution" 
must be sufficiently characterized in both convenient and significant 
terms. As described in § II. 2. 2, the chemical constitution of mineral 
oils can suitably be characterized in terms of the "Waterman analysis". 
For the present correlational purpose it has proved very fruitful 
to express their chemical constitution in terms of the carbon-type 
composition as determined by means of the n-d-M methOd. Accord
ingly, the percentages CA, CN and C p have been employed, that 
is the percentages of the total number of carbon atoms that occur 
in aromatic -ring, naphthenic -ring and paraffinic -chain structures, 
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TABLE VUI-2 

Experimental and Predicted Slope Indices of Representative Mineral Oils 

Oil 
Experimental Data Slope Indices Predicted from "114QoC Plus •••• 

Code·) 
S CR d4QoC 'l4QoC' cP n4QoC M 

W-4 2.82 1.06 1.02 1.03 1.04 1.02 
W-4H 2.72 1.05 1.02 1.02 1.01 0.98 
WR-7 8.79 1.12 1.12 1.13 1.14 1.10 
WR-7H 7.96 1.10 1.11 1.09 1.09 1.08 
WR-ll 1.493 0.98 0.98 0.98 0.98 0.98 
W-17 5.68 1.20 1.18 1.19 1.21 1.20 
W-17H 4.86 1.14 1.16 1.13 1.11 1.17 
WR-18 9.12 1.21 1.26 1. 28 1.28 1. 28 
WR-18H 7.10 1.14 1.22 1.18 1.15 1.22 
W-25 6.17 1.17 1.12 1.13 1.13 1.11 
W-26H 5.52 1.14 1.11 1.08 1.08 1.09 
WR-26 13.46 1,21 1.19 1.21 1.22 1.19 
W-32 1.563 0.96 0.98 0.98 0.98 0.98 
W-32H 1.622 0.97 0.98 0.98 0.98 0.98 
WR-34 2.40 0.99 1.01 1..01 1.01 1.01 
WR-41 3.30 1.02 1.04 1.04 1.05 1.04 
W-48 7.59 1.09 1.11 1.12 1.14 1.10 
W-48H 6.56 1;11 1.10 1.08 1.08 1.04 
W-54 3.41 1.08 1.06 1.08 1.08 1.08 
W-54H 3.30 1.06 1,05 1.04 1.04 1.06 
WR-56 7,14 1.11 1,15 1,17 1.17 1.14 
WR-56H 6.60 1.11 1,14 1.12 1.10 1.11 
W-68 1.109 0.94 0.96 0,96 0.96 0.96 
W-5SH 1.194 0,96 0.96 0.96 0,96 0.96 
W-66 4.70 1,07 1,06 1,08 1,08 1,00 
W-6SH 4.49 1.06 1,06 1,04 1,06 0,97 
WR-67 6,68 1,06 1,07 1.08 I,ll 1,01 
WR-69 1,556 0,99 0.98 0.98 0,98 0,98 
W-7l 8.09 1.25 1.19 1,20 1,19 1.22 
W-71H 6.12 1.18 1.16 1,12 1.10 1.13 
W-74 1,042 0.94 0,95 0.96 0.95 0,95 
W-74H 1.092 0.96 0.95 0.95 0,95 0.95 
WR-76 1.683 0.99 0.99 0,99 0.99 0,99 
WR-79 -1,.48 1.07 1.07 1.07 1.08 1.09 
WR-BO J.68 1.11 1.11 1.13 1.13 1.11 
WR-81 11.54 1.18 1.16 1.18 1.20 1.17 
W-90 4.86 1.10 1.09 1.09 1.09 1.10 
W-90H 4.49 1.09 1.08 1.06 1.06 1.04 
WR-91 7.87 1.11 1.13 1.14 1.15 1.14 
WR-91H 6.79 1.08 1.12 1.09 1.09 1.06 
W-94 0.897 0.94 0.93 0.93 0.93 0.93 
W-94H 0.895 0.93 0.93 0.93 0,93 0.93 
WR-97 2.31 1,01 1.01 1.01 1.01 1.01 
WR~99 3.33 1.04 1,64 1.04 1.05 1.01 
W-103 8,17 1.14 1.12 1.14 1.15 1.11 
W-103H 7.14 1.10 1.11 1.08 1.09 1.06 
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CONTINUATION OF TABLE VID-2 

Oil 
Experimental Data Slope Indices Predicted from" 400C Plus •••• 

Code·) 
'114OOC. oP S CR d400C n400C M 

W-107 0.834 0.94 0,93 0.93 0.93 0.93 
W-108 6.58 1.16 1.11 1.13 1.14 1.09 
W-109 1.021 0.95 0.94 0.94 0,94 0.94 
W-110 7.38 1~16 1.11 1,14 1.15 1.09 

1'-1 31.0 1.22 1.20 1,21 1.25 1.20 ' 
1'-2 11.62 1.18 1.15 1.18 1.18 1.10 
1'-3 13.71 1.19 1.16 1,18 1,19 1.14 
1'-4 15.81 1,20 1.17 1.18 1.19 1.15 
1'-5 17.50 1.20 1.1'1 1.18 1.20 1.16 
1'-6 19.01 1.20 1.17 1.19 1.20 1.16 
1'-7 20.5 1.21 1,18 1,19 1,21 1.18 
1'-8 22.0 1;21 1.18 1.19 1.22 1.18 
1'-9 22.9 1.21 1.1'1 1.19 1.22 1.17 
1'-10 ·24.9 1.21 1.18 1.19 1.22 1.18 
1'-11 27.0 1.22 1.18 1.19 1.23 1.19 
1'-12 29.2 1.22 1.19 1.20 1.24 1.20 
1'-13 30.8 1.22 1.19 1'.20 1.25 1.20 
1'-14 33,5 1.23 1.19 1.21 1.18 1.21 
1'-15 35,6 1.23 1.20 1.21 1.26 1.21 
1'-16 38.2 1.23 1.19 1.21 1.26 1.22 
1'-17 41.0 1.24 1,20 1.21 1.27 1.22 
1'-18 . 44.7 1.24 1.20 1.21 1.28 1.23 
1'-19 48,5 1,24 1,21 1,21 1,28 1,23 
1'-20 53,1 1.24 1,20 1.21 1,28 1.23 
1'-21 61,0 1.25 1,21 1,22 1.28 1,23 
1'-22 65.8 1.24 1.21 1.22 1.29 1,22 
1'-23 31.1 1.23 1.22 1.23 1.27 1.20 
1'-24 17.95 1.21 1.20 1,22 1.23 1,16 
1'-25 35.5 1.24 1.22 1,23 1.27 1.20 
1'-26 40,8 1.24 1.22 1.24 1,29 1.21 
1'-27 47,2 1.25 1.23 1.25 1.30 1.21 
1'-28 90,0 1.37 1.38 1.39 1.41 1.37 
1'-29 150.3 1.43 . 1.41 1,43 1.43 1,42 
1'-30 196.8 1,43 1.42 1.44 1.45 1.44 
1'-31 272 1.42 1.42 1,44 1.44 1.44 
1'-32 327 1.40 1,41 1.42 1.43 1.44 
1'-33 49.8 1.31 1.29 1.32 1.36 1.30 
1'-34 12.50 1.23 1.24 1.25 1.24 1.27 
1'-35 16.48 1.25 1.26 1.27 1,26 1.26 
1'-36 20.3 1.27 1.25 1,28 1.28 1.26 
1'-37 23.3 1.28 1.26. 1.28 1.29 1.26 
1'-38 26.4 : 1.~ 1.27 1,28 1.30 1.27 
1'-39 29,5 ',. 1.29 1.26 1.29 1.31 1.2'1 
1'-40 33.3 1,30 1.27 3.,30 1.31 1.27 
1'-41 37.2 1.31 1,21 1.30 1,32 1.28 
1'-42 46.7 1.32 1,29 1.32 1.34 1.30 
1'-43 51,5 1.33 1.30 1.32 1.35 1.30 
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CONTINUATION OF TABLE VIll-2 

Oil Experimental Data Slope Indices Predicted from 'l40OC Plus •••• 
Code"> 

'140°C' cP S CR d400C M n400C 

F-44 56.9 1.33 1.30 1.32 1.35 1.31 
F-45 62.2 1.34 1.30 1.32 1.36 1.31 
F-46 69,3 1.34 1.31 1.33 1.36 1.33 
F-4'7 75.9 1.34 1.31 1.32 1.37 1.33 
F-46 84.9 1.34 1.31 1.32 1.37 1.35 
F-49 94.2 1.34 1.32 1.32 1.3'1 1.36 
F-50 104.5 1.34 1.33 1.32 1.37 1.38 
F-51 67.0 1.44 1.44 1.46 1.46 1.45 
F-52 6.90 1.19 1.20 1.19 1.1'1 1.19 
F-53 163.3 1.66 1.63 1.64 1.52 1.55 
F-54 273 1.60 1.66 1.69 1.55 1.5'1 
F-55 454 1.63 1.61 1.62 1.56 1.59 
F-S6 14.09 1.27 1.31 1.31 1.28 1.29 
F-57 18.20 1.30 1.33 1.33 1.31 1.29 
F-58 23.1 1.33 1.35 1.35 1,33 1.33 
F-59 29'.0 1.35 1.36 1.37 1.35 1.34 
F-60 33.9 1.36 1.36 1.37 1.36 1.35 
F-61 39.4 1.38 1.38 1.38 1.38 1.36 
F-62 45.4 1.39 1.39 1.39 1.39 1.38 
F-63 52.0 1.40 1.39 1.40 1.40 1.39 
F-64 60.3 1.42 1.41 1.40 1.41 1.40 
F-65 '70.8 1.43 1.41 1.42 1.42 1.40 
F-66 83.4 1.45 1.43 1.43 1.44 1.42 
F-67 100.0 1.47 1.45 1.45 1.44 1.45 
F-68 '122.8 1.49 1.47 1.46 1.45 1.46 
F-69 150.3 1.51 :1,.50 1.48 1.45 1.48 
F-70 188.4 1.53 1.51 1.50 1.46 1.51 
F-'ll 231 1.55 1.54 1.52 1.47 1.53 
F-72 275 1. 56 1.55 1.53 1.48 1.55 
F-73 316 1.66 1.57 1.54 1.48 1.56 

We-1 86.9 1.18 1.21 1.24 1.29 1.22 
We-1H '72.3 1.17 1.21 1.1'7 1.21 1.20 
We-2 87.5 1.36 1.37 1.37 1.39 1.34 
We-2H 55.5 1.28 1.33 1.28 1.27 1.27 
We-3 252 1.63 1.62 1.68 1.66 1.61 
We-3H 80.4 1.43 1.5i 1.41 1.35 1.44 
We-4 150.0 1.41 1.39 1.43 1.45 1.41 
We-4H 71.1 1.32 1.34 1.28 1.26 1.30 
We-5 69.2 1.30 1.28 1.28 1.29 1.26 
We-5H 54.4 1.26 1.27 1.23 1.24 1.22 
We-6 40.7 1.21 1.23 1.22 1,26 1.21 
We-6H 39.9 1.22 1.23 1.20 1.21 1.28 
We-7 31.8 1.18 1.17 1.16 1.19 1.13 
We-8 151.0 1.44 1.39 1.46 1.50 1.43 
We-9 135.2 1.40 1.38 1.42 1.45 1.40 
We-10 115.1 1.38 1.35 1.36, 1.37 1.36 
We-ll 108.5 . 1.37 1.34 1.34 1.36 1.33 
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CONTINUATION OF TABLE VW-2 

Oil 
Expetimental Data Slope Indices Ptedicted from 1)40OC Plus •••• 

Code"> 
'lJ40oC' cP S CR d400 C M fi400C 

A-I 25.1 1.21 1.20 1.19 1.20 1.1~ 

A-2 ~.30 1.15 1.1'1 1.12 1.16 1.20 
A-3 41.1 1.26 1.20 1.24 1.29 1.1B 
A-4 129.4 1.26 1.24 1.25 1.26 1.23 
A-5 438 1.28 1.29 1.32 1.33 1,30 
A-6 138.7 1.25 1.25 1.24 1.25 1.23 
A-7 120.5 1.25 1.26 1.28 1.31 1.25 
A-B 119.7 1.21 1.20 1.22 1.23 1.21 
A-9 38.9 1.26 1.19 1.23 1.28 1.1'1 
A-I0 44.7 1.39 1.3'1 1.3~ 1.37 1.34 
A-ll 117.5 1.49 1.4'1 1.4~ 1.44 1.45 
A-12 403 1.60 1.62 1.60 1.52 1.59 
A-13 119.4 1.50 1.49 1.50 1.47 1.48 
A-14 11~.5 1.47 1.47 1.51 1.47 1.43 
A-IS 58.2 1.37 1.35 1.30 1.26 1.29 
A-16 501 1.77 1.76 1. ~8 1.76 1.72 

AN-I 43.8 1.26 1.24 1.22 1.26 1.23 
AN-2 43.8 1.26 1.21 1.22 1.26 1.21 
AN-3 41.9 1.22 1.22 1.22 1.27 1.20 
AN-4 69.5 1.36 1.35 1.31 1.30 1.32 
AN-5 93.5 1.43 1.43 1.39 1.39 1.45 
AN-6 31.0 1.19 1.23 1.20 1.24 1.31 
AN-7 53.1 1.37 1.38 1.35 1.36 1.41 

") Refers to similarly coded oils specified in Table n-l. 
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respectively"), 
The range of carbon-type compositions covered by all the various 

kinds of mineral oils employed in the present study has been in
dicated in the triangular diagram of Fig. VIII-I. In fact, these oils 

FIG, Vlll-l, 
Carbon -Type Composition of Minelal Oils. 

cover practically the entire range where the n-d-M method may be 
applied. Expressed in terms of their total percentage of carbon 
atoms in ring structure, C R' the compositions of the m.ineral oils 
included in the present study are seen to vary from about 25 to 75. 
Accordingly, the latter oils are indeed representative of the entire 
range of mineral oils known so far; besides, the same extensive 
range of CR -values is covered by the hydrogenated samples included 
in this investigation. 

Finally, it may be recalled that the carbon percentages employed 
constitute approximate - and not necessarily exact - figures (compare 
§ 11.2. 3). The latter point should not be overlooked in criticizing 
the accuracy of any correlation based on them. 

VIII. 2. 2. The New Correlation 

From an extensive analysis of experimental data on the 163 min
eral-oil fractions collected in Table VIII-2 the conclusion has emerged 
that, to a good approximation, the Slope Index belonging to a mineral
oil fraction with a given viscosity grade is fixed uniquely by its 
carbori-type composition. Moreover, it has been found that. remarkably 
enough, it is immaterial whether the carbon atoms present in ring 
structure are contained in naphthenic or aromatic rings. 

Accordingly, in the relevant correlation solely the total percentage 

') Since the carbon percentages CA. CN and Cp are interrelated - their sum being of necessity 
100 -. only two of them need to be taken into consideration, The author prefers to use the 
percentages CA and CN. their sum. CR' representing the total percentage of carbon atoms in 
ring structure. 
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of carbon atoms in ring structure*), CR, is utilized as a sufficiently 
accurate measure of the chemical constitution, or rather the carbon
type composition, of the mineral oils under consideration. 

Plotting the Slope Indices of all the various oils considered against 
theirviscosi$¥;functions H at the arbitrarily adopted standard reference 
temperature ) of 40°C (104°F) and using their percentage CR as 
a parameter has yielded the correlation depicted in Fig. VIII-2. 
This correlation implies a straight-line relationship between the 
Slope Index, S, and the viscosity function H .w0c for mineral oils 
having a common percentage CR. Moreover, the resulting straight 
lines form ajan. Their point of convergence, in Fig. VIII-2 denoted 
by K, has the coordinates H 400C = 0.2000 - corresponding to a 
viscosity 11400C = 2.43 cP - and S 1.0l. 

Remarkably enough, for mineral with viscosity grades below 
this "transitional" viscosity 11400C 2.43 cP the percentage C R 
is no longer an influential quantity, their Indices being a func
tion solely of their viscosity grades (compare § VI. 2. 1 and partic
ularly Fig. VI-2). The Slope Indices of s1.lch unusually fluid oils 
appear to be closely scattered around a single straight line. In fact, 
this line has proved to constitute the produced part of the bottom 
line of the depicted fan, that is the one referring to C R :: 25. 

An interesting feature of the correlational diagram of Fig. VIII-2 
consists in that it traces the approximate "natural boundaries" im
posed on the Slope Indices encountered amongst natural mineral oils 
- obtained by conventional refining methods - from all the divergent 
sources investigated so far. Indeed, the great variety of Slope In
dices found amongst the mineral oils occurring in nature may be 
considered to be located between the two outmost straight lines 
of the fan depicted, that is those relating to CR '" 25 and C R 75. 

It stands to reason that the convergence of the various 
lines relating to constant percentages C R does not actually proceed 
soabrl.lptlyas indicated in Fig. VIII-2. In fact, this convergence has 
so been approximated only in order that the underlying correlation 

be cast into a simple mathematical form. Nevertheless, the 
correlation has proved to hold good even in the vicinity of the 

point of convergence. 

The family of straight lines depicted in Fig. VIII-2 can be repre
sented by the following analytical expression: 

S 1. 01 + 3.0 . 10-2 (CR - 7) (H400C - 0.2000). (VIII-1a) 

According to Equation (VIII-1a), the slope of these straight lines 
varies linearly with the percentage CR. 

The expression for the straight line indicated for the range of 
very low viscosity grades can readily be obtained by substituting 
the value C R ;: 25 into . Equation (VIII-1a). The resulting expression 

.) It stands to reason that the percentage of paraffinic carbon atoms, Cp , may be used instead 
of CR, theil: interrelat'ionship reading CR .. 100 - Cpo 

... ) It may already be remarked here that it would not rna/Ie any essential difference if the reference 
temperature were fixed at another value somewhere in the conventional temperature range. 
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reads: 

S = 1. 01 + 0.54 (H 400C - 0.2000). (VIII-1b) 

On the basis of its analytical Expression (VIII-1a) the new cor
relation may further be cast into a more general form. That is Ex
pression (VIII-1a) can be generalized such that it may be directly 
applied at any arbitrary reference temperature instead of only at 
the adopted standard reference temperature of 40 0 C. This can be 
performed as follows. From the basic viscosity-temperature Equa
tion (III-6h) it can readily be derived that for a given oil*): 

H400C = H - S (0 + O. 1127). (VIII-2a) 

Substituting Jhe latter expression for H 40°C into Equation (VIII-1a) 
the following generalized correlation for the Slope Index can be ob
tained: 

1. 01 + 3.0 10-2 (CR - 7) (H - 0.2000) 
S = ------------~~-----------------

10-2 (CR - 7) (,0 + O. 1127) 
(VIII-3a) 

1. 00 + 3.0 

The interrelationship between Correlations (VIII-1a) and (VIII-3a) may 
bebrought out somewhat more clearly by rearranging the latter cor
rela tion as follows: 

[H - 0.2000 -S = 1. 01 + -----------------
1. 00 + 3.0' 10-2 (C R - 7) (0 + 0.1127) 

- 1.01 (0 + 0.1127)]. (VIII-3b) 

It is important to note that Correlations (VIII-3a) and (VIII-3b) 
represent the com p let e viscosity-temperature relationship - ac
cording to the basic Equation (/II-6h) - of any mineral oil in terms 
of its Slope Index, S, and its percentage C R , the latter quantity 
being taken as some measure of its chemical constitution. C'Y'/1.sp.
quently, if only one viscosity value - at some arbitrary refere1t(;t; 
temperature - of the mineral oil is known, its percentage CR , all 
by itself, determines its r:omplete viscosity-temperature relationship. 

Applicability 

The new correlation in the form of Equation (VIII-1a) has been 
checked for all the aforementioned 360 mineral-oil fractions (see 
§ VIII. 1.2). 

For each of the 163 fractions - both natural and hydrogenated -
::ollected in Table VIII-2 the predicted Slope Indices have been listed 

"> As stated before, throughout this chapter the subscript "0" - relating to atmospheric pressure -
has been omitted. 
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TABLE VUl-3 

Distribution of Deviations Between Experimental and 
Predicted Slope Indices Amongst the 360 Oils Tested 

Percentage of the 360 Oils Tested 

Deviation Correlation Employing "1400C Plus ••• las I 
CR d400C n400C M 

0.00 14.8 19.0 13.3 16.2 
0.01 31.7 28.4 37.1 21.1 
0.02 22.9 27.0 15.7 20,1 
0.03 14.1 13.0 10,2 14.4 
0,04 6,6 4.7 6.9 6.4 
0 • .05 6,3 1.9 6.1 7.7 
0,06 1.7 4.4 5,5 1.7 
0,07 0.3 1.6 1,9 8.2 
0,08 1,6 2.B 2.2 
0,09 1,6 
0,10 
0,11 0,5 
0,12 0,3 

Average 
Deviation") O,02!> 0,019 0.023 0,027 

Standard 
Deviation""> 0,026 0,025 0,032 0,036 

., Defined by 

in that table, In addition, Table VIII-3 indicates the distribution of 
the deviations between experimental and predicted Slope Indices 
amongst the really great variety of the 360 oils tested. 

The latter table shows that the absolute average and standard de
viations in the Slope Index amount to no more than 0.020 and 0,026 
units, respectively, which figures are only slightly beyond the accu
racy inherent in the experimentally d~rived Slope Indices. T;hese ab
solute deviations correspond to relative average and standard de
viations in the predicted Slope Indices of only 1.7 and 2.20/0, res
pectively. 

It may further be pointed out that. as shown by ~quatfon (VI-41. 
the relative accuracy inherent in the predicted Slope Index equals 
that in the corresponding viscosity-temperature coefficient, {j. 

. In order to give some idea of the relative errors that may occur 
In the viscosities proper if these are calculated ,from the basic 
viscosity-temperature Equation (III-6h) by using the Slope Indices 
predicted from the present correlation; Table VIII-4 has been pre
pared, For a wide range of viscosity grades 11400C this table shows 



TABLE Vm-4 

Effect of a Deviation of 0.02 Units in Their Slope Index on the Predicted Viscosity '11000(: of 
a Great Variety of Oils 

1)40oC' 
CR ., 50 EV

' • '" (S • '. "" 
DVI " 0 (S .. 1.497) 

cP 
S 1)400(:/'11000(: I %31)1000 C I ") 0(:/1)100oC I "/03'11000(: I '140OC/'11000(: I ,,/·31)100OC I 

1 0.94 1.959 1.2 
2 1.00 2.41 1.5 
5 1.11 3.39 1.8 

10 1.19 4.50 2~1 4.6'9 2.1 
20 1.27 6.01 2.4 5.79 2.4 

50 1.35 8.93 2.7 7.66 2.7 10.86 2.6 

100 1.40 12.16 3.0 9.46 3.0 13.93 2.9 
200 1.45 16.60 3.2 11.70 3.4 17.82 3.2 

500 1,51 25.4 3.5 15.45 3.7 24.7 3.5 

+,000 1.56 35.1 3.8 19.10 4.0 31.7 3.8 
2,000 1.59 48.8 4,1 21.9 4.4 40.5 4.1 

5,000 1.64 76.0 4.4 31.3 4.8 56.1 4.4 

I I 
l1Jpred - 1Jexp I 

"l 0/0&1) .. 100 -'----~ 
'1exp 

I ..... 
00 
o 
I 
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the percentage errors in the corresponding viscosities 111000c that 
would result from a deviation of 0.02 units in the Slope Index of the 
oil considered. In addition, the appropriate Slope Indices, S, and 
viscosity ratios 11 40°C /1110l)0c have been included in the latter table. 
Three distinct cases have been considered: first, the case where the 
percentage C R of all the oils included amounts to 50, the appropriate 
Slope Indices being defined by Correlation (VIII-la); further, the 
cases where the DVI*) of all these oils amounts to 100 (S = 1. 234) 
and to 0 (S = 1.497), respectively. Since both latter S-values are 
not found amongst relatively fluid mineral ,oils (see Fig. VIII-2), the 
pertinent data have been omitted from Table VIII-4. 

The latter table shows that for a constant deviation between ex
perimental and predicted Slope Indices the relative errors in the 
predicted viscosities 11 100°C increase regularly with increasing vis
cosity grade of the oils. It may be added that for a given viscosity 
grade these relative errors increase nearly proportionally to the 
difference between experimental and predieted Slope Indices. For 
example when this difference amounts to 0.04 unitsj, the percentage 
errors listed in Table VIII-4 also increase by a factor of nearly two. 

As regards the percentage deviations collected in the latter table 
it is only fair tha,!; these be considered in connection with the really 
great viscosity variations involved. 

For properly judging or criticizing the accuracy achieved with the 
present correlation it may further be useful to mention that the 
various viscosity deviations listed in Table VIII -4 would be fully 
compensated at the. standard reference temperature of 100°C (212°F) 
by a temperature difference amounting to no more than about 1.0oC 
(1. 8°F). The latter figure may well go to emphasize the wide prac
tical usefulness of the new correlation. 

Summarizing, it may be stated that the present correlation 
permits good viscosity predictions in a wide temperature range. For 
normal purposes these predictions will generally turn out satisfactory 
at least in the conventional temperature from, say, 20 to iS00C 
(68-302°F). Infact, even in the entire temperature range of general 
practical interest extending from, say, 0 to 200°C (32-392°F) will 
the results normally prove quite acceptable. 

VIII. 2. 3. Additional Applications 

A. THE ATMOSPHERIC ISCBAR POLE LINE 

A very interesting mathematical consequence of the validity of t1"!e 
correlation described in the preceding § VIII. 2. 2 has been elaborated 
in Appendix VIII-I, at the end of this chapter. This mathematical 
consequence consists in that the atmospheric viscosity-temperature 
isobars of mineral oils having a common percentage CR are 'depicted 
in the basic H -9 chart as a fan. 

Thus, these rectified viscosity-temperature isobars pass through 
a common point, which is termed the "atmosPheric isobar pole". 

") . The DVI has been introduced in § VI. 2. 2. 
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Accordingly, any member of the fan of straight lines depicted in 
Fig. VIII-2 corresponds with one single point - the particular at
mospheric isobar pole - in the basic H-9 chart. More particularly 
this finding implies that all the various kinds of very fluid mineral 
oils. that is those oils whose viscosity grade 11400C does not exceed 
2.43 cP (H 400(:; ,,0.2000). possess the same pole as the more viscous 
oils having a common percentage C R of 25. 

Moreover, as also shown in the aforementioned Appendix VIII-I, 
the various poles in the H-9 chart are located on one single straight 
line, which is termed the "atmosPheric isobar pole line". Its equation 
reads: 

1. 01 9 a + 0.3138, (VIII-4) 

where Ha and 9 a denote the coordinates of the various poles located 
on this pole line. 

As stated above, the coordinates of the atmospheric isobar poles 

TABLE YIlI-5 

Atmospheric Isobar Poles for Three Typical CR -Yames 

Pole V!scosity Pole Temperature 
CR 

I 

ta,OC Ha 'la'cP 9 a 

25 -1.6667 0.066 -1.9607 12,000 (22,000°1') 
, 50 -0.5814 0.115 -0.8862 900 ( 1,650°1') 

75 -0.2941 0.203 -0.6018 405 ( 76CPl') 

- whose locus is defined by Expression (VIII-4) - are a function 
solely of the percentage CR' The relevant simple Equations (VIII-Sa) 
and (VIII-Sa) given in Appendix VIll-l may be rewritten as: 

33.7 
Ha = - + 0.2000 (VIII-5b) 

CR - 7 

and 

33.3 
9 a = - - 0.1127. 

CR - 7 
(VIII-6b) 

For three typical CR -values the coordinates of the atmospheric 
isobar poles are listed in Table VIII -5~ 

Thus, these poles are situated in the region of very low viscosities 
and extremely high temperatures. Therefore, they can have neither 
practical nor physical significance. 

Apparently, the present "pole concept" is very useful for further 
elucidating the nature of the correlation achieved. In fact, the Slope 
Index of any mineral oil can now also be expressed in' terms of the 
pole coordinates, Ha and Sa' as follows: 
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S (Vm-7) 

If the appropriate expressions for the pole coordinates, that is 
Equations (Vm-5b) and (Vm-6b), are substituted ~nto Equation (Vm-7), 
the latter equation becomes identical with Correlations (VIII-Sa) and 
(VIII-3b). 
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FlG.VW-3. 
The Almospher1c Isobar Pole Line of Mineral Oils. 

The atmospheric isobar pole line defined by Expression (VIII-4) 
has been depicted in Fig. VIII-3. A few members of the fan of iso
bars relating to CR = 50 have also be drawn. 

For the sake of clearness, it may be added that in Fig. VIII-S the 
isobars of all mineral oils whose viscosity grade TJ 40°C exceeds 
2.43 cP (H 4QoC > O. 2000) would be located above the pole line. In 
contrast, for all mineral oils with viscosity grades smaller than 
the latter value the isobars would be located below the depicted 
pole line; furthermore, all these isobars would converge towards 
one and the same pole relating to CR = 25. 

Oils with a "transitional" viscosity TJ 40°C = 2.43 cP wotilddisplay 
a common Slope Index, namely S = 1. 01, which is identical with 
that of the atmospheric isobar pole line. Moreover, since their vis
cosity grade - denoted by point K in Fig. VUI-3 - is located on this 
very pole line, their isobars coincide with the latter line, thus 
satisfying the underlying Equation (VIII-4). Therefore, the transitional 
viscosities,TJK' for temperatures different from 40°C can readily 
be calculated from Equation (VUI-4). It may be recalled that these 
TJK -values have practical significance in that they indicate, at each 
temperature involved, the approximate upper level of the viscosity 
range where the chemical constitution of mineral oils has no longer 

L 
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TABLE VW-6 

~'Transitional" Viscosity "11K as a 
Function of Temperature 

Temperature 
Viscosity 

deg C deg F "IIK'cP 

0 32 7.24 
20 68 3,90 

40 104 2.43 
70 158 1.42 

100 212 0.95 
120 248 0.77 
160 302 0.59 
200 392 0.42 

any appreciable effect on their Slope Indices. 
Accordingly, for mineral oils with a given viscosity grade not ex
ceeding the values listed in Table VIII-6 there is no longer any 
practical sense in specifying anything at all with respect to the dif
ferentiation as to their viscosity-temperature dependence. 

B. PREDICTING THE EFFECT OF HYDROGENATION ON THE VISCOSITY -TEMPERATURE RELATION
SHIP OF NATURAL MINERAL OILS 

It is a well-known fact that, as a rule, hydrogenation of natural 
mineral oils raises their Viscosity Index; or, more generally, that 
it affects their viscosity-temperature dependence in a favourable man
ner. 

It has appeared that the above -described correlation lends itself very 
well to a nearer analysis of the consequent effect. It stands to reason 
that the present analysis will be confined to the effect of the so
called analytical, or non-destructive, hydrogenation. In that case 
the only change brought about in the carbon-type composition of a 
natural mineral oil consists in the conversion of aromatic into the 
corresponding naphthenic carbon atoms; or, more precisely, the 
decrease in the percentage of carbon atoms in aromatic-ring structure, 
CA , equals the increase in the percentage of carbon atoms in naph
thenic-ring structure, CN , their sum CR remaining constant. 

From the constancy of C R it follows that within the accuracy 
of the present correlatiori the effect of hydrogenation on the viscosity
temperature relationship of a given natural mineral oil is determined 
solely by the accompanying change in its viscosity grade. 

Consequently, the problem of predicting the difference in Slope 
Index between a given natural mineral-oil fraction and its fully - or 
partly - hydrogenated sample has been reduced to that of predicting 
the difference between their viscosity grades. Besides, a fortunate 
circumstance consists in that the latter difference need not be pre
dicted with great accuracy. The reason is that - as may readily be 
seen from Fig. VIII-2 - for any constant CR -value the Slope Index 
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changes only comparatively slowly with varying viscosity grade. 
It has now been attempted to estimate this difference between the 

viscosity grades of a natural mineral-oil fraction and its hydrogenated 
sample solely from the difference in their carbon-type composition. 
Since only fully hydrogenated, that is saturated, mineral-oil fractions 
have been taken into consideration, the latter statement means that 
only the C A -value of the ·original sample has been used as a cor
relational variable. 

By means of the appropriate data on a representative group of 
100 natural mineral-oil fractions and their satUrated samples the 
author has indeed succeeded in establishing a convenient correlation 
which permits a fairly accurate prediction of the viscosity grade 
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TABLE VIII-7 

Experimental and Predicted Viscosities and Slope Indices of Representative 
Saturated Mineral Oils 

Original Fraction S.lturated Sample 

Oil 'l'j40oC' cP 
'l'j40OC. cP 

~ Code"> Exp. 
Exp. Pred, 

W-1 1.205 1.225 1.242 0.96 0.96 
W-2 1.574 1.552 1,600 0.99 0.98 
W-3 2.09 2.08 2.09 1.01 1.00 
W-4 2.82 2.72 2,75 1.05 1.02 
W-5 4.15 3.90 3.94 1.08 1.05 
W-6 5.~5 5.27 5.36 1.11 1.08 
WR-7 8,79 7.74 7.67 1.10 1.10 
W-8 13.24 11.12 11.24 1.18 1.13 
W-9 23.3 19.06 18.66 1.18 1.16 
WolD 1.242 1.306 1.256 0.94 0.96 
WR-ll 1.493 1.521 1.455 0.96 0.97 
W-12 1.706 1.742 1.862 0.97 0.99 
W-13 1;964 2.02 1.964 0.99 0.99 
W-14 2.30 2.29 2.26 1.01 1.00 
W-15 2.73 2.70 2.61 1.02 1.02 
W-16 4.02 3.59 3.53 1.05 1.08 
W-17 5.68 4.86 4.59 1.14 1.14 
WR-18 9.12 6.93 6.40 1.14 1.20 
W-19 20.6 12.85 11.72 1.33 1.30 
W-21 1.159 1.180 1.1BO 0.97 0.96 
W-22 1.496 1.500 1.514 0.98 0.98 
W-23 2.19 2.19 2.36 1.02 1,00 
W-24 3.55 3.35 3.42 1.08 1.05 
W-25 6.17 5.52 5.55 1.14 1.10 
WR-26 13.46 10.33 10.47 1.22 1.17 
W-27 28.6 20.4 20.7 1.28 1.23 
W-28 68.4 39,0 41,6 1.34 1.28 
W-29 1.042 1.114 1.135 0,94 0.95 
W-30 1.186 1.262 1.271 0.95 

, 
0.96 

W-31 1.343 1.406 1.422 0.95 0;97 
W-32 1.563 1.622 1.626 0.97 0.98 
W-33 1.778 1.770 1.811 0.98 0.99 
WR-34 2.40 2.28 2.26 1.00 1.00 
W-36 12.47 10.05 9.22 1.09 1.14 
W-37 1.038 1,064 1,076 0.95 0,95 
W-38 1.306 1.343 1.340 0.96 0.97 
W-40 2.32 2.27 2.29 1.00 1.00 
WR-41 3.30 3.14 3,12 1.04 1,03 
W-42 4,92 4.50 4.55 1.07 1.07 
W-43 7.59 6.56 6.73' 1.11 1.10 
W-45 0.865 0.918 0.904 0.96 0.94 
W-46 0.935 0.975 Q.977 0.95 0.94 
W-47 1.052 1.086 1.094 0,95 O,9Ii 
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CONTINUATION OF TABLE VIII-1 

Original Fraction Saturated Sample 

on "1140OC. cP "1140oC. cP Slope lndex 

Code"> Exp, 
Exp. Pred. Exp, Pred, 

W-48 1,188 1,225 1.230 0.96 0.96 
W-49 1,358 1.390 1.400 0.'98 0,91 
W-50 1,56'1 1,596 1.596 0,98 0.98 
W-51 1.866 1.854 l,B15 1,00 0.99 
W-52 2.19 2,18 2.11 1.01 1.00 
W-53 2.66 2.60 2.51 1.03 1.02 
W-54 3,41 3.30 3.20 1.06 1.05 
W-55 4.10 4.38 4.23 1.10 1.08 
WR-56 7.14 6.41 6.28 1.11 1.13 
W-51 15.38 11.62 11.07 1.22 1.19 
W-58 1.109 1,194 1.156 0,96 0.95 
W-59 1.288 1.337 1.340 0.96 0,9'1 
W-60 1.416 1.528 1,521 0,91 0.98 
W-61 1.122 1.702 1.150 0,98 0,99 
W-62 2.03 2.02 2.023 0.99 1.00 
W-63 2.39 2.37 2,34 1.00 1.01 
W-64 2.93 2.85 2.82 1,01 1.02 
W-66 4.70 4.49 4.38 1.06 1.05 
WR-61 6,58 6.15 5.97 1,06 1.01 
W-68 9,46 8.8'7 8.38 1.08 1,09 
WR-69 1.556 1.563 1.535 0.98 0.98 
W-10 1.126 2.81 3.04 1.01 1.04 
W-14 1.042 1.092 1.014 0.96 0.95 
W-15 1.294 1.291 1.324 0.96 0.97 
won 2.12 2.10 2.10 1.01 1.00 
W-78 2.95 2.81 2.85 1.04 1.02 
WR-80 6.68 5.69 5.'71 1.12 1.10 
WR-81 11.54 8.61 8.87 1.16 1.14 

, W-B2 20.'7 14.86 15.49 1.11 1.11 
W-83 43.2 2B.2 27.B 1.25 1.21 
W-84 90.4 52.8 48.2 1.25 1.25 
W-B5 1.084 1.143 1.120 0.96 0.95 
W-86 1.321 1.358 1.355 0.97 0.9'7 
W-87 1.686 1.no 1.no 0.98 0.99 
W-88 2.30 2.28 2.21 1.01 1.00 
W-B9 3.22 3.16 3.01 1.05 1.04 
W-90 4.86 4.49 4.42 1.09 l,OB 
WR-91 7,87 6.86 6,74 1.08 1.11 
W-92 13.46 11.14 10.B4 1.14 1.16 
W-94 0.897 0.895 0.920 0.93 0.94 
W-95 1.390 1.400 1.413 0.97 0.9'7 
W-96 1.858 1.871 1.866 0.99 0.99 
WR-97 2.31 2.25 2.25 1.01 1.00 
W-98 2.73 2.68 2.6'7 1.02 1.02 
WR-99 3.33 3.05 3.15 1.04 1.03 
W-100 3.98 3.85 3.82 1.06 1.05 

-1 
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CONTINUATION OF TABLE VW-7 

Original Fraction Saturated Sample 

Oil '114QoC' cP 
'1140OC. cP Slope Index 

Code"> Exp. 
Exp. Pred. Exp. Pred. 

W-101 5.0'1 4.83 4.70 1.08 1.07 
W-102 6.50 6.15 5.90 1.11 1.10 
W-103 8.17 7.14 7.20 1.10 1.11 
W-104 9.80 8.55 8.55 1.12 1.13 
W-105 18.49 14.55 14.52 1.15 1.19 

We-1 86.9 72.3 65.2 1.17 1.20 
We-2 87.5 55.5 60.3 1.18 1.34 
We-3 252 80.4 '16.7 1.43 1.50 
We-4 150.0 71.1 82.0 1,32 1.34 
We-5 69.2 54.4 58.8 1.26 1.27 
We-6 40.7 39.9 37.2 1.22 1.23 

--'--- - ,_L---

"> Refers to similarly coded oils specified in Table U-1. 
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of a given saturated mineral-oil fraction solely from the viscosity 
grade and the percentage C A of the corresponding natural sample. 

The viscosity grades TI 4QoC and the Slope Indices*), S, of all these 
100 natural mineral-oil fractions and their saturated samples are 
compiled in Table VIII-7. Further particulars on these oils can be 
found again in Table II-I. 

The new correlation is represented in Fig. VIII-4, where the dif
ference between the viscosity functions Hs and HN of the saturated 
and natural fraction, respectively, has been plotted against the latter 
function, both viscosity functions being taken again at the standard 
reference temperature of 40°C. By introducing the percentage CA 
of the natural fraction as a parameter a fa:n of straight lines has 
been obtained, each line referring to a distinct CA -value. The co
ordinates of the point of convergence amount to (HN)4QoC = 0.1750 
- or (TIN) 40°C = 1. 98 cP - and (H S - HN) 4QoC 0.0000. 

It is well known that as a rule the viscosity grade of a natural 
mineral oil is decreased through hydrogenation. This rule is con
firmed by the correlation depicted in Fig. VIII-4. In addition, how
ever, the new correlation shows that a viscosity increase would be 
observed for very fluid mineral oils, that is with a viscosity grade 
(TIN) 4QoC below the aforementioned level of 1. 98 cP. Further, for 
natural mineral oils with viscosity grades in the vicinity of the latter 
value no appreciable viscosity change at all would be brought about 
by hydrogenation. 

The correlation depicted in Fig. VIII-4 can be cast into the follow
ing analytical form: 

(VIII-8) 

As demonstrated by the results included in Table VIII-7, Cor
relation (VIII-8) does yield fairly accurate predictions of the viscosity 
grades (Hs) 400C of saturated mineral-oil fractions solely from the 
viscosity grade (HN)40oC and the percentage C A of the original samples. 

At any rate, these predictions prove to be quite satisfactory for 
the purpose intended. 

The prediction of the Slope Indices of saturated mineral-oil frac
tions can now readily be performed by substituting the value calculated 
for (HS)40OC from Equation (VIII-8) into Correlation (VIII-1a) or 
(VIII-1b). Thus, the present procedure for estimating the Slope Index 
of a given saturated mineral-oil fraction does require a knowledge 
solely of the viscosity grade and the carbon-type composition of the 
corresponding natural sample. 

For the great variety of 100 saturated mineral-oil fractions listed 
in Table VIII-7 the Slope Indices estimated according to the latter 
procedure have been included in that table. In addition, Table VIII-8 
indicates the distribution of the deviations between experimental and 
predicted Slope Indices amongst the various fractions tested. 

It is seen from the latter table that the absolute average and stand
ard deviations in the Slope Index amount to no more than 0.016 and 
0.022 units. respectively, which figures are only slightly beyond the 

*) These Slope Indices have invariably been determined from the viscosity data available in the 
temperature range between 20 and lOOoC (6S and 212op). 
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T ABLE VIII-8 

Distribution of Deviations Between Experimental 
and Predicted Slope Indices Amongst the 100 

Saturated Mineral Oils Tested 

Deviation Percentage of the 
13s1 100 Oils Tested 

0,00 

0.01 
0,02 
0.03 
0.04 
0,05 
0.06 
O.O~ 

Average 
Deviation"> 

Standard 
Deviation") 

1 1=0 
") Defined by - 1: I 3i I 

n i"l 

ian 2 
1: a ""> Defined by i"l i 

n-1 

20 
46 
13 
10 
3 
4 
3 
1 

0.016 

0.022 

accuracy inherent in the experimentally determined Slope Indices. 
These absolute deviations correspond to relative average and stand
ard deviations in both the predicted Slope Indices and viscosity
temperature coefficients, f3, of only 1. 4 and 1. 9%, respectively. 

From Correlation (VIII-1a) or (Vill-lb) and the present Equation' 
(VIII-B) it follows that the Slope Index of a natUral mineral-oil frac
tion would normally be decreased by (analytical) hydrogenation, or, 
in other words, its DVI would be .raised. However, it also appears 
that one cannot uphold the point of view that this would invariably 
be the case. 

In fact, according to the present findings. the Slope Index of a 
natural mineral-oil fraction is not appreciably altered through 
hydrogenation if its viscosity grade 11 400C approximates the afore
mentioned level of about 2 cP (1. 9B- cPl. Finally. for fractions dis
playing still lower viscosity grades the Slope Index is even raised 
through hydrogenation. though to a very small extent. 

Summarizing. for the great variety of saturated mineral-oil 
fractions tested the present procedure, has proved to permit a reli
able estimate of their complete viscosity-temperature relationship 
solely from the viscosity grade and the carbon-type composition of 
the corresponding natural fraction. . 
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VIII. 2. 4. Concluding Remarks 

The newly developed correlation has proved a valuable and con
venient tool for predicting the viscosity-temperature relationship of 
mineral oils. In addition, this correlation may be deemed significant 
in that it furnishes some insight into the effect of the chemical con
stitution of mineral oils on the latter relationship, so that it may 
be very helpful in preparing oils with the desired viscosity-tem
perature characteristics. 

According to the present correlation, the tePlperature effect on 
the specified viscosity grade of a mineral oil is determined solely 
by its total percentage of carbon atoms in ring structure, CR' In 
other words, mineral oils possessing both a common viscosity grade 
and a common percentage C R would display identical viscosity
temperature relationships irrespective of the manner in which their 
C R -values are built up from the component. percentages C A and CN. 
This conclusion has further been substantiated by the results obtained 
in trying to account for the effect of hydrogenation on the viscosity
temperature relationship of natural mineral oils. 

According to a widely adopted view -point, the temperature dependence 
of the viscosity of mineral oils increases with their "aromaticity". 
However, taking the rather vague concept of aromaticity as the 
percentage C A, it would follow from the newly developed correlation 
that in its generality the latter view-point cannot be upheld, not 
even if it is confined to oils of comparable*) viscosity grades. In
deed, as rightly pointed out by Bondi 20a) , the viscosity-temperature 
dependence of mineral oils and their aromaticity are basically un
related. 

Returning to the carbon-type composition diagram of Fig. VIII-l, 
the present correlation would permit the construction of straight lines 
of constant Slope Index in such a diagram but only for oils of com
parable viscosity grade; these lines would coincide with straight lines 
of constant CR. 

Indeed, if the viscosity grade of the mineral oils concerned 
varies considerably, this is indispensable as a correlational variable. 
This holds the more so as the oils become less viscous. In the case 
of very fluid oils it is even solely their viscosity grade that deter
mines their viscosity,-temperature dependence, their chemical con
stitution having no longer any appreciable influence, 

Yet, it may be useful to devote some further attention to the 
question as to how far the Slope Index - and also the conventional 
Viscosity Index (see Chapter VI) - of mineral oils would be related 
to their chemical constitution proper~ 

If the chemical constitution of mineral oils is expressed in terms 
of their carbon-type composition, it is readily seen from Fig, VIII-2 
that, as already pointed out, a unique correlation with their Slope 

") In this connection, it may be useful to emphasize that - as is well known to all those familiar 
with the present matter • the viscosity-temperature dependence df mineral oils (in fact, liquid. 
in general) displaying widely different viscosity grades call1lot simply be compared~ Consequently, 
luch generalized statements as, for instance, the one implying that paraffinic mineral oils would 
show flatter viscosity -temperature curves than naphthenic samples cannot be upheld. 
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Index does not exist through the entire viscosity range of practical 
interest. As shown by Fig. VIII-5, a similar conclusion holds with 
respect to the conventional Viscosity Index. It should be well realized, 
however, that for a given carbon-type composition - or rather a 
given percentage C R - the Slope Index, and similarly the conventional 
Viscosity Index, changes only comparatively slowly with the viscosity 
grade, particularly for the more viscous oils. 

For the sake of clearness, it may be mentioned that the preceding 
conclusion is by no means in conflict with the statement presented 
in Chapter VI that, except for very fluid oils, the Slope Index is 
substantially constant in a given "naturally" homologous group of 
mineral oi'ls. The reason is that the members of such a naturally 
homologous group usually display some small, gradual change in their 
carbon-type composition, as implied by the validity of the correlation 
depicted in Fig. VIII-2. 

VIII. 3. CORRELATION WITH PHYSICAL CONSTANTS 

VIII. 3. 1. Introduction 

In the preceding Section VIII. 2 it has been demonstrated that, to 
a good approximation, the correlation between the Slope Index of 
mineral oils and their viscosity grade is fixed solely by their per-
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centage CR' Since the latter percentage is determined from some 
combination of three suitably chosen physical constants 42), the afore
mentioned correlation is equally defined by any such combination. 
In the present context the combination of viscosity, density and 
refractive index - all three constants being taken at the same stand
ard reference temperature - is particularly attractive as only the 
latter bro physical constants enter as additional correlational variables. 

Off-hand it may thus be concluded that only two easily assessable 
physical constants, namely density and refractive index, are suf
ficient for defining, to a good approximation, the correlation between 
the Slope Index and the viscosity grade of mineral oils. It cannot a 
jJriori be decided, however, whether each of these two physical con,~ 
stants is also really needed in the latter correlation. 

For settling the question whether both the density and the refractive 
index are required as correlational variables it may first be noted 
that in the correlation described in the preceding Section VIII-2 
only the percentage CR. (= C A + C N) occurs as a parameter and 
not the individual percentages CA and C N. Moreover, as is readily 
seen from VIII-2, the CR -values need to be known accurately 
only for the more viscous oils. These two considerations suggest 
that it would certaInly be worth-while to investigate further the pos
sibility of suppressing either the refractive index or the density as 
a correlational variable. 

Indeed, as will be shown below, it has been found that only one 
of the latter two physical constants is really necessary for defining. 
to a good approximation, the correlation between the Slope Index 
and the viscosity grade of mineral oils. The consequent reduction 
of the total number of variables involved in this correlation - from 
four to three - is significant not so much in that one easily assessable 
physical constant - either the refractive index or the density - need 
not be measured, but primarily in that the resulting correlation 
may thus be cast into a really simple and convenient form. 

Of the two relevant correlations. the one utilizing the density as 
a parameter has appeared to be somewhat more accurate than the 
other. 

Finally, the author has succeeded in achieving a similar - though 
slightly less accurate - correlation employing yet another interesting 
quantity as a parameter, namely the (average) molecular weight 
of the oils. 

All in all, it ·may be staled that each of the individual physical 
constants needed in the n-d-M method permits a good prediction of 
the Slope Index of a mineral-oil fraction if only its viscosity grade 
has been specified. 

VIII. 3. 2. Correlation With Density 

For all the various mineral oils designated in Table VIII-2 the 
Slope Indices, S, have again .been plotted against their viscosity 
functions H 400C, this time using the density d 40°C as a parameter. 
A s demonstrated by the resulting Fig. VIII-S, it appeared that more 
or less curved lines of constant density could be constructed. 
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The lines depicted in the latter figure relate to distinct densities 
djO"c ranging from 0.800 up to 1. 020 g/ cm3 • Each of these con
stant-density lines is seen to exhibit a maximum S-value; with in
creasing density this maximum shifts towards higher viscosity 
grades. For very fluid oils the unique straight-line relationship 
between the Slope Index and the viscosity function H40"C depicted 
in VIII - 2 has been retained - for reasons of uniformity in 
the present Fig. VIII - 6. 

A remarkable feature of the present correlatiol'l is that over fairly 
wide viscosity ranges the Slope Index of mineral oils is practically 
solely determined by their density. For the less viscous oils, how
ever, the effect of density on the correlation between Slope Index 
and viscosity grade becomes considerably less pronounced; finally, 
for the very fluid oils with viscosities 11400 C not exceeding the afore
mentioned value of 2.43 cP (denoted by point K in Fig. VIII-6) the 
density has no longer any appreciable effect on the latter correlation. 

Fun!>"r, for mineral oils \~ith a relativdy great sill fll r COilt(;'nt the correlation depicted ill fig. 
Vlll-6 has pcon:d to yield all the whole somewhat better predictions if their densities are properly 
"orreclccI. The rdevaut minor correction, lJOI".."cr, has appe'lfed to become really Significant only 
in cases where the percentage b)' \"eigIJl of slIlfnr present, wt.olo S. amoullls to at least, say. 1"/0. 
Nevertheless, for reasons of uniformity such it correctioll Iw-' invariably be,'11 applktl to the densities 
of the mineral oils tested, at least in so far as their wt."io S has been specifiel>. In accordance 
Iv ith wcent inV~stigatiollS152} an 'Jnl0UIlt of 0,006 g/C1l13 It;!S beel! snbtracteu from the exper
ill1c11till density for each wt,o/" S prcsem ill the mincral oil uuder consideration. 

The correlation depicted in Fig. VIII-6 has been utilized for estim
ating the Slope Indices of all the various kinds of mineral-oil frac
tions - both natural and saturated - specified in Table VIII-2. The 
results of the relevant readings are collected in the same table. 
In addition, Table'VIII-a gives the distribution of the deviations be
tween experimental and predicted Slope Indices amongst the really 
great variety of the a60 mineral-oil fractions indicated in § VIII. 1. 2. 

Table VIII-3 shows that the absolute average and standard devia
tions in the Slope Index amount to r.o more than 0.019 and 0.025 
units, respectively, which figures are only slightly beyond the ac
curacy inherent in the experimentally derived Slope Indices. These 
absolute deviations correspond to relafil1e average and standard de
viations in both the predicted Slope Indices and viscosity-temperature 
coefficients of only 1. 6 and 2. 10/0, respecti vely. 

On the whole the indicated agreement between experimental and 
predicted Slope Indices may be considered very satisfactory, certainly 
so for normal practical purposes*':'). 

Tlte correlational accuracy achieved by the present lid (' II s it y 
correlation" teutis to be even slightly better***) than that of 

0) As imlicateU in Table II-l, the sulfur COIllc1ll has lIot been specified for the mineral oils from Refer
ellces 27 and 45, But the millor uifferences tltat would have been observed in the predicted Slope 
ludices of these oils if their properly corrccleu densities could IJave been used, may be deemed 
practically insignificallt, 110tably in view of the really gr~at variety of oils t'lnployed in verifying 
tbe present correlation • 

.. ) For further particulars ou the practical significance of the deviations involved refer"llce is made 
to i VIII.~.:d. 

-) Tlw so-call.,d F-test yklds a stali;tical confidence level of about 89'Yc. 
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the "chemical-constitution correlation" described in 
§ VIII. 2. 2. In addition, this density co'rrelation has the signif
icant advantage Over the latter that it constitutes a straight
fo rw ard method for predicting the Slope Indices of mineral oils. 
Indeed, the present correlation directly employs two easily assessable 
physical constants, viscosity grade and density, and does not involve 
any derived quantities. Consequently, for practical applications 
the present density correlation is more attractive than the foregoing 
chemical-constitution correlation. 

T ABLE V 1lI-9 

A pprox imate Density -Tern perature 
Coefficients lid/lit of Mineral Oils 

as a Function of Their DenSity 

d400C 

d40oC , 3d/lit, 
g/cm3 g/( cm:! • deg C) 

0,75 -7.5 x 10-4 

0,80 -7.1x10-<l 

0.85 -6.7 x 10-4 

0.90 -6,3 X 10-4 

0.95 -5.9 x 10-4 

1.00 -5.5 X 10-4 

Finally, it may be elucidated how the present correlation can 
equally be applied when the density of the mineral oil considered 
is given only at one arbitrary temperature differing markedly from 
the adopted standard reference temperature of 40°C. In fact, the 
density at the 'latter temperature can be estimated very easily and 
with an accuracy that well suffices for the purpose intended. This 
accrues from the well-known facts that the temperature coefficient 
of the density of mineral oils is very small and, moreover, not very 
different from one oil to another. In addition, the density-tempera
ture coefficient, ad/ at, of mineral oils shows a fair correlation with 
their density at some standard reference temperature. The following 
correlation has proved quite satisfactory for the present purpose~'): 

ad 
at (VIII-g) 

where the density d has again been expressed in g/cm3 and the tem
perature t in deg C. For convenience the values of the density
temperature coefficients corresponding to some distinct values of 
d 400c are listed in Table VITI·9, 

For estimating by means of Equation (VIII-g) the density of a 
given mineral oil in a wide temperature range a linear relationship 

.) If more accurate density predictions are needed, one may resort to correlations involving some 
additional physical constant, for instance the well-known correlation proposed by Lipkin and 
Kurt:i.51) which, in addition to the density at some standard reference temperature, requires the 
molecular weight of the oil. 
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between density and temperature may be assumed; that is the den
sity-temperature coefficient of the oil considered is taken independent 
of temperature. It may be stated that, in general, even for a tem
perature range of at least GOoe (l08°F), the densities predicted ac
cording to the present procedure are accurate within O. 50/0. 

VIII. 3. 3. Correlation With Refractive Index 

Using the refractive index n.).QOC (invariably relating to the sodium
D line) instead of the density d 400c of all the various mineral oils 
designated in Table VIII-2 has led to a correlation quite similar 
to the one described in the preceding § VIII. 3.2. The resulting 
Ilrefractive-inde X correlation" has been depicted in Fig. VIII -7. 
The curves included in this figure relate to distinct refractive 
indices n 400C ranging from 1.440 up to 1.590. 

Aslndicated ill the preceding § VIll.;J. 2 for the density. it has likeWise appeared for the refractive 
index that It is advisable to apply some slight correction to its experimental vaille if the oil 
considered contains all a pprcciabl". amount of sui fur. In accordance with the investigations cited 
above151l) the experimental refractive indices of the oils tested have been corrected by subtracting 
0.002 units for each wt.'l'o S present (see also the relevant footnote in § VlIl.3.2). 

The correlation depicted in Fig. VIII-7 has been utilized for estim
ating the Slope Indices of all the various kinds of mineral-oil frac
tions - both natural and saturated - designated in Table VIII-2. 
These estimates are compiled in the same table. In addition, 
Table VIII-3 gives the distribution of the deviations between exper
imental and predicted Slope Indices amongst the really great variety 
of the 360 mineral-oil fractions indicated in § VIII. 1.2. 

Table VIII-3 shows that the absolute average and standard deviations 
in the Slope Index amount to no more than 0.023 and 0.032 units, 
respectively. These correspond to relative average and standard 
deviations in both the predicted Slope Indices and viscosity-temper
ature coefficients of only 2.0 and 2.6%, respectively. *) 

On the whole, therefm'e, the present ;-;:;fractive-index correlation 
also permits ve1'y satisfactory predictions of the Slope Indices of 
mineral oils, Yet, its correlational accu1"acy is slightly inferior**) 
to thai of the foregoing cO'Y'relation utilizing the density instead of 
the refractive index. 

Finally, it may be mentioned that like the preceding density cor
relation the present refractive -index correlation can equally be ap
plied when the refractive index of the mineral oil considered is given 
at one arbitrary temperature differing considerably from the adopted 
standard reference temperature of 400 e. In fact, in a fairly wide 
temperature range some average value may be used for the tem
perature coeffi~ient of the refractive index of any given mineral oil. 
A value of about -3.7 . 10 -4 (deg C) -1 for the latter coefficient 
has indeed proved acceptable for the present purpose. 

A better approximation is possible when one densit'y value of the 

.) For futther particulars all the practical Significance of the deViations involved reference is made 
again to § V Ill. 2. 2 • 

.. ) According to the F-test. the jt[atistical confidence level exceeds 99.9'10. 
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oil considered is also known. In that case it is feasible to utilize 
the well-established correlation - already applied in § II. 2. 3 - that 
over a fairly wide temperature range the temperature coefficient 
of the refractive index of any given mineral oil amounts to 0.59 
times its density-temperature coefficient (density again being ex
pressed in g/cm3 ). the latter quantity having been discussed already 
in the preceding § VIII. 3.2. 

VIII. 3.4. Correlation With Molecular Weight 

Since the (average) molecular weight. M. of mineral oils is in
volved in numerous correlations. either between various physical 
constants individually or between physical constants and their chemical 
constitution, it would be interesting to investigate its suitability for 
the present purpose of predicting their Slope Indices. 

In comparison with the density and refractive index utilized in the 
preceding correlations the molecular weight of mineral oils may 
be stated to constitute a more informative physical constant. More
over. it has the attractive feature that it is, of course, independent 
of temperature. 
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For all the various mineral oils designated in Table VIII-2 the 
molecular weight has indeed proved a suitable parameter for estim
ating their Slope Index solely from their viscosity grade. As il
lustrated in Fig. VIII-8, the resulting correlation is represented in 
an S-H40oC diagram by a family of parallel straight lines, each line 
relating to a distinct M-value. In analytical form this correlation 
is defined by: 

S = 2.63 H400C - log (M - 100) + 2.54. (VIII-lOa) 

The molecular-weight range for which the present "molecular-weight 
correlation" has been verified extends from as low as about 150 
up to nearly 750. For very fluid oils the unique straight-line rela
tionship between the Slope Index and the viscosity function H 400C in
dicated in Fig. VIII-2 has again been retained in the present Fig. 
VIII-8. For reasons of clearness, however, a few broken lines of 
constant molecular weight have been depicted in the latter viscosity 
range. 

It may be noted that for the members of a given group of mineral 
oils with a common molecular weight the Slope Index increases rel
atively strongly with their viscosity Similarly, the present 
correlation shows that if one considers a series of oils with a com
mon viscosity grade', the Slope Index increases regularly with de
creasing molecular weight. 

ApplicatIon of Correlation (VIII-lOa) to all the various kinds of 
mineral oils - both natural and saturated - designated in Table VIII-2 
has yielded the Slope Indices there included. In addition, Table VlII-3 
gives the distribution of the deviations between experimental and 
predicted Slope Indices amongst the really great variety of the 360 
mineral-oil fractions indicated in § VIII. 1. 2. 

Table VIII-3 shows that the absolute average and standard deviations 
in the Slope Index amount to no more than 0.027 and 0.036 units, 
respectively. These correspond to relative average and standard 
deviations in both the predicted Slope Indices and viscosity-temper
ature coefficients of only 2.4 and 3.2%, respectively. *) 

As a rule, therefore, the present molecular-weight correlation also 
allows quite satisfactory predictions of the Slope Indices of mineral 
oils. 

However, the latter correlation is somewhat less reliable than the 
one employing the refractive index (see § VIII. 3.3) and particularly 
the one using the density (see § VIII. 3.2) of the mineral oil consid
ered. **) Another disadvantage in the practical application of Corre
lation (VIII-lOa) consists in that the molecular weight of mineral oils 
cannot be determined so easily and accurately as their density or 
their refractive index. 

In fact, the value of the present correlation may primarily lie 
even more in the inverse purpose, that is for assessing the mol
ecular weight of mineral oils solely from their Slope Index and vis-

0) for further particulars on the practical significance of the deviations involved reference is made 
again to i VIII. 2. 2-

.. ) fer both differences involved the f-test yields statistical confidence levels above 99.5"!u. 



-201-

cosity grade. 
Employing a diagram like Fig. VIII -8 for such assessments, any 

interpolation between the indicated M-values should be performed 
at constant Slope Index. It stands to reason that the molecular weight 
may also be computed from the basic Equation (VIII-lOa). For the 
present purpose Correlation (VIII -lOa) should rather be rewritten 
in the form: 

M = 347 . 10-5 (log Y/40oC + 1. 200)2.63 , (VIII -lOb) 

where the molecular weight occurs as an explicit variable. 
In general, Equation (VIII-lOb) has proved to permit very good 

estimates of the molecular weights of mineral oils. In fact, for 
all the divergent kinds of oils tested the average deviation amounts 
to only about 2.5"/0, whilst the experimental values may be in error 
by 2-5%. 

Amongst the many correlations previously developed for estimating 
the molecular weight of mineral oils from easily assessable physical 
constants the most attractive one would seem to be Hirschler's cor
relation involving only the kinematic viscosities at 100 and 210 0 F 153) • 
Essentially, therefore, the latter correlation will be very similar 
to the present one. Hirschler's correlation covers a molecular weight 
range from about 220 up to 700. The predictions have to be performed 
graphically. In general, these would reach the accuracy that is in
herent in normal molecular-weight data available from the literature, 
that is from about 2 to 5%. 

As regards its correlational accuracy the present Correlation 
(VIII-lOb) appears to be at least on a par with Hirschler's. In ad
dition, It has the advantages that it is based on dynamic viscosity 
and that the viscosities need not be known at invariably the same 
two arbitrary standard reference temperatures. Further, the present 
correlation covers the entire molecular-weight range tested, that is 
from about 150 up to 750. Last but not least, the new Correlation 
(VIII-lOb) has been cast into a fairly simple analytical form. 

In fact, the present Correlation (VIII-lOb) for estimating the mol
ecular weight of mineral oils would appear to be the first one that 
could be analytically defined, all previous correlations being based 
on graphical averaging. 

VIII. 3. 5. Additional APplications 

A. THE APPLICABILITY OF THE PRESENT CCllR£LATIONS AT SOME ARBITRARY REFERENCE TEI\I
PERATURE 

If one viscosity value of a given mineral oil has been specified 
at some arbitrary temperature differing considerably from the stand
ard reference temperature of 40°C, the three correlations described 
in the preceding parts may yet be utilized for predicting its Slope 
Index. The following procedure may be adopted. 

One relationship connecting the two unknown quantities Sand H 400C 
is implied by the appropriate line, either of constant density in Fig. 
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VIII-6 or of constant refractive index in FIg. VIII-7 or of constant 
molecular weight in Fig. VIII-B. A second relationship is implied by 
the basic viscosity-temperature Equation (III-6h), namely: 

S 
H - H 400C 

(VIII-2b) 
e + 0.1127 

where the specified viscosity value of a given oil should be substituted 
into the viscosity function H at the arbitrary reference temperature e. 

From these two independent relationships between the two unknown 
quantities Sand H 400C the Slope Index S can readily be solved. 
This can be performed most conveniently by plotting the straight-line 
relationship between Sand H 400c defined by Equation (VIII-2b) in 
one of the pertinent Figs. VIII-6, VIII-7 or VIII-B. The point of 
intersection of the resulting straight line with the appropriate line 
of constant density, refractive index or molecular weight*), res
pectively, yields the Slope Index of the oil considered. 

It may be recalled that, as delineated at the end of the preceding 
§ VIII. 3,2 and § VIII. 3.3, respectively, the density and the re
fractive index of a given mineral oil need neither be known neces
sarily at the adopted standard reference temperature of 40°C. Con
sequently, the foregoing findings may indeed be summarized in the 
following generalized conclusion**): 

The viscosity-temperature dependence of mineral oils can be ob
tained, to a good approximation, solely from their viscosity grade 
and one of the physical constants density, refractive index or 
molecular weight, irrespective of the particular 'reference tem
peratures involved. 

B. CONVERSION OF KINEMATIC INTO DYNAMIC VISCOSITms Fa:< MINERAL OILS WITH UNKNOWN 
DENSITms 

The density correlation depicted in Fig. VIII-6 may also be utilized 
in an ,inverse manner, that is for estimating the density d 400C of 
the oil considered from its Slope Index and its viscosity grade T/4ooC' 
In this way density*~'*) estimates can readily be achieved that 
normally prove accurate within about 1%. As seen from Fig. VIII-6, 
this accuracy cannot be upheld for very fluid oils, as for such oils 
the significance of the density as an influential quantity is compar
atively small and finally even vanishing. Fortunately. the differen
tiation as to the densities of these very fluid oils is also comparatively 
small, so that fair estimates can still be made. 

This ;'inverse" application may be particularly valuable in the 

") Since the molecular-weight correlation of Fig. VIII-8 has also been defined analytically by 
Correlation (VIII-lOa), the Slope Index of the oil considered can likeWise be obtained by elim
inating H400C from Equation (Vm-2b) and the latter correlation • 

.. ) It stands to reason that this correlation will apply primarily to the conventional temperature 
range • 

.... ) Similarly. Fig. VllI-7 can be employed for predicting the refractive index n400C of mineral 
oils, the deviation normally being within about O. fP/o. 
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numerous cases where only kinematic viscosities have been reported. 
Now, these can readily be converted into the corresponding dynamic 
viscosities - which, in contrast to kinematic viscosities, are really 
significant in the theory and practice of lubrication - once the 
appropriate densities have been estimated by means of the sub
sequent trial-and -error method. 

As a first approximation some intermediate value is assumed 
for the density at 40°C, say, d 400C '" 0.900 g/cm3 ; from this value 
the densities at the involved temperatures are estimated by using 
the appropriate density-temperature coefficient listed in Table VIII-9, 
that is ad/at -6.3' 10-4 g/(cm 3 • deg C). After converting the 
specified kinematic into the corresponding dynamic viscosities by 
means of the densities assumed the Slope Index and the viscosity 
function H 400C of a given oil are calculated from the basic viscosity
temperature Equation (III -6h). 

Then, a plot of the latter two quantities. in Fig. VIII -6 permits 
reading off a certain value for d 400C' Usually, however, the latter 
value will differ more or less from the arbitrarily assumed value 
d'lOoC := 0.900 g/cm 3 • Although it might be tried to establish a still 
more appropriate value for d 400c by repeating the above procedure 
with a newly adjusted d 400C -value, it has been found that, f0rtunately, 
such further tryings need not be made, Indeed, the d 400C -value 
first read }rom Fig. VIII -6 cannot appreciably be improved along 
these lines~>' 

Finally, from the predicted value of d400C the densities at the 
desired temperatures can easily be calculated according to the pro
cedure presented at the end of § VIII. 3.2. 

Two concrete examples for illustrating the foregoing method are 
provided in Appendix VI1I-2 at the end of this chapter. 

It may be pointed out that the latter method for converting ki
nematic into dynamic viscosities proves to be a very rapid one. The 
author has frequently applied this method for evaluating numerous 
important kinematic-viscosity data found in the literature, which data 
otherwise could not have been used with sufficient reliability in the 
various investigations involved. 

VIII. 4. DISCUSSION 

VIllA. 1. Comparison of the Various Correlations Developed 

The four newly developed correlations for predicting the viscosity
temperature dependence of mineral oils - both natural and saturated -
have proved to combine simplicity and reliability. Thus, they 
are very suitable indeed for practical application. In addition, they 
lend themselves very well to correlational pztrposes . 

• ) The reason for this fortunate circumstance is that, as indicated above, over comparatively wide 
viscosity ranges the density d400 C is practically solely determined by the Slope Index. whose 
value proves to be hardly affected by the involved small differences between assumed and estim
ated densities that have successively been used for converting kinematic into dynamiC viscosities. 
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Two types of correlations have been advanced in the present study: 
a, In Section VIII. 2 a correlation has been devised for predicting 

the Slope Index of mineral oils with known viscosity grade 
solely from their chemical constitution. In fact, for this par
ticular purpose their chemical constitution has proved to be 
represented satisfactorily simply by the total percentage of 
carbon atoms in ring structure. CR. 

b. In Section VIII. 3 three correlations have been developed for 
estimating the Slope Index of mineral oils with known viscosity 
grade from one single, easily assessable, physical constant. 
The following physical constants have been employed success
fully: density. refractive index and molecular weigllt. 

Whilst the correlation based on the chemical constitution of the 
oils is very convenient for predicting their viscosity-temperature 
relationship, its value would lie primarily in furnishing some in
sight into the relevant effect of their chemical constitution proper. 
Thus, this correlation may be very helpful in preparing oils with 
the desired viscosity-temperature characteristics. 

The three physical-constant correlations have the weighty advantage 
over the latter correlation that they constitute really straighlforwa'rd 
tools. Accordingly, for practical applications these correlations with 
easily assessable physical constants are more attractive. The cor
relation involving only the density of the oil as a parameter is the 
most accurate one of the three; its overall accuracy tends to be even 
slightly better than that of the correlation based on the chemical 
constitution of the oils. 

All in all, for practical applications the density correlation is 
definitely to be preferred. 

VIII. 4. 2. Further Discussion of the Validity Ranges of the New 
Cor're lations 

Besides the aforementioned total of 360 mineral oils representing 
a really wide variety of origins and chemical constitutions, various 
additional 'oils (not specified here) have been employed in verifying 
the applicability of the new correlations, The relevant results have 
proved to substantiate fully their applicability, even somewhat beyond 
the ranges of Slope Indices and viscosity grades 11400c covered 
by the data on the aforementioned variety of 360 mineral oils. 

The extensive ranges of Slope Indices and viscosity grades for 
which the three physical-constant correlations have been checked 
are approximately comprised by the two converging dashed lines 
in Fig. VIII-9 (see also Fig.I-l). 

As indicated inFig. VIII-9, these two dashes! lines are fairly closely 
approximated by the outmost straight lines"') - relating to C R 25 
and CR '" 75 - of the correlation with chemical constitution depicted 
in Fig. VIII-2. In this connection, it should be pointed out that the 
n-d-M method, which has invariably been used for determining the 
carbon-type composition of the oils, may not safely be applied when 

") Further, the intermediate straight line relating to CR '50 and the straight line for very fluid 
oils have been replotted from Pig. VIII -2. 
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FIG. VIII-g. 
Validity Ranges of the New Viscosity-Temperature Correlations at a Standard Reference 

Temperature of 40°C. 

C R exceeds 75 or when CA > 1. 5 CN' This is the reason why the 
correlation based on this carbon-type composition is bound to have 
a somewhat narrower validity range than the three physical-constant 
correlations. 

All in all, the applicability range indicated in Fig. VIII-9 f01' the 
three Physical-constant c01-reiatiolls may be ta/zeu to represeut 
practically the full range of Slope Iudices and corresponding vis
cosity-grades Tl400C exhibited by all the divC'/gent kinds of milleral 
oils known so far (excepting extremely viscous ones). These include 
not only mineral oils obtained by conventional refil1ing methods -
denoted as "natural" lIIille yal oils -, but even completely hydrogenated 
saturated - samples, 

Possibly, these physical-constant correlations would yield less 
reliable results for certain mineral oils whose "natural" character 
has been drastically modified by applying rather extreme refining 
methods or such oils might even fall somewhat beyond the applic-
ability indicated in Fig. VIII-9. It should be how-
ever, apart from the numerous mineral by 
complete (analytical) hydrogenation - even such products 
as highly (tromatic extracts and "hydrolubes" obtained .by destructive 
hydrogenation have proved to comply almost equally well with these 
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correlations. 
latter correlations have also been applied successfully to 

several mineral oils containing sma]] amounts of additives. Indeed, 
their Slope Indices and to a smaller extent - their viscosity grades 
are, in general. hardly affected by the presence of a few per cent 
(by weight) of additives. However. when the density or the re-
fractive "index used as a correlational variable, it mav be advisable 
that this be properly corrected. " 

Of course, conspicuous deviations from the present physical-con
stant correlations will be observcd for polymer-blellded mineral oils; 
that is oils whose Slope Index has been specifically decreased by 
the addition of a substantial amount of some "VI-improver". The 
latter point will be elaborated in § VIII. 4.6, 

In order that the indicated applicability ranges of the various cor
relations may be grasped and memorized more easily, familiar and 
widely employed measures of both the (kinematic) viscosity-tem
perature dependence and the (kinematic) viscosity grade of mineral 
oils have been included in Fig. VIII-9. 

The three constant-VI lines - relating to VI's of 0, 50 and 100 
have been replotted from Fig, VIII-5, It may be remarked that. in
deed, this has been done merely in view of the familiarity 
with the VI, which constitutes an otherwise dubious quantity (compare 
Chapter VI), 

Fig. VIII-9 further indicates the approximate ranges of Slope Indices 
and viscosity grades 11400C covered by the well-known SAE standard 
for Classifying crankcase lubricating oils in terms of their viscosity 
grade 154). The "SAE Viscosity Numbers" have found almost universal 
use in lubrication practice; further particulars on them are given 
in Appendix VIII-3 at the end of this chapter. 

Each of the kinematic viscosities - indicating the viscosity ranges 
covered by the various SAE Viscosity Numbers - listed in Table 
VIII-!! of the latter apoendix corresponds to a distinct linc in the 
S-H400C diagram of Fig. VIII-9. The conversion of these kinematic 
into dyna1nic viscosities - for the various possible S-values - con
stitutes another interesting application of the procedure described 
in part B of § VIII. 3, 5. Remarkably enough, the lines indicating 
the ranges of Sand H 400C covered by these SAE Viscosity Numbers 
all prove to be straight, at least within the accuracy of the afore
mentioned conversion method. 

From Fig. VIII-9 it is seen that the various SAE Viscosity Num
bers correspond to ranges of Sand 11400C that are indeed located 
well within the applicability range of the correlations under discus
sion. 

On the other hand. this diagram is very convenient for readily 
determiningO') the SAE Viscosity Number of a given mineral oil from 
its dynamic viscosity-temperature relationship as described by Equa
tion (III-6h). Similarly, each of the present correlations is very 
suitable for predicting the SAE Viscosity Numbers of mineral oils. 

Further, the following remarks may be made on the Slope Indices 

*) Thus, one is no longer committed to the two standard reference temperatures of the relevant 
SAE standard, that is 0 and 210°F (-17.8 and \lB, \joC). 
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associated with the SAE Viscosity Numbers indicated in Fig. VIII-9. 
a. Each of the SAE summeY-grade viscosities, that is SAE 20, 

30, 40 and 50, covers the entire range of Slope Indices found 
amongst mineral oils of the pertinent viscosity grades. 

b. The same holds for the winter-grade viscosities represented 
by SAE 20W, even though the lower viscosity limit at 210°F 
has been specified in addition to the lower and upper' limits at 
OOF (see Appendix VIII-3). 

c. In contrast to the other SAE Viscosity Numbers, the numbers 
SAE lOW and particularly SAE 5W cover only part of the Slope 
Indices found amongst mineral oils of the pertinent viscosity 
grades. 

Finally, a diagram quite similar to Fig. VIII-9 has been prepared 
for the standard reference temperature of 100°C (212°F)*). 
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FIG. VIll-IO, 
Validity Ranges of the New Viscosity -Temperature Correlations at a Standard Reference 

Temperature of IOOoC, 

The resulting Fig. VIII-lOis particularly convenient in that the latter 
temperature is very close to 210°F, which constitutes a standard 

.) The "triOlISit iOl1al" viscosity indicated by point K' amount. to 11 K' ,. 0,947 cP, 
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reference temperature for both the VI-system and the SAE summer
grade viscosities. 

VIII. 4. 3, The Compatibility of Pure Hydrocarbons Witlt the New 
Correlations for Mineral Oils 

The present correlations have been designed specifically for mineral 
oils, that is for mixtures of an enormous variety of (essentially) 
hydrocarbon compounds. Accordingly, the specific effect of any of 
these individual compounds on the physical properties of such complex 
mixtures will be hardly detectable, The latter feature may be so con
ceived that certain "averaging" effects are obtaining in mineral oils, 
the individual compounds tending to lose their identity. In fact, it is 
this very feature which permits the development of, for instance, 
quantitative correlations for predicting the viscosity-temperature 
dependence of mineral oils from their chemical constitution and/or 
from easily assessable physical constants. 

Consequently, it may by no means be inferred that individual, pure 
hydrocarbons would likewise be compatible with the present correla
tions for estimating the Slope Indices of - both natural and saturated -
mineral oils. On the contrary, the foregoing considerations would 
suggest that pure hydrocarbons might show considerable deviations 
from these correlations, particularly those hydrocarbons whose struc
ture differs widely from the average chemical constitution of the 
normally encountered types of mineral oils. 

As regards the compatibility of pure hydrocarbons with the eor
relation employing the pereentage of carbon atoms in ring structure, 
CR, as a parameter (see Section VIII. 2), it may be recalled that this 
percentage C R is significant only as a statistical quantity indicative 
of the "average" chemical constitution of the component hydrocarbons 
of a particular mineral oil (see also § 11.2.2). B1,It for individual 
hydrocarbon compounds the percentage CR - or any other such 
statistical quantity - can, by definition, no longer possess its statis
tieal significance. 

In aceordance with the foregoing considerations it has indeed 
been found that application of the latter correlation to pure hydro
carbons may yield Slope Indices very much in error. 

With respect to the conformance of pure hydrocarbons to the three 
physical-constant correlations of Section VIII. 3 the situation appears 
to be somewhat better. A priori, it may be stated that each of these 
correlations would equally apply to pure hydrocarbons if the three 
correlational variables involved - the viseosity 'function H '~OoG, the 
Slope Index and either the density or the refractive index or the 
molecular weight - were strictly additive in pure-hydrocarbon mix
tures, irrespective of the number of components involved. 

Now, the molecular weight is strictly additive in terms of molar 
fractions, whilst the density and the refractive index of such mixtures 
generally are approximately additive in terms of both weight and 
volume fractions. Further, the viscosity function H 40°C and' the Slope 
Index of pure-hydrocarbon mixtures may be taken additive in terms 
of either weight or volume fractions but in general only to a first 
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TABLE VW-10 

Pelcentage Deviations lIetween Experimental and Predicted Slope Indices of 40 
Pure Hydrocarbons 

Compoulld Expelimelltal Data 

PSU "l40OC. d40OC. Slope 
.,.3s"> 

No. 
Structural Formula 

cP g/om3 Index 

512 C6 - C -Ca 1.455 0.749 1.03 -6 
I 

C 

570 (X) 1.489 0.855 0.95 +2 

trans 

533 C=C- C13 1.700 0.761 1.00 -2 

532 n - Cl5 1.900 0.755 1.00 -1 

C 

567 00 2.13 1.006 0.99 +l 
~ A 

569 CO 2.21 0.882 0.98 +2 

cis 

573 D-clO 2.37 0.797 1.00 +1 

571 OC1O 2.46 0.B42 1.00 +3 

516 0«-0 2.72 0.984 0.97 +10 

C 

C C C C 
t I I I 

556 C-C-C-C-C-C-C 2.84 0.787 1.02 -1 
I I I 

C C C 

572 OC10 3.19 0.805 1.00 +2 

540 n-CZO 4.16 0.775 1.00 +1 

520 Oc-c-Q 4.36 0.860 1.06 +5 

518 01-0 4.62 0.879 1.0'1 0 

C 

25 C
8

- C-CS 6.61 0.'189 1.09 -5 
I 

CR 
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CONTINUATION OF TABLE VW-IO 

Compound Experimental Data 

PSU '1140OC. d40OC. Slope ,,/.Bs"> 
No. 

Structural Formula cP g/cm3 Index 

2~ C10 - C - C10 ~,4u 0.791 1.08 -u 
I 
C5 

3 C6 -C-C15 8,20 0.'191 1,09 -5 
I 

C4 

ClO - C -ClO 
I 

67 C 8.61 0.'190 1.13 -S 
I 

C-C-C 
I 

C 

22 C5 - C - C4 - C - C5 B.67 0.~94 1,19 -13 
I I 

C5 C5 

63 CB-G-Cn 8.91 0.'19u 1.08 -5 
I 

CB 

64 C'"2;C," 9.5'1 0.B20 1,10 -3 

544 03' 9.95 O,B60 1.10 +6 

559 03 10.33 0.914 1,15 +10 

~ .&' 
CS - C-CS 

I 
B8 

0 
11,22 0,843 1,15 -1 

'IS C·-6Cl1 12,36 0,824 1,15 -5 

111 D-C3 - ~ - C3-(] 12,59 0,845 1.12 +2 

CB 

12 01-0 15,56 0,905 1.16 ... 12 

C13 
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COOTINUATION OF TABLE Vm-10 

Compound Experimental Data 

PSU 'lJ40OC. d40oC. Slope 
"/oSs°) 

No. 
Structural Formula 

cP g/cm3 Index 

175 cO 16.00 0.855 • 1.10 +7 

C15 

174 a6 16.00 0.901 1.14 +13 

::... I .& 

134 C12 -C -C13 19.14 0.806 1.05 -1 
I 
C12 

D- C3 -1- C3-(] 

113 C3 20.7 0.876 1.17 +7 

6 
o-C2-

7 
-C2-o 

89 C2 23.1 0.994 1.30 +14 

6 
575 oSO 23.3 0.968 1.26 +15 

19 OC2-7- C2-Q 26.0 0.853 1.27 -7 

C8 

65 o-c-~-c-Q 30.9 0.850 1.27 -8 

C13 

125 ceo 37.0 0.889 1.28 +3 

o-C2-1- C2-Q 

131""> 0.891""> 90 

6 
1.52 -11 
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CONTINUATION OF TABLE VIU-lO 

Compound 

l'SU 
Structural Formula '140oC. d400C;. 

Nq. cP g/cm3 

5'14 cxSD 409 1.036 2.04 +2 

122 g-~:8 615 0.919 1. '10 -10 

1'19 ~ ~ '.&' 684 1.011 1.'10 +15 

*) 'foas = 100 
Spred - Sexp 

Sexp 

"") Extrapolated data 
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approximation (compare Chapter XII). All in all, when the afore
mentioned correlations are used to predict the Slope Indices of pure 
hydrocarbons, conspicuous deviations are very likely to occur in 
several cases. 

Whilst the latter conjecture has indeed appeared to be correct, it 
has simultaneously been found that for the great majority of the many 
pure hydrocarbons tested the predicted Slope Indices were not con
siderably in error. Particularly the correlation employing the density 
of the oil as a parameter permits predictions of the Slope Indices 
of pure hydrocarbons that may be deemed at least semi-quantitative. 

In order to convey an impression of the deviations involved the 
density correlation of Fig. VIII-6 has been applied to a great variety 
of 40 ~ure hydrocarbons taken at random from API Research Project 
42 139• 1.12). In Table VIII -1 0 all these compounds are arranged 
in order of increasing viscosity grade l')40oC. In addition to the ex
perimental densities and Slope Indices, the percentage deviations be
tween these experimental and the predicted Slope Indices have been 
included. On the whole, the deviations appear to remain fairly small; 
in fact, such predictions may well be acceptable for several (semi
quantitative) purposes. 

VIII. 4, 4. The Viscosity- Temperature Coefficients and "Activation 
EneriJies for Viscous Flow" of Mineral Oils 

A. APPLICATION OF ~HE NEW CORRELATiONS 

As stated in § VI. 3. 1, the viscosity-temperature coefficient {3 
- defined by Equation (VI-3) - represents the relative change of 
viscosity per temperature unit. It has been related to the Slope Index 
and the viscosity grade of a given liquid as follows: 

{3 = 1. 316 . 10-2 S (log l') + 1. 200). (VI-5a) 

As also indicated in § VI. 3. 1, in theoretical studies on the vis
cosity-temperature characteristics of lictuids the use of the clc>sely 
related quantity E vis is frequently preferred. In Eyring's theory 
of viscous flow (see § III. 1. 1) the latter quantity has been denoted 
as the "activation energy for visco].:.':: ~JW". It is important to note 
that essentially the same quantity has emerged from the great ma
jority of viscosity theories irrespective of the particular model as
sumed for viscous flow. 

The relationship between this activation energy for viscous flow 
and the viscosity-temperature coefficient has been shown to read: 

(VI-B) 

On the basis of Equation (VI-5a) the viscosity-temperature coef
ficients of mineral oils can readily be predicted from each of the 
four new correlations for estimating their Slope Indices. Confining 
oneself again to the standard reference temperature of 40°C, the 
latter equation is rewritten as: 



-214-

(VI-5) 

At the same standard reference temperature Relationship (VI-B) 
between Evis and {3 becomes: 

where E vis is expressed in kcal!gmole. 
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Vi~COSity-Temperature Coefficients and "Activation Energies for Viscous Flow" of Mineral Oils 
According to the New Correlatipns, 

For several groups of mineral oils characterized by a common 
value of the parameter used in the correlation concerned, both vis
cosity-temperature criteria, i3400C and (E vis ) 40°C, have been cal-
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culated according to the .bove procedure. In Fig. VIII-ll the predicted 
values have been plotted as a function of the viscosity grades 17 400C 
of the oiL" considered. 

Since for very fluid mineral oils one and the same straight-line 
relationship between Sand H400C has been upheld in each of the 
four correlations under consideration, these oils are depicted by a 
sing1? line in Fig. VIII-1I. But for oils with viscosity grades 1741)0C 
exceeding 2.43 cP - indicated by point K in the latter figure - the 
differentiation as to both {34ooc and (E vis) 40°C. increases rapidly 
with their viscosity grade. 

Fig. VIII-ll demonstrates that for the members of a group of 
mineral oils characterized by a common percentage C R both vis
cosity-temperature criteria increase strongly with their viscosity 
grade, the more so the higher the particular C R -value. 

In addition to the three lines relating to CR -values*) of 25, 50 
and 75, one constant-density line has been drawn, namely for 
d 40°C = 0.900 g/cm 3. Whilst the lines of constant C R are markedly 
convex towards the (logarithmic) viscosity axis, the constant-density 
line is conspicuously concave downward; a similar trend is observed 
for other density values. 

From the underlying correlations it will be clear that the lines 
of constant refractive index, n 40°C, when plotted in Fig. VIII-ll, 
are quite similar to those of constant density. 

Finally, a line of constant molecular weight (M = 380) has been 
drawn through the intersection point of the depicted lines relating 
to C R = 50 and to d400C = 0.900 g/cm 3 • It may be added that 
similar lines would result for other M-values. Thus, within a group 
of mineral oils showing a common molecular weight both viscosity
temperature criteria increase very strongly with their viscosity grade. 

B. MINERAL OILS WITH A COMMON RING NUMBER 

Particularly in connection with the aforementioned concept of the 
activation energy for viscous flow it would be interesting to intro
duce yet another correlation for predicting the viscosity-temperature 
dependence of mineral oils. 

This correlation employs the total ring number, R, of the oils 
for estimating their Slope Index solely from their viscosity grade. 
Thus, it constitutes a second correlation with their chemical con
stitution. The reason why it has not been included in the appropriate 
Section VIII. 2 consists in that its correlational accuracy is not fully 
on a par with that of the foregoing correlations (Sections VIII. 2 and 
VIII. 3) and more particularly with· that of the correlation based 
on the carbon-type composition of the oils. Yet, it certainly con
stitutes a fairly accurate correlation, which may be advantageously 
employed for normal practical purposes. In fact, the relative average 
and standard deviations in the predicted Slope Indices of all the 360 
mineral oils - both natural and saturated - indicated in § VIII. 1. 2 
amount to no more than about 3 and 4%. respectively. 

0) It may be noted (compare § VIll. 2. 2) that the lines relating to CR = 25 and CR " '/5 comprise 
nearly the entire range of values encountered for 13400C and (Evis)40OC amongst natural mineral 
oils. 

L ... 
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Their Total Ring Number. 
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The new correlation*) has been depicted in Fig. VIII-12. The curves 
relating to higher ring numbers are peculiar in that they fall rather 
sharply for the more viscous oils. 

Application of the latter correlation for calculating the activation 
energies for viscous flow (or the viscosity-temperature coefficients) 
of the members of various mineral-oil groups with a common 
number has yielded the results plotted in Fig. VIII-13. 

This figure demonstrates that for the members of a mineral-oil 
group cnaracterized by a particular ring number not exceeding about 
R 2 the activation energy for tJiscous flow increases regularly 
with their viscosity grade. F01' groups with higher ring numbers, 
however, the most remarkable result has been achieved that the ac-

") The present correlation shows some resemblance to the one developed by Waterman and his as
sociates for estimating the VI of sat U rat e d mineral oils solely from their ring number, R (see 
§ VIIl.l.I, part A). The validity of the latter correlation has been verified for ring numbers 
from about 2.G to 4.0, and vI's from about -40 to +130. 

According to the present correlation of Fig. VIII-Ill, Waterman's correlation may be upheld 
only for oils of comparable viscosity grades, even if it is confined to saturated samples. 
Indeed, it would appear that Waterman's correlation has been checked only for saturated mineral 
oils exhibiting relatively small variations in their viscosity grade. 
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According to tIle Correlation of Fig. VIJl-12. 

tivatzon energy for viscous flow approaches a certain .limiting value, 
which is characteristic of the particular group, 

The latter finding implies that for all the various members of such 
a group whose viscosity grades exceed a certain "critical" level 
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the activation energy for viscous flow is substantially C:etermined 
solely by their (average) ring complex. Or in other words, as soon 
dS within such a group of mineral oils the (average) total length 
of paraffinic side chains attached to the latter ring complex has 
reached a ce.'tain "critical" value, it has no longer any appreciable 
effect on the re< ulting activation energy for viscous flow; but the 
viscosity grade still increases regularly with increasing chain length. 

It should be realized that mineral oils naturally consist of a com
plexity of (essentially) hydrocarbons, so that their (apparent) activa .. 
tion ener'gies for viscous flow ,cannot simply be compared with 
those of pure compounds. Nevertheless, on the basis of the concept 
of the "average" mineral-oil molecule (see § II. 2. 2) the observed 
dominating effect of the ring complex of mineral oils on their ac
tivation energy for viscous flow would seem quite plausible. 

The feature that within a given series of interrelated liquids the 
(apparent) activation energy for viscous flow approaches a certain 
maximum value for the more viscous members is well known from 
studies on the viscosity-temperature characteristics of long-chain 
polymers. For two polymer series exhibiting this feature, namely 
(linear) polymethylsiloxanes 17,27,48,12,145,146) and polyisobutylenes 75) , 

the activation energies for viscous flow have been included in Fig. 
VIII-I 3. 

However, the reason for the constancy of E vis for the more vis
cous members of such polymer series must be essentially different 
from that for the constancy of E vis in the aforementioned mineral
oil series. In fact, for such polymer series the latter feature is 
generally attributed to the tendency of the long-chain molecules to 
become coiled, so that they commence to move in se~ents rather 
than as individual units. The consequent "segmental flow" is more 
pronounced according as the molecules are more flexible. Accord
ingly, in Fig. VIII-I 3 the unusually flexible polymethylsiloxanes 
are seen to reach their limiting value of E vis at a much lower vis
cosity level than the rather branched polyisobutylenes. 

For comparison the activation energies for viscous flow of the 
n-paraffins 77: 139-141) have also been depicted in Fig. VIII-13. How
ever, since these liquids become solid already at relatively low 
viscosity grades, a similar constancy of their E vis cannot be ob
served. 

As compared with the two depicted series of flexible long-chain 
polymers the groups of mineral oils characterized by a common 
ring number are seen to reach their limiting value of E vis at re
markably low viscosity grades. Moreover, in such mineral-oil groups 
the latter. value is approached rather abruptly. 

VilLA. 5. Application of the Atmospheric-Isobar-Pole Concept to 
Homologous Groups of Liquids 

In part A of § VIII. 2, 3 it has been shown that, to a good approx
imation, the (atmospheric) viscosity-temperature isobars of all the 
various members of a group of mineral oils characterized by a 
common percentage C R constitute a fan when these are plotted in 
the basic H -0 chart. The point of convergence in the latter chart 
has been termed the "atmospheric isobar pole". 
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It would seem very interesting to investigate whether the relevant 
pole concept may also apply to truly homologous groups of pure 
hydrocarbons and particularly to those homologous groups of non
hydrocarbon lubricating oils that are important in modern lubrication 
practice. 

This can conveniently be checked by plotti~g the Slope Indices, 
S, of the various members of a particular homologous group against 
their viscosity expressed in terms of H, (at the standard 
reference temperature a r ). As elucidated in part A of the afore
mentioned § VIII. 2. 3, a definite atmospheric isobar pole may be 
assigned to a particular homologous group if the various members 
conform well to a straight-line relationship in such an S-H, diagram. 
In accordance with preceding results on the relationship between 
Slope Index and viscosity grade in various homologous groups of 
liquids - described in Chapter VI (see in particular Figs. VI-3 and 
VI-5) - a standard reference temperature of 100°C (212 OF) has been 
adopted in the present investigation. 

Thus, in Fig. VIII-14 the Slope Indices of the members of several 
divergent homologous groups have been plotted against their viscosity 
grades HlOooe. FOr comparison the straight lines for three mineral
oil groups chara~terized by a common percentage CR have been 
depicted, namely those relating to C R -values of 25, 50 and 75; 
further, the common straight line for very fluid oils, that is with 
viscosity grades 1') 100°C not exceeding O. 947 cP (indicated by point 
K' ), has been included (compare Fig. VIII -10). Moreover, the straight 
lines indicating the SAE summer-grade viscosities, that is SAE 20, 
30, 40 and 50, .have been replotted from Fig. VITI-10, 

Indeed, it has appeared that up to relatiyely high viscosity grades 
the various members of each homologous group considered do con
form well to the straight-line relationships between Sand H 100°C 
depicted in Fig, VIII-14. In fact, such a linear relationship may 
generally be taken to hold good up to at least the highest viscosity 
grades encountered in mineral lubricating-oil practice, say, up to 
viscosities 1') 1000e of 50-100 cP (compare Figs. VI-2 and VI-3). At 
the highest viscosity grades considered in Fig. VIII-14 the Slope 
Indices may start to vary less than indicated by the correspond
ing straight-line relationship; in fact, in the range of very high 
viscosity grades the Slope Indices of homologous groups would ap
proximate a constant value, which is characteristic of a particular 
group (compare § VI. 2. 3 and Fig. VI-3). 

A similar linear relationship between Sand H 1000 e has been found 
to hold good for all the other homologous groups tested· so far. 
Consequently, the (atmospheric) viscosity-temperature isobars of the 
various members of such homologous groups do form a fan when 
these are plotted in the basic H-a chart. 

As previously found for mineral-oil groups with a common percentage CR. the atmospheric isobar 
poles of the chlorotrifluo,oethylene polymers27 • 72,142,144) and the (meta-linked, unsubstituted) pol~. 
phenyl ethers23b) are situated in the region of very low viscosities and extremely high temperatures). 

0) Since the produced part of the straight line depicted for the chlorotrifluo,oethylene polymers in 
Fig. VIll-14 passes through the "transitional" point K' of mineral oils, the corresponding atmos
pherIc isobar pole h'lPpens to be located on the atmospheric isobar pole line established for mineral 
oils (see § VII. 2. 3, part A). In fact, the pole of these chlorotrifluoroethylene polymers would 
coincide With that for mineral oils having a common percentage CR of 51. 
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The atmospheric isobar poles of the other homologous groups of synthetic lubricatlng oils depicted 
In Fig. VIII-14, namely the pOlyproPl-lene and rly(ethylene-propylene) glycol derivatives 72,ll4b) 
and the Ilnear polymethylsiloxanes 7,27,48,7 ,145,146), are located In the opposite region of the 
H-0 chatt, that is the region of extremely high viscosities and very low temperatures. 

As lndicated already In 6 VI.2.1, the Slope Indices of all the n -parafflns depicted, that is from n-Go 
up to n-GS4' show invariably one and the same value, namely S " 1.00. Accordlngly, In the basic 
H -0 chart the viscosity -temperature isobars of all these n -parafflns constitute a family of par a II e 1 
straight llnes, their common slope amountlng to unity. To keep In harmony with the present pole 
concept the homologous group of n-parafflns may thus be taken to have an atmospberic isobar 
pole located at lnflnity. 

Sum mar i z in g, it has indeed proved possible to extend the ap
pUcability of the atmospheric-isobar-pole concept to any of the 
homologous groups of liquids considered hitherto. 

VIII. 4, 6. The Viscosity- Temperature Relationship of Polymer-Blended 
Mineral Oils 

A. INTRODUCTION 

During the last decades, the addition of long-chain polymers to 
mineral base oils with the object of improving tneir ViSCoslty-tem
perature qualities has assumed considerable practical importance. 
Amongst the many types of polymers proposed three have achieved 
wide-spread usage, namely polyisobutylenes, polymethacrylates and 
polyalkylstyrenes. 

Besides an increase of the viscosity grade of a given base oil, 
such polymers bring about a relative flattening of its viscosity-tem
perature curve. The latter means that the resulting blend displays 
a viscosity-temperature curve which is flatter than that of a strmght 
mineral oil having the same (increased) viscosity grade as the 
produced blend but the viscosity-temperature quality - normally ex
pressed in terms of the VI - of the base oil. Accordingly, such 
polymers are commonly denoted as "VI-improvers", 

In order to avoid the ambiguities and irregularities inherent in the 
VI-system (see Chapter VI) the indicated improvement of the vis
cosity-temperature quality of the base oil will be treated here in 
terms of the new viscosity-temperature criterion, the SJope Index. 
It is then found that the Slope Index of the blend is smaller than 
that of the base oil; or, in other words, the DVI of the base oil 
has been raised. The aforementioned polymers will appropriately 
be termed /lDVI-improvers". 

The indicated beneficial action of DVI-improvers may thus be con
sidered to consist in that their viscosity-increasing effect ("thickening 
power") on a given base oil is relatively greater at higher than at 
lower temperatures, that is as compared with a straight mineral 
oil showing the same viscosity grade as the blend but the Slope In
dex of the base oil. This temperature-dependent effect of a DVI
improver on the viscosity of a given base oil is generally ascribed 
to a high degree of coiling of the polymer chain at lower temperatures 
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and an uncoiling with t'lsmg temperature. 
The degree of coiling of the polymer chain is primarily governed 

by two factQrs - both generally increasing with temperature -. namely 
the flexibility of the chain and the solubility of the polymer in a 
particular base oil. Thus, it becomes clear that the Slope Index of 
a given base oil can be decreased most effectively by using some 
flexible iong-chain polymer which is poorly soluble in the oil at low 
temperatures but so soluble at high temperatures that it there as
sumes an almost completely uncoiled form. 

B. THE VISCOiITY -TEMPERATURE COI!I'l'ICIENTS 01' POLYMER-BLENDED MINERAL oas 

It should be emphasized that DVI-improvers need not necessarily 
lower the viscosity-temperature coefficient (or the activation energy 
for viscous flow) of the base oil. In fact, this quantity may also 
remain substantially constant or may even increase markedly. 

----tlll_- 'l.40"c' cP 

Base Oil 

1.2 

1.0 

D 

s '" !OWl"/. Polylsobutylene 

CUl"ve of Constant,.s 40'1::: 

III 

flG. VIII-15. 
Viscosity-Temperature Dependence of a Series of Polymer-Blended Mineral Oils. 

These things are illustrated in Fig. VID-15. where the Slope Indices 
of a .given base oil and three blends prepared from it. by the ad
dition of different types of long-chain polymers have been plotted 
against the corresponding viscosity grades H 400C 1'1); moreover. this 
figure represents the relationship between Slope Index and viscosity 
grade - on the basis of Equation (VI-5) - for the various blends 
that would display the same viscosity-temperature coefficient f3400C 
as the base oil. Whilst for the po1yalkylstyrene-containing blend of 
Fig. VIlI-15 the viscosity-temperature coefficient is practically iden-
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tical to that of the base oil, the viscosity-temperature coefficient 
of the polymethacrylate-containing blend is considerably lower and 
that of the polyisobutylene-containing blend markedly higher than that 
of the base oil. 

Consequently, in accordance with theory the viscosity-temperature 
coefficients of blends prepared from a given bal3e oil depend rather 
strongly on the particular polymer employed. Similarly, as will be 
illustrated below. the quantitative effect of a given polymer on 
different base oils may vary rather widely from one oil to another. 

Nevertheless. as discussed by Bondi 20,21), the viscosity-tem
perature coefficien'fs of a large number of commercial polymer
blended mineral oils come fairly close to that of the base oil. More
over, deviations from this simple behaviour would be qualitatively 
predictable from information on the flexibility of the polymer chain 
and the solubility of the polymer in the base oil employed 21}, 

Unfortunately, it may be deemed well-nigh impossible to predict 
quantitatively the effect of a particular polymer on a given base oil, 
if only because the solvent action of mineral oils is very complex. 
It is true that some interesting correlations for predicting the latter 
effect have been established - notably by Wuellner and Brannen 155) -, 
but these would appear to be of rather limited applicability and would 
not lend themselves to generalization*>' 

C. THE PRESENT METHOD FOR CHARACTERIZING THE EFfECT OF POLYMERS ON THE VISCOSITY

TEMPERATURE RELATIONSHIP OF A GIVEN BASE OlL 

It stands to reason that the correlations developed in Sections 
VIII. 2 and VIII. 3 for predicting the Slope Index of mineral oils can
not be applied to polymer-blended samples (compare § VIII. 4. 2), 

However, the present mathematical framework and more partic
ularly the a,tmospheric-isobar-pole concept (see § VIII. 4.5) have 
proved very useful for simply characterizing the effect of polymers 
on the viscosity-temperature relationship of a given base oil. The 
new characterization method is based on two findings now to be out
lined. 

a. In the first place it has been established that over a very wide 
concentration range the relationship between the Slope Indices 
and the viscosity grades He of a series of blends prepared from 
a given base oil by adding varying amounts of a particular polymer 
is substantially linear. Thus, like the (atmospheric) isabars of 
homologous groups of liquids and of mineral-oil groups charac
terized by a common percentage CR, the isobars of such a series 
of blends constitute a fan when they are plotted in the basic H-0 
chart. In fact, the present finding represents another interesting 
application of the atmospheric-isobar-pole concept. 

In general, the aforementioned linear relationship between Sand 
Hr. for a given polymer/base-oil combination can be upheld for 
blends covering the very wide concentration range from at least 
2 to 30 per cent by weight of polymer. In fact, 1n the majority 

0) This also applies t{i the "generalized" correlation recently proposed by Wright and CrouseI56}. 
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of systems tested the base oil itself also proved to conform 
very well to the straight-line relationship between Sand Hr es
tablished for such a series of blends. But in certain systems the 
base oil was found to comply markedly less with the latter relation
ship. 

b. In the second place it has been found that, to a good approxi
mation, the straight lines resulting in an S-Hr diagram by adding 
different polymers to one and the same base 011 converge towards 
one single point, which coincides with, or at least comes close to, 
the point depicting the base oil. This finding has been illustrated 
in Fig. VIII-IS for four very divergent kinds of mineral oils*), 
each oil being blended with three well-known types of polymers 157). 

The latter finding can be shown to imply that in the basic H-8 
chart the (atmospheric) isobar poles of different polymers added 
to the same base oil would be located on one single straight line 
- the isobar pole line characterizing the base oil considered -, 
which coincides with, or at least comes close to, the (atmospheric) 
H -8 isobar of the base oil. 

Along the above lines a really simple method has been achieved 
for characterizing the effect of polymers on the viscosity-temperature 
relationship of a given base oil. In fact, once the location of the 
aforementioned point of convergence in an S-Hr diagram (such as 
Fig. VIII-I 6) has been established for a given base oil, only one ex
perimental blend is required for determining, over a very wide con
centration range, the relationship between the Slope Indices and the 
viscosity grades H r of the series of blends obtained by adding vary
ing amounts of a particular polymer to this base oil. 

Finally, it may be stated that if one confines the present method 
to interrelated base oils and/or polymers, further simplifications 
may well be achieved. 

APPENDICES 

Appendix VIII-I. The Atmospheric Isobar Pole Line 

Correlation (VIII-3a) of § VIII. 2. 2 may be rearranged to: 

H _ [_ 101 + 0.2000J '" S{8 [ 101 - 0.1127J} 
3,0 (C R - 7) 3.0 (C R - 7) 

(VIII-3c) 

From the latter expression it is readily seen that the viscosity
temperature isobars of mineral oils characterized by a common per
centage C R are represented in the basic H - 0 chart by a family of 

.) It should be noted that base oil "H" and particularly base oil "I" represent rather extreme types 
of mineral oils. Accordingly. these oils may be taken to permit a severe test of the validity . 
of the present finding. 
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straight lines emanating from one single point, which is termed the 
"atmospheric isobar pole". 

Denoting the coordinates of this pole by Ha and 0". the relevant 
equations can be read from Equation (VIII-:3c), namely: 

101 
H + 0.2000 

a 
3.0 (C R - 7) 

(VIII-5a) 

and 

100 
0 = - - 0.1127. a 

3.0 (C R - 7) 
(VIII-fia) 

Furthermore, the percentage C R can be eliminated from the latter 
two expressions. This leads to the following linear relationship be
tween the pole viscosity Ha and the pole temperature 0 a: 

Ha = 1. 01 0 a + 0.3138. (VIII-4) 

Consequently, in the basic H-0 chart the pole coordinates Ha and 
0 a are located on one single straight line, irrespective of the per
centages C R involved. This straight line, represented by Equation 
(VIII-4), constitutes the "atmospheric isobar pole lille" 

Appendix VIII-2. Examples of the C0l1ve1'sion of Kinematic iuto 
Dynamic Viscosities for Mineral Oils With Unk/lown De/lsities 

(see ~ VIII. 3. 5, part B) 

A. KINEMATIC VISCOSITIES AT 100 AND 2100r BEING SPECIFIED 

For the arbitrarily chosen Pennsylvania oil F-22 of Table VIII-2 
the experimental kinematic viscosities at 100 and 210°F (37.8 and 
98. 9°C) are specified as: 1I1000 F = 85.3 cS and 112100 F = 9.63 cS. 

As a first approxi~ation it is assumed that its density d .. ooc 
amounts'to 0.900 g/cm3 • Employing the density-temperature coeffi
cient ad/at = -6.3 . 10-4 g/(cm 3 • deg C), it would follow: d1000F= 
= 0.901 g/cm3 and d2l00F = 0.863 g/cm 3 • Therefore, the dynamic 
viscosities would amount to: TJ 100°F = 76.7 cP and TJ 210°f = 8. 32 cP. 
Substituting the latter viscosities into the basic viscosity-temperature 
Equation (III-6h), it would follow that S = 1. 24 and H 400C = O. 48~'). 

Plotting the latter values of Sand H 400C in Fig. VIII -6 yields 
- as a second approximation - the density value d 400e; = 0.867 g/cm3 • 
As compared with the experimental value d400C = 0.864 g/cm 3 the 
latter estimate proves to be very good indeed. According to Equa
tion (VIII-9), the estimated density d400c = 0.867 g/cm 3 cor
responds to the following density values at the present reference 
temperatures: dlOOoF = 0.868 g/cm3 and,d2l0oF = 0.829 g/cm 3 • 

Using the latter density data and the aforementioned experimental 
kinematic viscosities, one finally arrives at the following dynamic 

OJ It suffices to specify only tWO decimal places of the viscosity function H400(;' 
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viscosities: T/ 100°F = 74.0 cP and T/2100f = 8.00 cPo The deviations 
from the experimental viscosities, being T/ lOOoF = 73.8 cP and 
T/ :;l,PF = 7.98 cP, lie well within the experimental accuracy, 

II. KL'\f.}.I,\TJC VISCOSITY AT 210°f AND VISCailTY INDEX BEING SPECIFIED 

For the arbitrarily selected Gulf Coast oil F-67 of Table VIII-2 
the experimental kinematic viscosity at 210°F and the Viscosity Index 
are specified as: vZlOof = 8.89 cS and VI 1~; From these data 
its kinematic viscositr; at 100°F is found, by means of the ASTM 
Viscosity-Index tables 28), to amount to ~'1000F = 125.9 cS. 

As described in the foregoing part A of this appendix, the density 
values dwuoF = 0,901 g/cm 3 and dZlOoF 0,863 g/cm 3 will first 
be tried. The corresponding dynamic viscosities would be: 71 1000F 
= 113.5 cP and 71 2100F 7,67 cPo By means of the basic viscosity
temperature Equation (III -6h) these viscosities would yield the values 
S 1. 47 and H-lo"c = 0,50. 

Applying Fig. VIII-6 then gives, ,as a second approximation, the 
density value d,woc = 0,916 g/cm'!, which proves to be in good 
agreement with the experimental value of 0.910 g/cm3 • Accordin~ 
to Equation (VIII -9), the estimated density d .. ooc = 0, 916 g/ cm 3 
corresponds to the following densities at the present reference 
temperatures: d 10001' = 0.917 g/cm3 and d 2100f 0,880 g/cm 3 • 

By means of the latter densities the following dynamic viscosities 
are finally derived from the aforementioned experimental kinematic 
viscosities: 7110001' = 115.4 cP and l1:noof = 7,82cP. The deviations 
from the experimental data, that is 11]0001' = 114.8 cP and T/ZlOof 
= 7.76 cP, are again well within the experimental accuracy. 

Appendix VIII-3. SAE Crankcase-Oil Viscosity Classificatioll. 

In practice the viscosity grade of crankcase lubricating oils is 
generally specified in terms of their "SAE Viscosity Number"154), 
Each such number corresponds to a particular range of viscosity 
grades. 

As the relevant SAE standard aims at classifying crankcase oils, 
in terms of their viscosity grade only, at temperatures near to those 
at which the oils are intended to operate, two standard reference 
temperatures are employed, namely OOF (-17. 8°C) for the so-called 
Winter-grade viscosities (indicated by the suffix "W") and 210°F 
(98. g0C) for the summer-grade viscosities, 

The official values indicating the viscosity ranges covered by the 
various SAE Viscosity Numbers are expressed in SUS (SAE J300). 
For information only, the corresponding (approximate) kinematic 
viscosities, in cS, have been listed in the later standard SAE J309. 
All the pertinent data are reproduced in Table VIII-ll. 
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TABLE VIU-ll 

SAE Crankcase-Oil Viscosity Classification 

Viscosity Range 

SAE At OOF (_17.80 q At 210°F (98. gOG) 

Viscosity 
Minimum") Number Maximum Minimum I\laximum 

SUS cS SUS cS SUS cS SUS cS 

5W - - 4,000 869 

lOW 6,000""> 1,303 <12,000 2,606 
20W 12,000-) 2,606 4B, 000 10,423 
20 45 5.7a <58 <9.62 
30 58 9.62 <70 <12.93 
40 70 12.93 < ~ij <lB,71 

50 85 16. 17 <no <22.68 

0) Tbe Viscosity of oils included in tbis classification sball not be less thall 39 SUS (3.86 cS) 

at 210°f, 

•• ) Minimum viscosity at OOf may be waived proVided Viscosity at 21Uof is not below 40 SUS 
(4.18 cS). 

-} Minimum viscosity at 0°" may. be waived provided Viscosity at 210°F is lIot below 45 SUS 
(5.73 cS). 
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CHAPTER IX 

THE VISCOSITY-PRESSURE RELATIONSHIP OF MINERAL OILS: CORRELA· 
TION WITH CHEMICAL CONSTITUTION AND PHYSICAL CONSTANTS 

IX.!. INTRODUCTION 

IX.!.!. Background 

As elucidated in Chapter I of this thesis, the pressure dependence 
of the viscosity of oils may be of paramount importance in various 
engineering applications, primarily in the field of hydrodynamic lu
brication. It is no wonder, therefore, that numerous investigators 
have attempted toestablish'correlations*) for estimating the viscosity
pressure relationship of lubricating oils. notably mineral oils, either 
through the sole use of (physical) quantities that are easily asses
sable at atmospheric pressure or directly from their chemical con
stitution. 

In the present chapter attention will be concentrated upon the pre
diction of the viscosity-pressure variation of mineral oils. 

It is well known that for correlational purposes the chemical con
stitution of mineral oils can suitably be expressed in terms of the 
"Waterman analYSiS", notably in terms of the carbon percentages 
CA: CN and Cp (see § II. 2. 2). 

As regards the existing correlations employing atmospheric quan
tities it appears that most of these are based on some parameter 
that is claimed to be representative of the atmospheric temperature 
variation of viscosity. In addition, straight physical constants such 
as atmospheric density - taken at some standard reference temper
ature - are frequently utilized. 

The existing correlations with chemical constitution and with straight 
physical constants are discussed in § IX. !. 2. The many correlations 
involving the use of some quantity that would be representative of 
the atmospheric Viscosity-temperature dependence will be considered 
separately in Chapter X. 

Furthermore, it should be emphasized that a basic difficulty en
countered in all such correlational attempts consists in casting the 
isothermal viscosity-pressure relationship into as simple an analytical 
form as possible (having a minfmum number of parameters) in order 
to make correlation easier. Moreover, in order to cover a wide 
temperature range the parameters employed for characterizing the 
latter (isothermal) relationship should be known functions of temper
ature or, preferably, they should be substantially independent of 
temperature. 

"} Critical reviews of such correlations have been presented by Blok84). by Hcney and Hopklru2fl) and 
by Dow37}. 
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Unfortunately, nearly all formulas hitherto employed for the iso
thermal viscosity-pressure relationship are unsatisfactory in that 
simplification has gone too far. But oversimplification is bound to 
limit the applicability of any correlation based on these particular 
formulas. 

In fact, the great majority of correlational attempts proves to be 
essentially based on the assumption that the oversimplified Barus 
Equation (IV.:la) would sufficiently characterize the isothermal vis
cosity-pressure relationship of mineral oils. Further, the viscosity
pressure coefficient, tt, in the latter equation varies rather strongly 
with temperature, the relevant variation being very different from 
one oil to another. 

IX. 1. 2. Previous Investigations 

A. CO<RELATION WITH CHEMICAL CONSTITUTION 

From the extensive investigations carried out by Dow and asso
ciates36,3'1) it has appeared that at the same standard reference tem
perature paraffinic mineral oils often possess a smaller viscosity
pressure coefficient, tt, than naphthenic samples. This, however, 
appe ars to be no general rule. Accordingly, it is not surprising that 
they did not succeed in establishing some satisfactory correlation 
between the viscosity-pressure coefficient of mineral oils and their 
carbon-type composition. 

In fact, in a fairly recent paper30) Kuss clearly demonstrated 
that no such correlation between the viscosity-pressure coefficient 
and the carbon-type composition can be achieved that is generally 
applicable to mineral oils. 

Moreover, from the latter finding Kuss drew the rather sweeping 
conclusion that characterization of the chemical constitution of mineral 
oils in terms of their carbon-type composition does' not suffice for 
determining their viscosity-pressure behaviour. However, as discus
sed by Roelands et al.44) , this conclusion is overgeneralized and 
cannot be upheld~'). 

Indeed, Roelands et al. 44) have succeeded in establishing a really 
convenient correlation which permits satisfactory predictions of the 
effect of pressure on the atmospheric viscosity of mineral oils 
solely from their carbon-type composition. This correlation has been 
based on the mathematical framework developed in the same paper 44}, 
the expression for the isothermal viscosity-pressure relationship 
being identical to the two-parameter Equation (IV-3). The corres
ponding complete viscosity-pressure equation (compare § V. 4.2) has 
the desirable feature that its (three) parameters are SUbstantially 
independent not only of pressure but also of temperature. Now, these 
three characteristic parameters have been found to be related very 

") It should be added that, in a private discussion with the present writer, Prof. Kuss has admitted 
that this conclUSion has indeed been intended to apply specifically to correlations based on the 
viscosity -pressure coefficient a:, which actually cOllstit-utes the only viscosity-pressure criterion 
employed in his investigation30). 



L 

-231-

simply to the carbon-type composition of the lnineral oil considered, 
in fact to the constitutional criterion (CA + 1.5 C N). 

The resulting correlation has been derived exclusively on the basis 
of original data on 20 well-defined mineral oils. It has further been 
checked successfully for various mineral oils for which sufficient 
data are available in the literature. 

Although this correlation has been verified over fairly extensive 
ranges of atmospheric viscosity, temperature and pressure, it would 
be very desirable yet to extend its applicability range. In addition, 
in view of the expressions developed in Chapter IV for the viscosity
pressure relationship, the attractive mathematical framework em
ployed in the latter correlation could still be simplified considerably. 

B. CrnRELATlON WITH ATMOSPHERIC PHYSICAL CONSTANTS 

" 

In general, the many attempts to establish correlations for predict
ing the viscosity-pressure dependence of mineral oils from (easily 
measurable) atmospheric physical constants have met with only very 
limited success (see Dow36.3~), Blok84), Kuss29•13) and Hersey and 
Hopkins26». A Variety of physical constants prove to have been 
tried out, but only a few more or less quantitative correlations 
could thus be achieved. 

The atmospheric den:;ity - taken at some standard reference tem
perature - has been advocated by several inves tigators as a suitable 
quantity for estimating the viscosity-pressure dependence (at the 
same standard reference temperature) of mineral oils. The consequent 
correlation has been suggested by Kadmer158). It has been elaborated 
by Grunberg159 ,160) on the basis of the extensive viscosity-pres
sure data compiled by Kuss29). In fact, Grunberg claimed that 
at the adopted standard reference temperature of 25°C (77'\<') a 
linear correlation would exist between the viscosity-pressure coef
ficients and the atmospheric densities of the great majority of min
eral oils considered; but more or less extreme types, notably aro
matic extracts, proved to deviate conspicuously from the latter cor
relation (compare Kuss29». 

A nearer analysis carried out by the present writer has led to the 
conclusion that the assumption of a unique correlation, at some stand
ard reference temperature, between the viscosity-pressure coeffi
cients and'the atmospheric densities of mineral oils is generally far from 
adequate. This has been elucidated - in connection with new find
ings - in § IX. 4. 2. 

Dow and Fink36,3~), like most other investigators~ based their 
correlational attempts on the assumption that mineral oils would 
conform to Barus's simple Equation (IV-1a). However, they did not 
use the viscosity-pressure coefficient a of that equation but a related 
quantity, which proves to be defined by a/In no' They stated that, 
at a standard reference temperature of 100"F (37.8°C), the latter 
quantity would bear a close correlation to the aniline point of the 
oils. The resulting correlation - indicating a greater value of a/In no 
with decreasing aniline point - was put into a simple analytical 
form. 
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Further, it should be mentioned that Dow and Fink had little suc
cess in attempting to correlate their viscosity-pressure quantity 
a/In no with properties that they consider of more fundamental sig
nificance, for instance atmospheric density, atmospheric refractive 
index, molecular weight, Viscosity Index, paraffinic content, aro
matic content, hydrogen-carbon ratio and rings per molecule. 

As regards Dow and Fink's correlation with the aniline point of 
mineral oils the present author has found that for many oils this 
correlation does yield acceptable predictions of their viscosity-pres
sure coefficients, a. But for other oils, particularly the less vis
cous ones, the predicted a-values may be in error by 25 to 50% 
and even more. Consequently, Dow and Fink's correlation cannot 
be upheld for general application to mineral oils either. 

It would appear that hitherto only Kuss 30) has succeeded in de
vising a correlation between the viscosity-pressure dependence of 
mineral oils and atmospheric physical constants which does yield 
acceptable results throughout. Moreover, Kuss's correlation has the 
attractive feature of being applicable in a fairly wide temperature 
range. 

This correlation permits predicting the viscosity-pressure coef
ficient, a, of a given mineral oil from its aniline point and its den_ 
sity (at the temperature concerned), the latter quantity being properly 
corrected for the presence of carbon atoms in aromatic-ring struc
ture-"). The relevant correction of the experimental density is per
formed similarly to the procedure adopted ba; Waterman and asso
ciates in their so-called lI-n-d method38 •4 ). Accordingly, apart 
from the indispensable atmospheric viscosity at the various temper
atures involved, Kuss's correlation requires a knowledge not only 
of the aniline point and of the atmospheric density at these various 
temperatures, but also ()f three atmospheric physical constants 
needed for applying the aforementioned correction, namely viscosity, 
density and refractive index at the standard reference temperature 
of 200 C (68Op) used in the lI-n-d method~'~'). 

First of all, it should be emphasized that in general the vis
cosity-pressure coefficients predicted by means of Kuss's correlation 
for very divergent kinds of mineral oils may be deemed quite satis
factory. 

Unfortunately, this correlation involves a comparatively great 
number of physical constants, so that it is rather cumbersome to 
use. Further, it has the same fundamental drawback as most of the 
other correlations proposed, namely that it is based on the as
sumption that the oils would conform to the simple Barus equation. 

Kuss 's very important correlation will be discussed more thoroughly 
- in connection with newly developed correlations - in § IX. 4. 5. 

C. MISCIlLLANEOUS INVESTIGATIONS 

Apparently because of the very limited success of previous at
tempts to correlate the viscosity-pressure variation of mineral oils 

0) Thus. this corrected atmospheric density would represent that of the corresponding sat u rat e d 
sample. 

eo) Preferably. the sulfur content of the milleral oil should also be Mown. 
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with atmospheric physical quantities or with their chemical con
stitution, Blok84) delineated a novel approach in which mineral 
oils were classified according to "naturally" homologous groups'.'). 
Primarily on the basis of his findings for the particular naturally 
homologous group of Pennsylvania oils Blok postulated that, in a 
viscosity-pressure diagram, the isotherms of all members of each 
such group would form one single family of non-crossing curves. 
This is a most remarkable result, because off-hand one might ex
pect a se/Jarate family of isotherms for every individual member of 
the group. 

As a consequence of Blok's postulate, the trend of any isotherm 
of any member of a naturally homologous group would be completely 
defined solely by its atmospheric viscosity. Or in other words, to 
the accuracy embodied into this postulate, all oils of such a group 
would show identical isotherms at temperatures so adjusted that their 
atmospheric viscosities are equal. 

Particularly in view of the rather discouraging results of the many 
previous correlational efforts, Blok's approach should be deemed an 
important contribution in the present field. The really simple inter
relationship disclosed between the viscosity-pressure dependences 
of mineral oils belonging to some naturally homologous group might 
be taken as a convenient starting-point in trying to achieve some 
generalized correlation. Conversely, for any naturally homologous 
group the validity of such a generalized correlation can readily be 
checked on the basis of Blok's postulate (see also § IX. 3.4). 

Using the extensive experimental data obtained in the scope of the 
well-known ASME pressure_viscosity project27), Chu and Cameron161) 
recently produced a set of three correlations for estimating the 
viscosity-pressure variation of mineral oils. In their investiga
tion mineral oils are denoted as "naphthenies" if their aniline point 
is below 90°C (194°F), the other oils being termed "paraffinics". 
Whilst for the thus -defined naphthenics they advocated the use of a 
correlation originally proposed by Worster162) for application to 
mineral oils in general, they developed two new correlations for the 
thus -defined paraffinics. 

Irrespective of the underlying viscosity-pressure equations, Chu 
and Camer.on' s correlations imply that both in the group of paraf
finies and in that of naphthenics the viscosity-pressure variation 
would depend only on the atmospheric viscosity of the oil considered; 
or in other words, the pressure effect on its atmospheric viscosity 
would be independent of its chemical constitution (compare Blok's 
aforementioned postulate). 

However, such a sweeping assumption readily proves to be very 
far from adequate. Whilst Chu and Cameron's overgeneralized cor
relations may be of some value for qualitative or even certain 
semi-quantitative purposes, they obviously may not be relied upon 
in making quantitative estimates of the viscosity-pressure depen
dence of mineral oils. 

Chu and Cameron's correlations will also be discussed more thor-
oughly - in connection with new findings in § IX. 3.4 • 

• ) Actually. Blo1< used the term "similar" for indicating such groups. 
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L,{. 1. 3. The Pre sent Approach. 

From the foregoing discussion it may be concluded that still a 
real need exists for more generally applicable and more convenient 
correlations that would permit satisfactory predictions of the pres
sure effect on the atmospheric viscosity of mineral oils either from 
their chemical constitution or from atmospheric physical constants. 

The importance of a suitable mathematical framework for such 
correlations can hardly be overemphasized. Now, as elucidated in 
the subsequent Section IX. 2, the newly developed expressions for 
characterizing the viscosity-pressure relationship of mineral oils 
(see Chapters IV and V) would seem very feasible for correlational 
purposes. In fact, it could be shown that only' the Viscosity-Pressure 
Index, Z, at some standard reference temperature, needs to be 
known in order to evaluate the pressure effect on the atmospheric 
viscosity of mineral oils over a wide range not only of pressure 
but also of tempe,yature. 

Accordingly, the present approach aims at devising correlations 
for estimating their Viscosity-Pressure Index, again at the standard 
reference temperature of 40°C, from their viscosity grade 110 400C 
and either their chemical constitution or atmospheric physical c'on
stants. It should be pointed out that the present approach to the 
Viscosity-Pressure Indices ~ooc of mineral oils is rather analogous 
to that described in the preceding Chapter VIII for their (atmospheric) 
Slope Indices. 

Experimental Data 

The search for generalized correlations that would permit satis
factory estimates of the viscosity-pressure dependence of mineral 
oils has long been hampered by the lack of reliable experimental 
high-pressure data on representative samples. In addition, the oils 
tested have frequently been specified insufficiently, particularly with 
respect to their chemical constitution. 

Fortunately, the indispensable basic data have gradually become 
available, notably in the scope of the famous ASME pressure-vis
cosity project 27) and of Kuss IS extensive high-pressure investiga
tions29 ,30,13). 

The results of the present study are based on reliable experimental 
data on 74 mineral-oil fractions. As regards their origin and chem
ical composition, these fractions may be considered representative 
of the entire range of natural mineral oils known so far. In addition, 
some fully hydrogenated samples have been included. 

Table LX-I lists the various investigations from which these basic 
data have been taken. The viscosity grades 110400C' the (atmospheric) 
Slope Indices, So' and. the Viscosity-Pressure Indices Z400 C of the 

,various oils'~) are compiled in Table IX-2. All these oils have been 

0) The author wishes to express his sincere' gratitude to Prof. E. Kuss, at the Institut fUr ErdolforscllUng 
in Hannover, for generOUSly placing at his disposal the complete series of accurate experimental 
viscosity data on the carefulty selected, representative group of mineral oils coded K-l through 
K-29. The author's best thanks are due also to Prof. Gg.R.Schultze. director of the latterin
stitute, for his kind co ,operation. 
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TABLE IX-I 

Specification of Mineral Oils Included 
in the Present Investigation 

Investigation Ref. Number 
of Oils 

Kuss 29,30 31 
Roelands e t al. 44 20 
ASME 27 16 
Dow et al. 35 7 

Total 74 

specified already in Table II-I, where their chemical constitution 
is characterized in terms of the n-d-M method and where several 
appropriate physical data are collected. For fu'rther particulars con
cerning the data of Table II-I reference may be made to the rel
evant explanation given in Chapter II. 

As regards the Viscosity-Pressure Indices ~ooc listed in Table 
IX-2 H should be ,pointed out that practically all of them have beell 
derived on the basis of experimental data for the pressure range 
up to about 1,000-2,000 kgf/cm2 (14,000-28,000 psi). The cor
responding atmospheric Slope Indices, So, have invariably been 
determined from the viscosity data available in the temperature range 
between 20 and 1000C (68 and. 212°F). 

IX,2. THE MATHEMATICAL FRAMEWORK FOR THE PRESENT 
CORRELATIONS 

As indicated already at the end of § VII. 3. 1, the complete vis
cosity-temperature-pressure Equation (V-la) can be substantially 
simplified if its applicability is confined to mineral oils. This ac
crues from the finding - described in the same § VII. 3. 1 and il
lustrated by Fig. VII-3 - that for all the various kinds of mineral 
oils tested the temperature effect on their viscosity-pressure de
pendence follows one and the same simple pattern. 

IX. 2. 1. The Isotherm Pole Line 

One of the basic features incorporated into the complete viscosity
temperature-pressure Equation (V-la) has been shown to consist in 
that any given liquid is characterized by a particular viscosity-pres
sure pole, so that its family of isotherms is depicted in an H-II 
chart as a fan. Essentially the same thing is implied by saying that 
with varying ten1perature its Viscosity-Pressure Index, Z, changes 
linearly with its atmospheric viscosity function Ho. 

For all the various kinds of'mineral oils investigated so far it 
can now mathematically be deduced from the above-discussed Fig. 
VII-3 that in an H-II chart their viscosity-pressure poles are located, 
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TABLE 1X-2 

Experimental and Predicted Viscosity -Pressure Indices Z4QoC of Representative Mineral Oils 

Experimental Data Z 400C Predicted from '10, {OoC Plus •••• 
Oil 

Code·) '10 ,40oC'cP So Z4QoC CR do,40oC nO,40oC (n -d) 0, {OoC 

K-1 260 1.24 0.58 0.57 0.60 0.63 0.57 
K-2 134.9 1.30 0.62 0.62 0.65 0.68 0.63 
K-3 101.0 1.27 0.61 0.63 0.65 0.66 0.66 
K-4 159.2 1.26 0.60 0.58 0.62 0.64 0.59 
K-5 147.2 1.40 0.69 0.67 0.67 0.66 0.70 
K-6 110.9 1.42 0.73 0.69 0,73 0.79 0.69 
k-7 58,9 1,18 0.62 0,66 0,64 0.63 0.65 
K-8 67,6 1,50 0.80 0,77 0,81 0.8.5 0.78 
K-9 328 1,47 0,70 0,72 0,70 0,78 0,67 
K-10 62.4 1.30 0.67 0.69 0,71 0.73 0,70 
K-11 246 1,39 0,66 0,65 0,69 0.74 0.67 
K-12 408 1.35 0.65 0,68 0.66 0.70 0,65 
K-13 1,686 0,97 0,68 0.74 0.77 0.72 
K-14 7,16 1,09 0.66 0,69 0.65 0.68 0.66 
K-15 2,93 1,04 0,72 0.76 0,76 0.77 0.75 
K-16 12,90 1,14 0.67 0.62 0,62 0,63 0.63 
K-17 31,8 1,19 0,66 0,68 0,68 0.68 0,68 
K-18 36,6 1,27 0,69 0.66 0,67 0,69 0,67 
K-19 27,3 1,31 0.72 0.72 0.70 0,71 0.69 
K-20 33,5 1.23 0,64 0.67 0,66 0,66 0,67 
K-21 173,8 1,29 0,60 0,62 0,61 0,60 0,63 
K-22 139,5 1,27 0.61 0.64 0.61 0,58 0.64 
K-23 355 1.34 0.60 0,58 0.57 0.56 0.59 
K-24 83.7 1.34 0,70 0.69 0.69 0.70 0.70 
K-25 192,0 1.38 0,65 0,66 0.64 0.61 0,70 
K-26 90,0 1,52 0.83 0,82 0.80 0.83 0.81 
K-27 19,13 1.36 0.80 0,89 0,92 0,85 
K-28 127.6 1.76 0,93 1.00 1.02 0.88 
K-29 1,290 1.89 0,99 0,99 0,98 0.98 0,97 
K-30 88,4 1,38 0,78 0,78 0,76 0,75 0.81 
K-31 19.00 1.32 0,79 0,79 0,79 0.82 0,78 

WR"7 8.79 1.12 0.70 0.68 0.69 0.74 0.67 
WR-'!H 7.96 1.10 0.72 0.68 0.6t> 0.66 0.68 
WR-11 1.493 0.98 0.76 0.74 0.75 0.75 0.76 
WR-18 9.12 1.21 0.84 0.85 0.84 0.87 0.85 
WR-18H 7.10 1.14 0.86 0.84 0.78 0.77 0,83 
WR-26 13.46 1.21 0.73 0.71 0.75 0.78 0.72 
WR-34 2.40 0.99 0.70 0.7t> 0.77 0.79 0.75 
WR-41 3.30 1.02 0.70 0.71. 0.70 0.75 0.70 
WR-66 7.14 1.11 0.75 0.74 0.76 0.80 0.75 
WR-56H 6.50 1.11 0.76 0.74 0.71 0.72 0.76 
WR-67 6.58 1.06 0.66 0.66 0.67 0.73 0.64 
WR-69 1.556 0.99 0.76 0.74 0.74 0.75 0.7() 
WR-76 1.683 0.99 0.72 0.74 0.73 0.74 0.73 
ilIIR-79 4.48 1.07 0.'10 0.71 0.70 0.75 0.69 
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CONTINUATION OF TABLE IX-2 

Experimental Data Z400C Predicted from 'lJo, 400C Plus" .. 
Oil 

SO~ Code") 'lJ O•40oC ,cP CR dO, 400C nO ,400C (n-d)O,40oC 

\vR-80 6.68 1.11 0.70 0.70 0.71 0.76 0,69 
WR-81 11.54 1,18 0,69 0.69 0.'12 O. '17 0.69 
WR-91 '1.6'1 1.11 0.70 0.'10 0.'12 0.76 0.70 
WR-91H 6,79 1,08 0.74 O. '11 0.68 0.69 0,'10 
WR-97 2,31 1,01 O. 'l1 0,72 0.71 0,'14 0.70 
WR-99 3,33 1,04 0.72 0,71 0.69 0.73 0.68 

A-I 25,1 1,21 0,71 0.67 0.66 0.67 0.68 
A-2 7,30 1.15 0,79 0.76 0.'15 0.7'1 0.76 
A-3 41.1 1,26 0.67 0,64 0.67 0.69 0.65 
A-4 129.4 1.26 0,60 0,60 0.62 0.60 0.63 
A-5 438 1.26 0.60 0.57 0.62 0.64 0,64 
A-6 138.7 1.25 0.60 0.60 0.61 0.59 0.62 
A-7 120.5 1.25 0.63 0.61 0.64 0.65 0.64 
A-8 119.7 1.21 0.61 0.57 0.60 0.58 0.63 
A-9 38.9 1.26 0.66 0,62 0.67 0,69 0.66 
A-10 44.7 1.39 0.83 O. '18 0.78 0.79 0.62 

A-ll 117.5 1.49 0.64 0.61 0,79 0.79 0.86 
A-12 403 1.60 0.90 0.B7 0.82 0.79 0.90 

A-13 119.4 1.50 0.87 0.83 0.82 0.81 0.68 

A-14 117.5 1.47 0.85 0.81 0,82 0.81 0.89 

A-15 58.2 1.37 0.79 0.'15 0,'10 0,64 0,79 

A-16 501 1,77 1,02 1.02 0,98 0.97 1.01 

D-1 157.6 1.42 0.'16 0,'15 0,75 0.76 0.76 

D-2 78.5 1.37 0.77 0,74 0.13 O. '13 O. '16 

D-3 30.1 1,29 0.'18 0, '13 0,75 O. '17 0.75 

D-4 427 1.35 0.63 0,62 0.62 0.63 0.65 

D-5 19.19 1.29 0.81 0.80 0,82 0.85 0.80 

D-6 382 1.58 0.87 0.83 0.84 0.84 0.8'1 

D-7 1.334 1,61 0.81 0,79 0.85 0,86 0.85 

") Refets to similarly cooed oils specified In Table D-1. 
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to a good approximation, on one single straight line, which is termed 
the "isotherm pole line". Its equation can readily be shown to read: 

Hp = 0.74 Dp + 0.1400 . (IX-1 ) 

It may be noted that the slope (0.74) and the intercept (0.1400) 
of this pole line are identical to the coordinates of the point of con
vergence in Fig. VII-3. 

H 

I 
TT.a 

---B __ - TT (In(;reosing Pressure) 

FIG. IX-I. 
The Isotherm Pole Line of Mineral Oils. 

Further, this slope value of 0.74 found for the isotherm pole line 
happens to be identical to the value established for the standard ref
erence liquids in the classification system described in Chapter VII, 
that is the series of mineral oils characterized by a common per
centage CR of 48. Thus, the isotherms of all the members of this 
particular series would be parallel to the isotherm pole line (in an 
H-II chart); nevertheless, their viscosity-pressure poles may be 
conceived still to be located on the isotherm pole line, although at 
infinity. 

The concept of the isotherm pole line has been illustrated in the 
schematic Fig. IX-I. The families of isotherms for two arbitrary 
mineral oils have also been depicted. For the sake of clearness, 
it may be recalled th.at the viscosity-pr.essure poles are located 
very far beyond the ranges of viscosity and pressure that may as
sume practical significance. 

In the space model of Fig. V -3 the isotherm pole line would be 
represented by a plane parallel to the 0-axis. Accordingly, the vis
cosity-pressure pole line of any given mineral oil would be situated 
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in the latter plane, which is termed the "isotherm pole plrme"; ob
Yiously, its viscosity-temperature-pressure pole would likewise be 
situated in this plane. 

IX. 2.2. The Complete Viscosity- Temperature-Pressure Equation jor 
Minerd Oils 

Restating the complete viscosity-temperature-pressure Equation 
(V-Ia); 

H = soe + cen + Dn + log Go. (V-Ia) 

it may be recalled that the viscosity-temperature-pressure relation
ship of a given liquid is fully characterized by jour parameters, 
Go, So I C and D. The parameters C and D have further been de
fined in terms solely of the two atmospheric quantities Go and So, 
and the coordinates of the viscosity-pressure pole, HI' and TIp, as 
follows: 

So 
C (V-2) 

IIp 

and 

HI' - log Go 
D (V-3) 

01' 

Now, by suitable combination with Equation (IX-I) for the isotherm 
pole line of mineral oils and with Equation (V -3), Expression (V -2) 
for the parameter C can be transformed into: 

C S r. D - 0.74 ) 
O\log ~ - 0.1400 . (IX-2) 

Consequently. it has been derived that for mineral oils the para
meter C is a function solely of the other three parameters occur
ring in the basic viscosity-temperature -pressure Equation (V -1 a). 
For such oils the laUer equation may therefore be simplified into: 

H = soe + So (lOg .go - _ °O:i400) en + DO + log Go· (IX-3) 

According to Equation (IX-3), only three parameters, Go' So and 
D, suffice for describing the complete viscosity-temperature-pres
sure relationship of mineral oils. This simplified equation has gen
erally proved reliable over a temperature range extending from about 
o to 150°C (32-302°F) and up to pressures of at least 3,000 
kgf/cm2 (43,000 psi). 

Further, the level parameter Go may be eliminated from Equation 
(IX-3) by substituting the viscosity grade HO,r' This leads to; 
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( D - 0.74 ) 
H - HO.r = 80(e - er ) + SO\H

o
•
r 

_ Soe
r 

_ 0.1400 en + Dn. (IX-4) 

It is seen that Equation (IX-4) requires only two parameters -
definitely the minimum number conceivable -, namely 80 and D, for 
fully characterizing the effect of both temperature and pressure on 
the viscosity grade of a given mineral oil. 

IX. 2. 3. Application in the New Correlations 

Turning more particularly to the effect of pressure on the at
mospheric viscosity-temperature relationship of mineral oils, it 
readily follows by combination of Equations (V -6a) and (IX-2) that this 
effect is satisfactorily characterized by the following expression for 
the Viscosity-Pre ssure Index, Z: 

( 
D - 0.74 ) C\ 

Z = D + So log Go _ 0.1400 ",. (IX-5 ) 

Since Go and So are atmospheric quantities, the quantity D (" Zooc) 
constitutes the only parameter that is required for fully characterizing 
the effect of pressure on the atmospheric viscosity-temperature re
lationship of mineral oils. 

Consequently, it may be stated that the complete viscosity-tem
perature-pressure relationship of a mineral oil with known values 
for the atmospheric parameters Go and So is determined by 
the pressure parameter D. The relevant Equation (IX-3) has 
claimed to hold over a very wide temperature range and up to very 
high pressures. 

In practice the parameter D (= Zo0C> of Equation (IX-5) may be 
conveniently replaced by the corresponding Z-value at some more 
appropriate standard r.:!ferenc<;! temperature, for instance 40°C. 
For this purpose Equation (IX-5) may be advantageously transformed 
into Expression (VII-Ia) of § VII.3.1. At the adopted standard ref
erence temperature of 40°C the latter expression reads: 

Z (VII-Ie) 

In accC'rdance with Equation (VII-lc) the correlations to be devel
oped in the subsequent parts of this chapter aim at predicting the 
Viscosity-Pressure Index Z400 C of mineral oils from their viscosity 
grade Ho oOc (]1ld either their chemical constitution or easily as
sessable j/liysical constants. Once a suitable correlation for predic
ting Z400C has been established, the temperature effect on Z~ooc 
can easily be determined on the basis of Equation (VII-lc) sOlely 
from their atmospheric viscosity-temperature relationship. 
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IX. 3. CORRELATION WITH CHEMICAL CONSTITUTION 

IX. 3. 1. Introduction 

A quantitative correlation between the viscosity-pressure relation
ship of mineral oils and their chemical constitution would be very 
desirable not only for prediction purposes but also for getting a 
better understanding of the underlying regularities. In fact, in the 
latter respect the chemical constitution of the oils may be deemed 
more informative than individual physical constants. 

For the present correlational purpose it has again proved very 
fruitful to express the chemical constitution of the oils in terms of 
their carbon-type composition as determined by means of the n-d-M 
method (compare § VIII. 2.1). Amongst the total of 74 mineral oils 
included in Table IX-2, 3 samples (K-I3, K-27 and K-28) had to 
be left out of consideration since their composition appears to fall 
beyond the scope of the latter method. 

The chemical constitution of the 71 remaining oils covers prac
tically the entire range where the n-d-M method may be applied. Ex
pressed in terms of their total percentage of carbon atoms in ring 
structure, CR, the compositions of the mineral oils utilized in the 
present study are seen to vary from about 25 to 75 (compare Fig. 
Vlll-I). 

IX. 3.2. The New Correlation 

From an extensive analysis of experimental data on the afore
mentioned 71 mineral-oil fractions collected in Table IX-2 the con
clusion has been obtained that, to a good approximation, the Vis
cosity-Pressure Index belonging to a mineral-oil fraction with a 
given viscosity grade is fixed uniquely by its carbon-type compo
sition. Moreover, it has appeared that, remarkably enough, it is im
material whether the carbon atoms present in ring structure are 
contained in naphthenic or aromatic rings. 

Accordingly, in the relevant correlation solely the total percentage 
of carbon atoms in ring structure*), C R, is utilized as a sufficiently 
accurate measure of the chemical constitution, or rather the carbon
type composition, of the mineral oils under consideration. 

Plotting at the arbitrarily adopted standard reference temperature*~') 
of 40°C (104°F) the Viscosity-Pressure Indices, Z, of all the various 
oils considered against their atmospheric viscosity functions Ho and 
using their percentage CR as a parameter has yielded the correl
ation depicted in Fig. IX-2 (compare Fig. VII-I). This correlation 
implies a straight-line relationship between the Viscosity-Pressure 
Index Z400C and the viscosity function HO,40oC for mineral oils hav-

.) It stanes to reason that the percentage of paraffinic carbon atoms, Cpo may be used illstead of 
CR, their interrelationship reading CR 100 Cpo 

.. ) It may already be remarked here that it would not make any essential difference if the reference 
temperature were fixed at another value somewhere in the conventional temperature range (com
pare § IX. 2.3). 
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ing a common percentage CR, Moreover, the resulting straight lines 
form alan. Their point of convergence, in Fig. IX-1 denoted by L, 
has the coordinates Ho 400C 0.1400 - corresponding to a viscos
ity 1l0.40oC = 1. 51 cP - and Z400C = 0,74. 

--~--- 'l.0.40'C·<:P 

2 10 20 

1.11----1----+----1----1----1--···--17-'75 --1-----1 

70 

1..~---~---~---~---~-.---r~--~~---,r--~ 

---1 .... _- HO.40'C 

FlG.IX-2. 
Correlation Be.tween the. V lscosity-Pressure Relationship of Mineral Oils and Their Percentage of 

Carbon Atoms in Ring Structure. 

Remarkably enough, for mineral oils with viscosity grades below 
this "transitional" viscosity 1l0.40oC = 1. 51 cP ·the percentage CR 
is no longer an influential quantity, their Viscosity-Pre ssure Index 
Z400C being a function solely of their viscosity grade (compare 
§ VII. 2.1 and particularly Fig. VII-I), The Z4ooc-values of such 
unusually fluid oils appear to be closely scattered around a single 
straight line. 

An interesting feature of the correlational diagram of Fig. IX-2 
consists in that it traces the approximate "natural boundaries" im
posed on the Z40oc-values encountered amongst natural mineral oils 
- obtained by conventional refining methods. - from all the divergent 
sources investigated so far. Indeed, the great variety of Viscosity-
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Pressure Indices Z400 C found amongst the mineral oils occurring 
in nature may be considered to be located between the two out
most straight lines of the fan depicted, that is those relating to 
CR = 25 and CR = 75. 

It stands to reason that the convergence of the various straight 
line s relating to constant percentages CR does not actually proceed 
so abruptly as indicated in Fig. IX-2. In fact, this convergence has 
been so approximated only in order that the underlying correlation 
may be cast into a simple mathematical form. Nevertheless, the 
final eorrelation has proved to hold good even in the vicinity of the 
point of convergence. 

The family of straight lines depicted in Fig. IX-2 can be represen
ted by the following mathematical expression: 

( 
800 ) Z400C = 0.74 T 230 _ C

R 
- 4.40 (Ho,400C 0.1400) . (IX-6a) 

The expression for the single line indicated for the range of very 
low viscosity grades proves to read*): 

(IX-6b) 

On the basis of the mathematical Expression (IX-6a) the new cor
relation may also be cast into a more general form. That is Ex
pression (IX-6a) can be generalized such that it may be directly ap
plied at any arbitrary reference temperature instead of only at the 
adopted standard reference temperature of 40°C. By combination of 
Expression (IX-6a) with Equation (VII-Ie) presented at the end of 
§ IX. 2. 3 the following generalized correlation is readily deduced: 

Z = 0.74 + (230 8~OCR - 4.40) (lIo - 0.1400). (IX-7a) 

The present Correlation (IX-7a) is extremely convenient in that 
at any arbitrary temperature the Viscosity-Pressure Index, Z, of 
a given mineral oil can be estimated d ire c t 1 y from its atmospheric 
viscosity and its percentage CR. 

Similarly, Expression (IX-6b) can be cast into the following gen
eralized form: 

Z 0.74 - 0.7 (Ho - 0.1400), (IX-7b) 

which applies to the unusually fluid mineral oils with viscosity grades 
110,40oC not exceeding 1.51 cP (Ho.,lOOC ~O. 1400). 

Applicability 

The new correlation in the form of Equation (IX-6a) has been 

0) This expression is ontained from Equation (IX-Sa) by substituting the hypothetical value CR=14. 
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checked for all the aforementioned 71 mineral-oil fractions desig
nated in Table IX-2. For each of these fractions - including some 
saturated samples - the predicted Viscosity-Pressure Indices Z400C 
have been listed in that table. In addition, Table IX-3 indicates the 
distribution of the deviations between experimental and predicted Vis
cosity-Pressure Indices amongst the really great variety of the 71 
oils tested. 

The latter table shows that the absolute average and standard 
deviations in the Viscosity-Pressure Index amount to only 0.021 and 
0.026 units, respectively. which figures are hardly beyond the ac
curacy inherent in the experimentally derived values. These absolute 
deviations correspond to relative average and standard deviations of 
no more than 3.1 and 3.6%, respectively. Moreover, for all the 
divergent kinds of oils tested the absolute deviation invariably re
mains within O. 05 units. 

TABLE IX-3 

Distribution of Deviations Between Experimeutal and 
Predicted Viscosity-Pressure Indices Z400C Amongst 

the Various Oils Tested 

Percentage of the Oils Tested 

Deviation Correlation Employing 110. 400C Plus"" 

laz40oC! CR dO. 400C 

0,00 16.\) 12,2 
0.01 19.7 27.0 
0.02 24.0 18.~ 

0.03 18.3 12,2 
0.04 15.5 9.6 
0.05 5.6 8.1 
0.06 2.7 
0.07 4.0 
0.08 2.7 
0.09 2.7 
0.11 
0,12 
0.15 

Average 
Deviation") 0.021 0.027 

Standard 
Deviation" 0.026 0.036 

1 i"D. 
.) Defined by - }; la d 

n i=1 

") Defined by 

no. 400C (n-d)0.40oC 

9~6 17.6 
10.8 27.0 
9.5 16.2 

12.2 20.3 
16.2 12.2 
17.6 6.7 
9.5 
1.3 
4.1 
5.4 
1.3 
1.3 
1.3 

0.042 0.020 

0.052 0.025 

It may further be pointed out that, as shown by Equation (VII-5). 
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the relative accuracy inherent in the predicted Viscosity-Pressure 
Index equals that in the corresponding initial viscosity-pressure coef
ficient, £l!i (see Section VII. 4). Therefore, it follows from the pre m 

ceding data that the relative average and standard deviations achiev
ed for the initial viscosity-pressure coefficients £l!i,400C of all the 
divergent kinds of mineral oils tested also amount to only 3.1 and 
3.6%, respectively. 

In order to give some idea of the relative errors that may occur 
in the viscosities proper when these are calculated from the basic 
viscosity-pressure Equation (IV-5e) by using the Viscosity-Pressure 
Indices Z.IOoC predicted from the present correlation, Table IX-4 
has been prepared. For a wide range of viscosity grades 110 400C 
this table shows the percentage errors in the corresponding viscos
ities at pressures of 500, 1,000, 1,500 and 2,000 kgf/cm2 (7,000, 
14,000, 21,000 and 28,000 psi, respectively) that would result from 
a deviation of 0.02 units in the Viscosity-Pressure Index Z400C of 
the, oil considered. For this Viscosity-Pressure Index an intermediate 

TABLE 1X-4 

Effect of a Deviation of 0.02 Units in Their Viscosity-Pressure Index Z400C on the Predicted Elevated-Pressure 
Viscosities of Oils With a Common Z400C = 0.75 and Varying Viscosity Grades'lO,40OC 

Reference Pressure, kgf/cm2 

"IO,400C' 500 1,000 1,500 2,000 

cP ('l/I'JO)40oC j%3'l400C/ " ('lI>,O>40oC /0/08'l400Cj W>'O)40oC /o/.3I')40OC/ ('l/'lO)40 oC j"l<>3'l40OC/ 

2 1.879 2 3.41 3.5 6.07 6 10.57 8 
10 2.52 2.5 6.04 5.5 14.03 9 31.6 12 

100 3.84 4 13.71 8 46.7 13 152.1 17 
1,000 5.81 5 31.0 10.5 154.2 17 730 23 

5,000 7.80 6 55.0 12 357 20 2,190 27 

I 
/'I)pred - 'lexp! 

') 0/.8'1)\ S 100 
'lJexp 

value of Z400C = O. 75 has invariably been employed; accordingly, 
the assumed relative error in the latter Z40oc-value amounts to 
2.7%. Besides the percentage errors in the various viscosities, the 
appropriate viscosity ratios (l1p /110 )40oC at each reference pressure 
have been included. 

Table IX-4 shows that for a constant deviation between exper
imental and predicted Viscosity-Pressure Indices the relative er
rors in the predicted viscosities increase regularly with increasing 
vise osity grade of the oils. It may be added that for a given vis
cosity grade these relative errors increase nearly proportionally 
to the difference between experimental and predicted Viscosity-Pres
sure Indices. For example, when this difference amounts to 0.04 
units, the percentage errors listed in Table IX-4 also increase by a 
factor of nearly two. 

As regards the percentage deviations collected in the latter table 
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it is only fair that these be considered in connection with the r·eally 
great viscosity variations involved. 

For properly judging or criticizing the accuracy achieved with the 
present correlation it may further be useful to report both the pres
sure and temperature*) differences that at the reference pressures 
of Table IX-4 would fully compensate the various viscosity deviations 
listed in that table. The relevant pressure and temperature. differ
ences have been collected in Table IX-5. The smallness of these 
differences convincingly demonstrates the wide practical usefulness 
of the present correlation. 

TABLE IX-5 

Pressure and Temperature Differences Compensating the Varlous V iscosity Dc
viations Listed in Table IX-4 

Reference Pressure, kgf Icm 2 

Differences 
500 1,000 1,500 2,000 

Pressure, kgf/cm2 15 30 50 '15 

Temperature, deg C 0.5-0,8 0,9-1.4 1.2-2.0 1.5 - 2 ... 

IX. 3. 3. The Isotherms and Isobars for Mineral Oils With a Com
mon Percentage Cll. 

A. THE RELATIONSHIP BETWEEN THE ISotHERMS OF ISO-GR OILS 

It may be recalled that the family of isotherms characterizing a 
given mineral oil - or any other liquid is depicted in an II-IT chart as 
a fan. Now, it can readily be shown from the correlation developed 
in the preceding § DC. 3.2 - for instance from Equation (IX-7a) -
that for a group of oils characterized by a common percentage CR 
the individual families of isotherms - one family for every member 
of the group - are depicted in an H-TI chart as one single fan. In 
other words, oils having a common percentage CR also possess a 
common viscosity-pressure pole. The position of this pole is uniquely 
determined by the CR -value concerned and is therefore characteris
tic of an entire group of iSO-CR oils. 

EXpressions for the pole viscosity Hp and the pole pressure TIp 
as a function of the percentage CR can be deduced on the basis of 
the new .Correlation (IX-7a) and Equation (IX-l) for the isotherm 
pole line. By simple algebra one arrives at the following expres
sions: 

592 + 0.3080 
C R - 48 

(IX-8) 

.) The compensating temperature variations have been estimated on the basis of the flew correlational 
Fig. X -1 yet to be discussed. 
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and 

BOO 
fir = - C

R 
_ 4B + 0.227 . (IX-9) 

It should be noted, however, that very fluid oils, that is with 
YiS(!osity grades Eo 400C not exceeding 0.1400· (110 400C ~ 1.51 cP), 
possess one and the same viscosity-pressure pole, regardless of 
tJwil' ('hemieal constitution. The position of this pole can be obtained 
from Equations (IX-B) and (DC-9) by substituting the aforementioned 
h,vpotheti('ul value CR = 14. 

B. TIlE RELATIO}lSHIP BET WEE./-: THE ISC6ARS OF ISO-CR OILS 

On the basis of the viscosity-temperature pole concept expounded 
in part B of § III. 2. 2 the atmospheric viscosity-temperature re
lntionship of a given liquid can be described by: 

(LX-I0) 

where the pole viscosity Hp displays the same value for its vis
eosily-temperature and its viscosity-pressure pole. Thus, confining 
oneself to mineral oils, the pole viscosity Hp in Equation (IX-I0) 
is determined, according to Formula (IX-B), solely by their percen
tage CR' But the other coordinate of the viscosity-temperature pole, 
the pole temperature 0p, turns out to be not a function solely of 
their percentage CR. This may be demonstrated as follows. 

It has been shown in part A of § VIII. 2. 3 that, to a good approx
imation, the atmospheric isobars of iSO-CR oils constitute a fan 
when the se are plotted in an H- 0 chart; in addition, the resulting 
atmospheric isobar poles of all the various kinds of mineral oils 
tested were found to be located on one single straight line, the at
mospheric isobar pole line. Further, after introducing the coordinates 
Ha and 0 a of the atmospheric isobar pole of a given mineral oil 
its atmospheric Slope Index has been defined by Equation (VIII-7). 
Now, substitution of the latter equation':') for So into Equation (IX-I0) 
yields: 

0- 0p 
(IX-lla) 

0-0 a 

or at some standard reference temperature 0 r , where Ho = HO,r: 

(IX-llb) 
Ho,r - Ha 

TIlP. quantities Hp , Ha and 0 a in Equations (IX-lla) and (IX-llb) 
arp zmiquely determined by the percentage CR of the mineral 
oil considered. Consequently, the pole temperature 0 p is found to 

*) It may be recalled that throughout Chapter VIII the subscript "0" - relating to atmospheric pres-
sure - has heen omitted. 
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depend not only on its percentage CR but also on its viscosity grade 1,<). 
Therefore, within a group of iso-CR oils the pole temperature 0p, 
in contrast to the pole pressure TIp, is still dependent on the par
ticular member considered. 

Accordingly, whereas all members of a group of iso-CR oils have 
a common viscosity-pressure pole, they do not show a common vis
cosity-temperature pole, their 9p-values varving from one member 
to another. Thus, plotting the isobars of the various members of 
such a group in an H - 9 chart yields a set of fans, one fan for 
every member of the group. 

Further, an interesting relationship has proved to exist between 
the individual isobar fans of the various members of a group of 1S0-

CR oils. 
It may be recalled that the atmospheric isobars of all members 

of such a group also constitute a fan when plotted in the H-0 chart. 
Now, a similar relationship between the isobars of these members 
has been found to hold at any specified reference pressure. 

In order to show up the latter relationship one may conveniently 
start from Equation (IV -7a). Replacing the atmospheric viscosity 
Ho in that equation by the appropriate expression implied by For
mula (VIII-7), one easily arrives at the following equation for the 
viscosity-temperature-pressure relationship of mineral oils: 

.!!..) (0 - 0 a )· (IX-12) 
Up 

For all members of a given group of iso-CR oils the coordinates 
of their viscosity-pressure pole, Hp and TIp, and of their atmos
pheric isobar pole, Ha and 0 a , assume the same value throughout; 
accordingly, for all these members only one parameter occurs in 
Equation (IX-12), namely the atmospheric Slope Index, So. Indeed, 
it then follows from the latter equation that at any specified reference 
pressure the isobars of all members of such a group are depicted in an 
H-9 chart as a fan, as found above for their atmospheric isobars specif
ically. 

Denoting the viscosity and the temperature coordinate of the rel
evant elevated-pressure isobar poles by He and 0 e , respectively, these 
quantities are seen to be defined by: 

(IX-13) 

and 

(IX-14) 

") An analytical expresslon relating the pole temperature 0 p of mineral oUs to their per~entage 

CR and their Viscosity grade HO ,r is readily obtained by substituting the appropriate Equations 
(IX -8). (VIII-5b) and (VW-6b) for the quantities Hp, Ha and 0a • respectively, into the present 
Equation (iX-lIb). 
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Ther'e£ore, the viscosity coordinate He varies linearly with the 
reference pressUl'e II. Hemal'kablyenough, the temperature coordinate 
0., is independent of pressure, thus being equal to that of the at
nlospheric isobar pole, 0 a .. of the group of iso-CR oils considered. 

The expounded convergence of the isobars of the members of a 
g]'ClUP of iSO-CR oils has been illustrated in the schematic Fig.IX-3. 
In this figure the isobars of three iso-CR oils have been depicted in 
an II-0 chart for atmospheric pressure and for two arbitrary ref
er'ence pressures, PI and P2' It should be noted that, in contrast 
to their isotherms, the isobars of different members of such a group 
ma,v well intersect, even in the viscosity and temperature ranges 
which assume practical significance. 

Further, it may be added that in the space model of Fig. V -3 the 
elevated-pressure isobar poles of the various members of a group 
of iso-CR oils would be located on one single straight line parallel 
to the H-II plane, the temperature coordinate being 0=0a. 

H 

----11 __ - 8 (Increasing Temperature) 

FlG.IX-3. 
Schematic Representation of the Relationship Between the lsobars of Mineral Oils With a Common 

Percentage of Carbon Atoms in Ring Structure. 

In conclusion it may be useful to point out that the convergence 
of the elevated-pressure isobars of iso-CR oils as defined by Equa
tion (IX-12) and illustrated in Fig.IX-3 is a purely mathematical 
consequence of the aforementioned convergences of all their iso
therms and of their atmospheric isobars. 
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C. THE COMPLETE VISCOSITY -TnlPERATURE'I'I~SSURE HELATlONSHlI' roa Iso-en OILS 

Considering the complete viscosity-tempet'ature-pressure relation
ship for a given liquid in the form of Equation (V-l4): 

fi fit' 
(V-14) 

it has been demonstrated that for mineral oils the coordinates Hp 
and TIp of their viscosity-temperature-pressure pole would be uniquely 
related to their percentage CR and would thus be the same for all 
members of a given group of iso-ell oils. The thil'd pole eool'dinate, 
9 p ' however, would be dependent not only on the percentage CIl but 
also on the viscosity grade, lIo r (01' Do r)' of the particular mem-
ber under consideration. • • 

Therefore, in the space model of Fig. V-3, which I'epresents the 
complete viscosity-temperature-pressure Equation (V-14), all mem
bers of a given group of iso-Ca oils would possess a common vis
cosity pole plane (II IIp) and a common viscosity-pressure pole 
line (H H p' II '" TIp), but the viscosity-temperature pole line (II 

Hp , 9 '" 9 p ) would differ from oil to oil. 

Essentially, within a givel1 group of iso-CR oils only one para
meter is required for fully chaYacterizing the viscosity-t e In per
a tu re -pressure relationship of auy individual mernber of the group, 
namely its viscosity grade, i1o. r • 

In consequence, the effects of both temperature and pressure 011 

the specified viscosity grade of all arbitrary mineral oil can be SUf
ficiently defined solely by indicating the group to which it belongs, 
that is solely by giving its percentage GI<' 

IX. 3,4. Concluding Remarks 

A. The newly developed correlation has proved a valuable and con
venient tool for estimating the viscosity-pressure relationship of 
mineral oils. In addition, this correlation may be deemed signif
icant in that it furnishes some insight into the effect of the chem
ical constitution of mineral oils on the latter relationship, so that 
it may be very helpful in preparing oils with the desired viscosity
pressure characteristics. 

According to the present correlation, the effect of pressure on 
the atmospheric viscosity - at any arbitrary temperature - of a 
given mineral oil is determined solely by its total percentage of 
carbon atoms in ring structure, CR' In other words, mineral 
oils possessing a common viscosity grade and a common percen
tage CR would display identical isotherms at the standal'd ref
erence temperature involved, irrespective of the nlannCl' in which 
their CR -values are built up from the component per'centages CA 

and eN' 

B. The new correlation is substantially simpler and more general
ly appUcable than the aforementioned l:orl'elation (f:lee part ./\ of 
§ IX. 1. 2) recently published by Hoeland:; et ({1:14) , The l'elevant 
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concerns the mathematical framework 
constitutional criterion + 1.5 util-

the previous correlation could be 
C" ). 

in the new correlation the has been found 
to the former + 1.5 ), ac-

carbon atoms in structure should 
have a somewhat greater influence than those in 
structure. In this connection it should be pointed out that the 

correlation has been based on 20 mineral oils with rather 
whilst the correlation has 

mineral oils cov-

constitution 
the present 

mentioned conclusion part A of § IX. 1. 2) that 
relation would exist between the 
of mineral oils and their 

At the same time, however, 
invalidates Kussls second conclusion: that 

of the chemical constitution of mineral oils in terms of 
would not suffice for 

behaviour part A of § IX. 1. 
it has now been proved that the effect on the 

of mineral oils is 
criterion 

.) Excepting oils whose percentage Gil lies ill the vicinity of 48. 
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it follows 
of the 

contrast, in a vis
members of 

to vary con
the variation 
of the mem-
remarks of 

Chu and Cameron's set of three correlations indicated 
of § IX. 1.2 has been compared with the present co['-

As stated 
mineral oils 
tween 
thenics 

meters, 
finies. The 
tion which 
a function 
the 
defined 

In 

the 
"Paraffinics I" to 

(IV -4), the curve labelled "l'ar'ai'
second correlation for thc above-defined 

the lines for CR -values of 

.) The plotted have been calculated by means of the basic E~ualioll (IV -5e) from 
the given at atmospheric pressure and those predicted for 1,000 (14,220 psi) • 

• , It should be added that, although a standard reference temperature of has been adopted 
in Fig. IX -4, both the correlation for naphthenics and the second correlation for paraffinics would 
apply irrespective of the particular temperature involved, the Viscosity-Pressure Index, Z, being 
a function solely of the atmospheric viscosity. '>10' 
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25, 50 and 75 and the straight line for very fluid mineral oils 
have been replotted from the correlational Fig. IX-2. 

1. 

1.0 

C HU Clnd CAMERON 

Present Correlation 

----..... - H0 ,40·C 

PIG.IX-4. 
Chu and Cameron' s Correlations in Comparison With the New Correlation of Fig. IX -2. 

Fig.IX-4 constitutes a convincing quantitative substantiation of 
the indicated roughness of Chu and Cameron's correlations. Par
ticularly the first correlation for paraffinics will normally yield 
very poor predictions (compare also the discussion on the afore
mentioned paper by Roelands et al. 44»). 

IX.4. CORRELATION WITH ATMOSPHERIC PHYSICAL CONSTANTS 

IX. 4. 1. Introduction 

In the preceding Section IX. 3 it has been demonstrated that, to 
a good approximation, the correlation between the Viscosity-Pres
Sure Index Z400 C of mineral oils and their viscosity grade 110 400C 
is fixed solely by the constitutional criterion CR. As the latter quan
tity is determined from some combination of three suitably chosen 
atmospheric physical constants42), the present correlation is equally 
fixed by any such combination. 

The reasoning presented in § VIII. 3.1 with respect to the estima
tion of the Slope Index of mineral oils leads up to the conclusion 
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that in the correlation discussed the percentage CR may be conve
niently replaced by two simple atmospheric physical constants, na
mely the density and the refractive index of the oils, these two 
quantities being taken at the same standard reference temperature 
as their viscosity grade. Furthermore, just as in the case of the 
Slope Index it would be worth-while to investigate the possibility 
of suppressing either the refractive index or the density as a cor
relational variable. 

Indeed, as will be shown below, it has been found that only one 
of the latter two atmospheric physical constants is really needed for 
defining, to a good approximation, the correlation between the Vis
cosity-Pressure Index Z400 C of mineral oils and their viscosity grade 
110 40°C' But the density has proved to permit an appreciably stric
ter correlation than the refractive index. 

Finally, a particularly satisfactory correlation has been achieved 
using the difference between the refractive index and the density 
(in g/ cm3 ) of the oils as a correlational variable. 

IX. 4.2. Correlation With Density 

For all the various mineral oils designated in Table IX-2 the 
Viscosity-Pressure Indices Z400 C have again been plotted against 
their viscosity grade Ho 4000 this time using the atmospheric den. 
sity do 400C as a parameter. As demonstrated by the resulting Fig. 
IX-5, it appeared that more or less curved lines of constant density 
could be constructed. 

The lines depicted in the latter figure relate to distinct densities 
do 400 C ranging from 0.800 up to 1.000 g/cm3

• For very fluid oils 
the unique straight-line relationship between Z400C and Ho 400C de
picted in Fig. IX-2 has been retained - for reasons of uniformity -
in the present Fig. IX-5. 

As indicated in § VIII, 3. 2 for the analogous correlation which aims at predicting the Slope Index 
of mineral oils, it has likewise appeared for the present correlation that it is advisable to apply some 
slight correction to the experimental density value when the oil considered contains an appreciable 
amount of sui fur. In accordance with the procedure outlined in the aforementioned § VII!. 2.3 
the experimental densities of the oils tested have been corrected by subtracting an amount of 0.006 
g/em3 for each wt.<1. S present") .• 

The correlation depicted in Fig. IX-5 has been utilized for estima
ting the Viscosity-Pressure Indices Z400C of all the various kinds 
of mineral-oil fractions designated in Table IX-2. For each of these 
74 fractions - including some saturated samples - the predicted values 
of Z40 0 C have been included in the same table. In addition, Table 
IX-3 indicates the distribution of the deviations between experimen
tal and predicted Viscosity-Pressure Indices amongst the really great 
variety of the 74 oils tested. 

") As indicated in Table II-I, the sulfur 'content has not been specified for the mineral oils from Refer
ences 27 and 35. But the minor differences that would have been observed in the predicted Vis
c0sity -Pressure Indices of these oils if their properly corrected densities could have been used. 
may be deemed practically insignificant, notably in view of the really great variety of oils 
utilized in verifying the present correlation. 
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FIG.IX-5. 
Correlation Between the Viscosity-Pressure Relationship of Mineral Oils and Their Density. 

The latter table shows that the absolute average and standard de
viations in the Viscosity-Pressure Index amount to no more than 
0.027 and 0.036 units, respectively, which figures are only slightly 
beyond the accuracy inherent in the experimentally derived values. 
These absolute deviations correspond to relative average and stand
ard deviations in both the predicted Viscosity-Pressure Indices Z400 C 

and initial viscosity-pressure coefficients G'i,40oC of only 3.6 and 
4.7%, respectively. 

On the whole, the indicated agreement between experimental and 
predicted Viscosity-Pressure Indices may be considered very satis
factory, certainly so for normal practical purposes~'). 

The correlational accuracy achieved by the present "d ens it Y 
co rr e 1 a t ion" appears to be somewhat inferior**) to that of the 
II c he m i c a l- cons ti tuti on co rre 1 ati on /I described in §IX. 3.2. 
However, the present correlation has the significant advantage over 
the latter that it constitutes a really straightforward method for 

.) For further paniculars on the practical significance of the deviations involved reference may 
be made to § IX,3.2, notably to Tables IX-4 and IX-5 • 

., The F -test yields a statistical confidence level exceeding 990/., 
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prqdicting the Viscosity-Pressure Indices of mineral oils. 

The present correlation also permits depicting the initial viscosity
pressure coefficient O'i.40oC - defined by Equation (VII-5) - of min
eral oils as a function of their density do 400C. using their vis
cosity grade 110 40°C as a parameter. For a' few distinct values of 
the viscosity grade this derived correlation has been shown in Fig. 
IX-6, the ranges of QJ. 400C and dO,40oc being those covered by the basic 
correlation of Fig. IX-5. 
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FIG.IX-5. 

Initial Viscosity-Pressure Coefficients of Mineral Oils According to the Correlation of Fig.lX-5. 

It should be pointed out (compare Section VII.4) that the initial 
viscosity-pressure coefficient, O'i, is very well comparable with the 
widely employed "average" viscosity-pressure coefficient, that is 
the value of 0' averaged over the lower pressure range, say, the 
range up to 1, 000-2, 000 kgf/cm2 (14,000-28,000 psi). Consequently, 
Fig. IX-6 clearly invalidates the assumption - discussed already in 
part B of § IX. 1. 2 - that, at constant temperature, the (average) 
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viscosity-pressure coefficients and the atmospheric densities of min
eral oils would be uniquely correlated. 

IX. 4.3. Correlation With Refractive Index 

Using the (atmospheric) refractive index no 400C (invariably re
lating to the sodium-D line) instead of the density dO,40oC of all 
the various mineral oils designated in Table IX-2 has yielded a 
correlation quite similar to the one described in the preceding 
§IX.4.2(comparealso § VIIL3.3). The resulting "refractive-index 
correlation" has been depicted in Fig.LX-7. The curves included in 
this figul'e relate to distinct refractive indices nO,40oC varying from 
1.440 up to 1.570. 

--...... - I1C\4o'C .cp 

O.l!-----I---~_d_--="'--f~ 
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FIG.IX-? 
Correlation Between the Viscosity -Pressure Relationship of Mineral Oils and Their Refractive Index. 

A slight correction should preferably be applied also to the experimental value of the refractive 
index when the oil considered has an appreciable s u 1£ u r' content. In accordance W itb the procedure 
outlined in 8 VIII. 3. 3 the experimental refractive indices of the oils tested have been corrected 
by subtracting 0.002 units for each WI. "/" S present (see also the relevant footnote ill the preceding 
§ IX.·~.~). 
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The correlation depicted in Fig. IX-7 has been employed for es
timating the Viscosity-Pressure Indices Z400C of all the various 
kinds of mineral-oil fractions designated in Table IX-2. For each of 
these 74 fractions - including some saturated samples - these es
timates are compiled in the same table. In addition, Table IX-3 
gives the distribution of the deviations between experimental and 
predicted Viscosity-Pressure Indices amongst the really great variety 
of the 74 oils tested. 

The latter table shows that the absolute average and standard de
viations in the Viscosity-Pressure Index amount to 0.042 and 0.052 
units, respectively. These correspond to relative average and stand
ard deviations in both the predicted Viscosity-Pressure Indices Z400C 
and initial viscosity-pressure coefficients Qi 40 0C of 5.7 and 7.0%, 
respectively"). ' 

On the whole, therefore, the present refractive-index correlation 
permits satisfactory predictions of the Viscosify-Pressuye Indices 
of mineral oils. However, its correlation,al accuracy is inferior**) 
to that of the foregoing correlation utilizing the density instead of 
the refractive index. 

IX. 4. 4. Correlation With the Difference Between Refractive Index 
and Density 

It has appeared that the accuracy inherent in the above-described 
correlations utilizing either the density or the refractive index of 
the oil can still be substantially improved by employing a linear 
combination of these- two quantities. In fact, by using simply the 
difference between the refractive index and the density - l'rovided 
that the latter is expressed in g/cm3 - a particularly satisfactory 
correlation for predicting the Viscosity-Pressure Indices of mineral 
oils has been achieved. 

The latter correlation, which has again been derived from the 
data on the 74 mineral oils designated in Table IX-2, has been de
picted in Fig. IX-8. The curves included in this figure relate to dis
tinct values of the difference (n-d)O,40oC, with d in g/cm3 , ranging 
from 0.570 to 0.660. The present correlation is seen to be quite 
similar to the two preceding ones employing the density and the re
fractive index, respectively. 

Likewise. a slight correction should preferably be applied to the difference (n -d)o, 400C for the 
sulfur content of the oil considered. Of course, this can be performed by correcting the density 
and the refractive index individually according to the procedures outlined in § IX. 4. 2 and § IX. 4. 3, 
respectively; but the same correction can be applied at once by adding 0,004 units to the ex
perimentally found difference (n -d)o, 400C for each Wt. "/0 S present. 

The correlation depicted in Fig. IX-B has been utilized for reading 
the Viscosity-Pressure Indices Z400C of all the various kinds of 
mineral-oil fractions designated in Table IX-2. For each of these 
74 fractions - including some saturated samples - these readings 
are collected in the latter table. In addition, Table IX-3 gives again 

.) For further particulars on the practical Significance of the deviations involved reference is made 
again to 8 IX.3.2, notably to Tables IX-4 and IX-5, 

"') According to the F-test, the statistical confidence level exceeds 99.9"/0. 
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FIG. IX-B. 
Correlation Between the Viscosity-Pressure Relationship of Mineral Oils and the Difference Between 

Their Refractive Index and Density. 

the distribution of the deviations between experimental and predicted 
Viscosity-Pressure Indices amongst the really great variety of the 
74 oils tested. 

Table DC-3 indicates that the absolute average and standard de
viations in the Viscosity-Pressure Index amount tonomore than 0.020 and 
0.025 units, respectively, which figures are hardly beyond the ac
curacy inherent in the experimentally derived values. These abso
lute deviations correspond to relative average and standard deviations 
in both the predicted Viscosity-Pressure Indices Z400C and initial 
viscosity-pressure coefficients ai 400C of only 2.9 and 3.60/0, res
pectively. Moreover, for all the' divergent kinds of mineral oils 
tested the absolute deviations observed in their predicted Viscosity
Pressure Indices invariably remain within O. 05 units~'). 

Summarizing, the present correlation has proved really satis
factory for estim.ating the Vis':osity.,Pressure Indices of mineral 

OJ For further particulars on the practical significance of the deViations involved reference is made 
once· again to § IX.3.2, notably to Tables IX-4 and IX-5. 
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oils. Its correlational accuracy is sub s tan t i a II y better thall that 
of the preceding density correlation (see § IX. 4.2), let alone that 
of the refractive-index correlation (see § IX. 4. 3). In fact, the cor
relation depicted in Fig. IX-B is fully on a par ll'ith the chemical
constitution correlation described in § IX. 3. 2. 

IX. 4. 5. Concluding Remarks 

A. THE APPLICABILITY OF THE PRESENT CrnRELATIONS AT SOME ARBITRARY REfERENCE TE1!

PERATURE 

If one atmospheric viscosity value of a given minpral oil has been 
specified at some temperature differing considerably from the stand
ard reference temperature of 40°C, the three correlations described 
in the foregoing parts of this section may yet be utilized for 
predicting its Viscosity-Pressure Index Z400C' To that end, first its 
atmospheric Slope Index is estimated from the given atmospheric
viscosity value and either. the atmospheric density dO,4ooc or re
fractive index no 400C by applying the procedure outlined in part A 
of § VIII. 3. 5; thEm, the desired viscosity grade flo 400C can readily 
be computed. • 

Further, the three aforementioned correlations employing the at
mospheric density and/or refractive index of the oils at the stand
ard reference temperature of 40°C can also be applied when the 
values of these physical constants are given only at one temperature 
which differs markedly from 40°C. Indeed, according to the prqcedures 
delineated at the ends of § VIII. 3. 2 and ~ VIII. 3. 3, respectively, 
the values of both physical constants at this standard reference tem
perature can be estimated sufficiently accurately from the single 
specified value. 

Finally, it may be recalled that, as elucidated in § IX. 2. 3, the 
temperature variation of Z400C may easily be estimated solely from 
the - specified or predicted - atmospheric viscosity-temperature 
relationship of the oils. 

The foregoing findings may be summarized in the following gen-
eralized conclusion~'): 

The viscosity-pressure dependence of mineral oils can be obtained, 
to a good approximation, solely from their viscosity grade and 
their atmospheric density and/or refractive index, irrespective of 
the particular reference temperatures involved. 

B. THE ANALOGY BETWEEN THE PRESENT CORRELATIONS AND THOSE FOR PREDICTING THE 

ATMOSPHERIC SLOPE INDEX OF MINERAL OILS 

It is seen that the two correlations described in § IX. 4. 2 and 
§ IX. 4.3 for predicting the Viscosity-Pressure Index Z400C of min
eral oils with known viscosity grade 7JO,4ooC solely from their at-

0) It stands to reason that this conclusion will apply primarily to the con V e n t ion a 1 temperature 
range. 
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mospheric density do,4ooc or refractive index nO.400c, rElspectively, 
are quite analogous to the ones developed in Chapter VIII for es
timating their atmospheric Slope Index. 

Fudhermore, a correlation analogous to the one employing the 
diffen::l1ce between atmospheric refractive index and density (see 
§ IX. 4.4) for predicting the Viscosity-Pressure Index Z400C of mineral 
oils has proved very satisfactory also for estimating their atmos
pheric Slope Indice s. The reason why it has not been included in the ap
propriate Chapter' VIII is that the latter correlation did not turn out 
stricter than the corresponding - simpler - correlation using only 
the atmospheric density (see § VIII. 3. 2). 

The indicated analogy between the present physical-constant cor
relations';') for predicting the Viscosity-Pressure Index Z400C of 
mineral oils and those for estimating their atmospheric Slope Index 
opens up very interesting possibilities for conveniently correlating 
the viscosity-pressure relationship of such oils'with their atmospheric 
viscosity-temperature relationship (compare point C of § lX. 3.4). 
These possibilities will be thoroughly exploited in the subsequent 
Chapter X. 

C. COMPARISON WITH KUSS'S CalRELATION 

As stated already in part B of § lX. 1.2, Kuss's correlation30) 
would appear to be the only one published so far that does permit 
generally satisfactory predictions of the viscosity-pressure depen
dence of mineral oils solely from atmospheric physical constants. 
It would therefore be very interesting to compare the accuracy of 
Kuss's correlation with that of the newly developed correlations which 
also utilize only atmospheric physical constants, notably the density 
and/or refractive index of the oils. 

However, a considerable number of the 74 mineral oils designated 
in Table LX-2 could not be included in this comparison because their 
aniline points - which are required in Kuss's correlation - have not 
been determined. The comparison has been confined to the oils K-l 
through K-29 (Table lX-2J. on which Kuss's correlation was 
primarily based, plus 11 oils from the ASME pressure-viscosity 
project27) which were used by Kuss for further verifying his cor
relation. Altogether, a representative group of 40 mineral oils 
have thus been considered. 

For this great variety of mineral oils it has been found that the 
overall accuracy of Kuss's correlation is superior to that of the 
present refractive-index correlation (see § IX. 4.3) but slightly in
ferior to that of the present density correlation (see § LX. 4.2). This 
conclusion also implies that the newly developed correlation employ
ing the difference between refractive index and density of the oils 

') It may be added that a tentative correlation analogous to the one employing the 111 ole cui a r 
weight of mineral oils for estimating their atmospheric Slope Index (see § VIII.3.4) was deem

ed too rough for predicting their V iscosit)' -Pressure Index Z40oC' In this connection. it may be 
significant rn r""all rhar the .nnlc(,lfi;l'-w('ighr correlation of Chapter VIn proved substantially 
less aCClIrate Ihan tIre afofl'.l11entioncd correlations utilizing the atmospheric demit)' and/or rt' _ F 

tractil'e iude'.x of the oils for estimating their atmospheric Slope Index. 
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(see § IX. 4. 4) is substantially stricter than Kuss's. 
The improved overall accuracy inherent in two of the three newly 

developed correlations should be deemed most remarkable, since these 
require a smaller number of atmospheric physical constants than 
Kuss's correlation. 

In fact, chiefly owing to the comparatively great number of at
mospheric physical constants involved, the latter correlation is rather 
cumbersome to use. In contrast, the newly developed correlations 
excel in simplicity. Last but not least, the present correlations yield 
predictions that, owing to the underlying mathematical framework 
(see Section IX. 2), are essentially more significant and more widely 
usable than Kussls. 

IX.5. DISCUSSION 

IX.5.1. Comparison of the Various Correlations Developed 

The four newly developed correlations for predicting the viscosity
pressure dependence of mineral oils - both natural and saturated -
have proved to combine s imp 1 i cit y and r eli a b i lit y. Thus, they 
are very suitable indeed for practical application. In addition, they 
lend themselves very well to correlational purposes. 

Two types of correlations have been advanced in the present study: 
a. In Section IX. 3 a correlation has been devised for predicting 

the Viscosity-Pressure Index of mineral oils with known vis·· 
cosity grade solely from their chemical constitution. In fact, 
for this particular purpose their chemical constitution has 
proved to be represented satisfactorily simply by the total per
centage of carbon atoms in ring structure, CR. 

b. In Section IX.4 two correlations have been established for 
estimating the Viscosity-Pressure Index of mineral oils with 
known viscosity grade from one Single, easily measurable, 
atmospheric phYSical constant. The atmospheric density and 
refractive index have been employed successfully. In addition, 
the difference between these two quantities has permitted a 
particularly satisfactory correlation. 

Whilst the correlation based on the chemical constitution of the 
oils is very convenient for predicting their viscosity-pressure re
lationship. its value would lie primarily in fUrnishing some insight 
into the relevant effect of their chemical constitution proper. Thus, 
this correlation may be very helpful in preparing oils with the desired 
viscosity-pressure characteristics. 

The three physical-constant correlations have the weighty advan
tage over the latter correlation that they constitute really straight
forward tools for easily estimating the viscosity-pressure dependence 
of mineral oils. Accordingly, for practical applications these cor
relations with simple atmospheric physical constants are more attrac
tive. The correlation involving the difference between refractive in
dex and density is the most accurate one of the three; in fact, its 
accuracy proves to be fully on a par with that of the correlation 
based on the chemical constitution of the oils. 
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All in all, for practical applications the correlation employing the 
difference between refractive index and density as a parameter is 
definitely to be preferred. 

IX. 5. 2. Further Discussion of the Validity Ranges of the New Cor
relations 

The extensive ranges of Viscosity-Pressure Indices and viscosity 
grades for which the three new physical-constant correlations (see 
Section DC. 4) have been checked are approximately comprised by 
the two converging dashed lines in Fig. IX-9 (see also Fig. 1-2). 

FIG.lX-9. 
Validity Ranges of the New Viscosity-Pressure Correlations. 

As indicated in Fig. IX-9, these two dashed lines are fairly closely 
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approximated by the outmost straight lines':') - relating to CR = 25 
and CR = 75. - of the correlation with chemical constitution depieted 
in Fig. IX-2. In this connection it should be pointed out that the 
n-d-M method, which has invariably been used for determinirig the 
carbon-type composition of the oils, may not safely be applied when 
CR exceeds 75 or when CA > 1. 5 CN. This is the reason why the 
correlation based on this carbon-type composition is bound to have 
a somewhat narrower validity range than the three physical-constant 
c orre la tions . 

In order that the indicated applicability ranges of the various cor
relations may be grasped and memorized more easily the approx
imate ranges of Z400 C and H O,40oC covered by the well-known SAE 
Viscosity Numbers for classifying crankcase lubricating oils in terms 
of their viscosity grade (see § VIII. 4.2) have also been depicted 
in Fig. IX-g. The latter ranges have been estimated on the basis of 
the preceding Fig. VIII-9 and the correlational Fig. X-I yet to be 
discussed. Remarkably enough, the lines indicating these various 
ranges all prove to be straight, at least within the accuracy of the 
latter two figures. 

All in all, the applicability range dePicted in Fig. IX-9 for the three 
Physical-constant correlations may be talzen to represent practically 
the full range of Viscosity-Pressure Indices Z400C and corresponding 
viscosity grades no 400C exhibited by all the divergent kinds of min
era? oils known so far (excepting extremely viscous ones), These 
include not only mineral oils obtained by conventional refining me
th.ods - denoted as "natural" mineral oils - but even completely 
hydrogenated - saturated - samples. 

Possibly, the present physical-constant correlations would yield 
less reliable results for certain mirieral oils whose "natural" charac
ter has been drastically modified by applying rather extreme refi
ning methods - or such oils might even fall somewhat beyond the 
applicability range indicated in Fig. IX-9. It should be emphasized, 
however, that - apart from several mineral oils saturated by com
plete hydrogenation - even such "extreme" products as highly aro
matic extracts have proved to .comply almost equally well with these 
correlations. . 

The latter correlations have also been applied successfully to sev
eral mineral oils containing small amounts of additives. Indeed, their 
Viscosity-Pressure Indices and - to a smaller extent - their vis
cosity grades are, in general, hardly affected by the presence of 
a few per cent (by weight) of such additives. It may be advisable, how
ever, to apply a small correction to their density and/or refractive 
index if these are used as correlational variables (compare 
§ VIII. 4. 2). 

Finally, it should be pointed out that polymer-Mended mineral oils 
do not conform to the present physical-constant correlations. Never
theless, as will be elucidated in § X. 4.2, the Viscosity-Pressure 
Index of such oils can also be predicted very conveniently. 

OJ Further, the intermediate straight line relating to CR = 50 and the straight line for very fluid 
oils have been replotted from Fig,IX-2, 
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L,{. 5.:3. Tlu! COlllp{/tibility of Pure Hydrocarbons WilTz thc New Cor
relations for Millcral Oils 

The present cOlTelations have been designed speeifically for mineral 
oils, that is for mixtures of an enormous variety of (essentially) 
hydr'oearbon compounds. Thus, it may by no means be inferred that 
individual. pure hydl'ocal'bons would likewise be compatible with these 
correlations. 

On the contrary, considerations similar to those pl'esented in 
§ VIII. 4.3 with respect to the estimation of the atmospheric Slope In
dices of pUt'e hydrocarbons lead to the con,iecture that conspicuous 
deviations are very likely to oceur in sevel'al cases, padiculady for 
pure hydroearbons whose structure differs widely from the avel'age 
chemical constitution of the nOI'mally encountered types of mineral 
oils. 

Whilst this conjecture has indeed appeared to be correct, it has 
simultaneously been found that the three physical-constant correlations 
of Section IX,4 yield predictions of the Viscosity-Pressure Indices 
ofpul'e hydrocarbons which may be deemed reasonable in many cases. 
In other eases, however, such predictions are useful only as a first 
- rather rough - approximation. 

In order' to convey an impression of the deviations involved the 
densitv cot'l'elation depicted in Fig. DC-5 has been applied to a variety 
of 15 'pure hydrocarbons tested by Schi,essler and associates in the 
scope of API Research Project 42 11 ,12). In Table LX-6 all these 
compounds are arranged in order of increasing viscosity grade lIo <loDe
Besides the experimental densities do 4ooe. the experimental' and 
predicted Viscosity-Pressure Indices Z400e have been included. In
deed .. whilst several predictions may be considered fair, other ones 
turn out to be rather rough, notably for the highly aromatic com
pounds. 

It may be added that similar deviations result when the other two 
r:orrelations of Section IX.4 are applied. 

IX. 5.4. The Initial Viscosity-Pressure Coefficients of Mineral Oils 
According to the Present Correlations 

In Section VII. 4 the initial viscosity-pressure coefficient, ai' has 
been defined by: 

1. 151 . 10-3 Z (log 110 + 1. 200). (VII-5) 

On the basis of thi.s equation the initial viscosity-pressure coef
ficients of mineral oils can readily be estimated from any of the 
four newly developed correlations for predicting their Viscosity-Pres
sure Indices, Z, For several groups of mineral oils characterized 
by a common value of the parameter used in the correlation con
cerned the initial viscosity-pressure coefficients Qi 400e have thus 
been estimated and plotted in Fig.IX-IO as a functioil of their vis
cosity grades l1o,4ooC (compare § VIII. 4. 4). 

Since for very fluid mineral oils one and the same straight-line 
relationship between Z40"C and Ho 400C has been upheld in each of 
the four correlations under consideration, these oils are depicted 
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TABLE lX-6 

Experimental and Predicted Viscosity-Pressure Indices Z.WoC of 15 Pure Hydro
carbons 

Compound Experimental Data 

Z400C 

PSU "10 40°C' dO 40°C' 
No. 

Structural Formula cP g/om'!; pred.] Exp. 

516 0-9-0 2.72 0.GS4 0.59 0.B2 

C 

500 Ca-C-C6 3.33 0.774 0.67 0.60 
I 

C6 

25 CS-C-Cs 6.61 0.789 0.60 0.54 
I 
CB 

503 0-7-0 7.41 0,936 0.66 0.84 

Ce 

Ca-C-Cs 
I 

8'7 
y2 

'1.41 0.820 0.61 0.63 

0 
CS-C-CS I 

110 C3 8.59 0.S16 (J.5S 0.61 
I 

0 I 

18 O-CZ-?-C2-0 10.64 0.908 0.58 0,81 

Ca 

CS-C-CS 
I 

88 C2 11.22 0.843 0.64 0.6'1 
I 

0 
U G1O-C-C1O 11.27 0.799 0.57 0.52 

I 
C iO 

111 D-C3-~:C3-(] 12.59 0.845 I 0,62 0,67 
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CONTINUATION OF TABLE IX-6 

I Compound Experimental Data 
Z400C 

I 

PSU Structural Formula 'IlO.40oC· dO 40{lc' 
No. cP g/cm3 Exp. Pled. 

12 O-c-O 15.56 0,905 0,63 O.Bl 

- I -
C I3 

134 C1Z-C - C13 19.14 0.806 0,52 0,49 
I C12 

113 
D-C3-~-C3-(] 

20.7 0.876 0.64 0.74 C3 
I 

Q 
575 o5D 23.3 0.968 1.15 0.91 

19 O-CZ-y-c2-Q 26.0 0.853 0.71 0,65 

Cs 
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by a single line in Fig. DC-la, But for oils with viscosity gl'ades 
Do <loDe exceeding 1.51 eP - indicated by point L in the latter figure 
- 'the differentiation as to 0i,JOoe incl'eases repidl,\' with their vis
cosH,')' gl'ade, 
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FlG.lX-lO. 

Initial Viscosity-Pressure Coefficients of Mineral Oils According to the Present Correlations. 

Fig. IX-10 demonstrates that for iso-CR oils the initial viscosity
pressure coefficients increase strongly with their viscosity grade, 
the mOJ'e so the higher their particular ell -value':'). 

Fudher, three lines of com;'''nt atmospheric density do 400C have 
been drawn in Fig. IX-lO. It is seen that within groups of'iso-den-

*) It may be noted (compare § I·~ ') n\ tl-lat the lines relating to CR = 2;) :lf1cl CR = 7[) c01l1prise 

nearly the eotin; range of initial viscosity-pressure coefficienH encountereu arnong':it naturnl mill
coral oils. 
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sity oils the initial viscosity-pressure coefficients increase to a much 
smallel' extent than within comparable groups of iSO-CR oils. In fact, 
1'01' the more viscous members of groups of oils characterized by 
some l'ather low density the initial viscosity-pressure coefficients 
would even tend to approach a constant value characteristic of the 
pal'liculal' group. 

From the underlying correlations it will be clear that lines re
lating to constant ~tmospheric refractive index no 400C and of con
stant difference (n-d)O.40oC are quite similar .to those depicted in 
Fig, L'C-I0 for constant density d o•4ooc ' 

It may be remarked that a correlation analogous to the one utilizing 
the toial ring number of mineral oils for estimating their atmos
phedc Slope Index (see part B of § VIII, 4. 4) solely from their vis
(~()"it.Y gn!de proved too rough for predicting their Viscosity-Pres
sure Index. In this connection it may be significant to recall that 
the ring-number correlation of Chapter VIII has been found substan
tially less accurate than the other correlations produced in that 
chapter. 

Nevertheless, on the analogy of the feature - described in § VIII. 4. 4 
- that for the more viscous members of mineral-oil groups charac
terized by a common, sufficiently high ring number the viscosity
temperature coefficient approaches a constant value, it could be 
shown at least qualitatively that their initial viscosity-pressure coef
ficients would likewise tend to become constant. 

U sing experimental data from the investigations cited in § VII. 2. 2, 
the initial viscosity-pressure coefficients Qi 400C of the homologous 
group of (linear) polymethylsiloxanes have also been included in Fig. 
IX··IO. Remarkably enough, already at comparatively low viscosity 
grades these initial viscosity-pressure coefficients reach a sub
stantially constant level. 

From Equation (VII-7) it follows that at any constant temper
ature the volume Vvis entering into Eyring's theory of viscous flow 
(see Section IV.I) is proportional to the present quantity a i • Ac
cordingly, the volul11.e Vyis likewise assumes a constant value for 
the higher members of the series of polymethylsiloxanes depicted. 
Just like the aforementioned constancy of their activation energy for 
viscous flow the present feature is generally attributed to the phen
omenon of segmental flow displayed by such flexible long-chain 
polymers (see § VIII. 4. 4). 

For comparison the initial viscosity-pressure coefficients of the 
homologous series of n-paraffins (compare § VII. 2. 2) have also been 
depicted in Fig. IX-10. However, since these liquids become solid 
already at relatively low viscosity grades, a similar constancy of 
their £l'i (and Vyis ) cannot be observed. 



CHAPTER X 

CORRELATION BETWEEN THE VISCOSITY·PRESSURE RELATIONSHIP OF 
MINERAL OILS AND THEIR ATMOSPHERIC VISCOSITY·TEMPERATURE 

HELA TIONSHIP 

X.1. INTRODUCTION 

X. L 1. Previous Investigations 

As pointed out already in § IX. 1. 1, many attempts have been 
made to predict the pressure variation of the viscosity of mineral 
oils solely from some parameter that is claimed to be represen
tative of their temperature variation at atmospheric pressure. In
deed, since the publication, in 1929, of Kiesskalt's well-known 
correlation 163,164) it has widely been recognized that at least a rough 
parallelism would exist between the easily assessable atmospheric 
temperature effect on the viscosity of mineral oils and the corres
ponding pressure effect. 

In the course of time, therefore, various correlations more or 
less similar to Kiesskalt's original one have been proposed, notably 
by Cameron 60), Sanderson109, 110). Bradbury et al. 28) , Clark l{i5) , 

Anderson 166) and Appeldoorn 124). Unfortunately, all these cor
relations show considerable scatter, thus indicating that the basic 
assumption that for all mineral oils"~) approximately the same 
equivalence would be observed between the effects of temperature 
and pressure on their atmospheric viscosity is oversimplified and 
may be upheld only as a first approximation. 

Besides the aforementioned correlations - which essentially employ 
only some atmospheric viscosity-temperature criterion for estimating 
the viscosity-pressure dependence of mineral oils -, a few correlations 
have been designed which utilize their viscosity grade as an additional 
parameter. These are the correlations proposed by Matteson and 
Vogt 167), Weber168) and Hartung169). 

Off-hand, the use of the viscosity grade in addition to some 
atmospheric viscosity-temperature criterion would seem to offer 
much better possibilities for establishing a reasonable correlation':":'). 
Indeed, the soundness of the latter conjecture has more or less 
been substantiated by Weber's and particularly by Hartung's cor
relation. Unfortunately, Weber's correlation has been devised for 
such a small range of viscosity grades that it has only minor 
practical significance. Hartung's correlation constitutes by far the 
best one available in that it generally yields quite acceptable pre
dictions for the normal types of mineral oils. However, it is af-

0) As will be elucidated in part B of § x. 2. 2, Clark's aforementioned correlation takes a some
what different form according as the oils are classified as "paraffinic" or "naphthenic". 

$O) Some suggestive thoughts on this COl..,cture ha ve been expressed by Hersey and Hopkins26) in 

their discussion of Kiesskalt's correlation. 
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flicted with the serious shortcoming that it still covers only a 
moderate part of the entire range of viscosity-temperature-pressure 
relationships encountered amongst all the various kinds of mineral 
oils known so far. Moreover, Hartung's correlation proves to be 
rather unwieldy and lacks any mathematical framework for the vis
cosity -tentperature -pressure relationships contemplated. 

All in all, it may be stated that, notwithstanding the 'many COy

yelalioll.ll attempts car-ried out if[ this field, the present situation 
with respect to the interrelationship between Ute viscosity-pressure 
dependence of -mineral oils (llld their atmospheric viscosity-ternper
atll1'e dependence is still rather obscure. 

X. 1.2. The Present Approach 

The foregoing discussion emphasizes the desirability of throwing 
more light upon the int.errelationship between temperature and pres
sure effects on the viscosity of mineral oils. In the first place, the 
possibilities for establishing more generally applicable and more 
convenient correlaUons should be exploited more thoroughly. In the 
second place, more quantitative information should be gained on the 
accuracy of available correlations, some of which have been, and 
are still, employed rather frequently. 

In the preceding Chapter IX various correlations for predicting 
the Viscosity-Pressure Index of mineral oils have bepl1 d{'vp1oped 
which prove to be quite analogous to the new correlations described 
in Chapter VIn for estimating their atmospheric Slope Index, In 
fact, all these correlations permit predicting the Viscosity-Pressure 
Index and the atmospheric Slope Index, respectively. solely from 
the viscosity grade of the oIls and one easily assessable quantity, 
As such quantil.ie;; have been used: the percentage 01' carbon atoms 
in ring structure, CR - representing a measure of the chemical con
stitution of the oils -, their atmospheric density (in g/cm3 ), their 
atmospheric refractive index and also the difference between the 
latter two physical constants (taken at the standard reference tem
perature of 40°C). 

As stated already in Chapter IX (see point C of § IX. 3. 4 and 
part Bof § IX. 4. 5), the indicated analogy opens up very interesting 
possibilities for correlating the viscosity-pressure relationship of 

-mineral oils directly with their atmospheric viscosity-temperature 
relationship. Indeed,' by combining any such analogous correlations -
employing the same parameter in addition to the viscosity grade of 
the oil s - a new correlation may readily be obtained which would 
permit predicting the Viscosity-Pressure Index of mineral oils with 
known viscosity grade solely from their atmospheric Slope Index. 

Instead of combining two such analogous correlations which 
constitute approximations already by themselves it has been 
preferred to make a fresh approach simply by plotting the Viscosity
Pressure Indicl's of all the various kinds of oils under consideration 
against their viscosity grades, using their atmospheric Slope Indices 
as a paramcter. This has again been done at the standard reference 
temrerature. of 40°C (104°1"). But it should be recalled that the 
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- comparatively small - temperature effect on the Viscosity-Pres
sure Index Z 400C can easily be determined, by means of thp mathem
atical framework outlined in Section IX.2, solely from tht> atmos
pheric viscosity-temperature relationship. 

Thus, the present approach has produced a really salisfactor:>, 
correlation for estimating the Viscosity-Pressure Index of mineral 
oils, in a wide tempe1-ature range, solely from their viscosity grade 
and their atmospheric Slope Index. More generally, it may be stated 
that the newly developed correlation does permit predictillg, 10 a 
good approximation, the co mp let e viscosity-temperature-p r e s
sur e relationship of mineral oils solely from their atmospheric 
viscosity-temperature yelationship. 

Further, the considerable inaccuracies inherent in the various 
correlations hitherto proposed have been quantitatively revealed 
on the basis of the present correlation. 

Experimental Data 

The results of the present study are based on reliable expt'rimental 
data on 113 mineral-oil fractions. As regards their origin and chem
ical composition these fractions may be considpred representative 
of the entire range of natural mineral oils known so far. In addition, 
some fully hydrogenated samples have been included. 

TABLE X-I 

Specification of Mineral Oils Included 
in the Present Investigation 

Investlgauoll Ref. Number 
of Oils 

Kuss 29,30 59 
Roelands e t al. 44 20 

Dow et al, 31-35; 25 18 
ASME 27 16 

Total 113 

Table X-I lists the various investigations from which these basic 
data have been taken. The viscosity grades 1'10,4o O C , the atmospheric 
Slope Indices, So, and the Viscosity-Pressure Indices Z 40°C of 
the various oils are compiled in Table X-2. It may be noted that 
all the 74 mineral oils collected in Table IX -2 of the preceding 
chapter have also been included in the present study. The additional 
39 oils here considered are designated in Table X-3. The In tter 
oils have not been employed in the foregoing Chapter IX because 
their atmospheric density and refractive index are not knuVlll with 
the d,·sin·d accuracy. 

For further details on the present basic data r(,f('rpnce is made 
to § IX. 1. 3. 
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TABLE X-2 

Experimental and Predicted Viscosity-pressure Indices Z400C 
of Representatlve Mineral Oils 

Oil Experimental Data Z400C Predicted 

Code") I'IO,40oC, • Z400C from '1)0, 400C Plus •••• So So 
cP 

, 
So s5 

K-1 260 1.24 1.23 0.58 0.59 0.57 
K-2 134.9 1.30 1. 29 0.62 0.65 0.63 
K-3 101.0 1.27 1.27 0.61 0.64 0.63 
K-4 159.2 1. 26 1.25 0.60 0.62 0.60 
K-5 147.2 1.40 1.40 0.69 0.72 0.73 
K-6 110.9 1.42 1.40 0.73 0.75 0.74 
K~7 58.9 1.18 1.18 0.62 0.61 0.61 
K-8 67.6 1. 50 1.48 0.80 0.84 0.84 
K-9 328 1.47 1.44 0.70 0.73 0.73 
K-IO 62.4 1.30 1.29 0.67 0.69 0.68 
K-ll 246 1.39 1.37 0.66 0.69 0.67 
K-12 408 1.35 1.34 0.65 0.64 0.62 
K-13 1.686 0.97 0.93 0.68 0.68 0.66 
K-14 7.16 1. 09 1.09 0.66 0.70 0.70 
K-15 2.93 1.04 1.04 0.72 0.76 0.75 
K-16 12.90 1.14 1.14 0.67 0.67 0.68 
K-17 31.8 1.19 1.19 0.66 0.65 0.64 
K-18 36.6 1.27 1. 27 0.69 0.70 0.70 
K-19 27.3 1.31 1. 31 0.72 0.75 0.77 
K-20 33.5 1.23 1. 23 0.64 0.67 0.67 
K-21 173.8 1.29 1.29 0.60 0.63 0.62 
K-22 139.5 1.27 1.28 0.61 0.63 0.62 
K-23 355 1.34 1.34 0.60 0.64 0.63 
K-24 83.7 1.34 1,34 0.70 0.70 0.70 
K-25 192.0 1.38 1. 39 0.65 0.69 0.70 
K-26 90.0 1.52 1. 50 0.83 0.84 0.84 
K-27 19.13 1.36 1.30 0.80 0.84 0.81 
K-28 127.6 1. 76 1. 65 0.93 0,99 0.96 
K-29 1,290 1. 89 1.82 0.99 1.00 1.03 
K-30 88.4 1.38 1. 38 0.78 0.73 0.74 
K-31 19.00 1.32 1.31 0.79 0.80 0.82 
K-32 306 1.53 0.76 0.79 
K-33 785 1.64 0.85 0,84 
K-34 10.10 1. 20 0.74 0.78 
K-35 104.0 1.42 0.74 0.75 
K-36 14.10 1. 22 0.77 0.74 
K-37 36.7 1. 31 0.70 0.73 
K-38 86.0 1.36 0.72 0.72 
K-:39 134.8 1.36 0.69 0.69 
K-40 7.12 1.13 0.80 0,78 
K-41 68.3 1.27 0.62 0.66 
K-42 29.5 1.27 0.G9 0.71 
K-43 74.0 1.30 0.65 0.68 
K-44 200 1. 2:1 0.60 0.59 
K-45 8. a5 1.10 D.73 0.77 
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CONTlNUATlO:N OF TABLE X-2 

Oil Experimental Data Z400C Predicted 

Code') 'I) O. 40°C. So • So Z400C from 'Ij 0, 400C Plus ' .. 
cP So S· 

0 

K-46 11.15 1.22 0.77 0.78 
K-47 10.20 1. 20 0.74 0.77 
K-48 57,7 1.34 0.74 0.73 
K-49 75.0 1. 38 0.78 0.74 
K-50 10.10 1.16 0.71 0.72 
K-51 8.60 1.16 0.75 0.76 

K-52 9.70 1.20 0.75 0.79 
K-53 19.70 1.35 0.78 0.83 
K-54 39.7 1.38 0.76 0.78 
K-55 124.0 1.52 0.75 0.82 
K-56 43.7 1.25 0.61 .0.67 
K-57 60.0 1. 25 0.61 0.65 
K-58 316 1.26 0.54 0.59 
K-59 35.4 1.25 0.68 0,68 

WR-7 8.79 1.12 1.ll 0.70 0.70 0.70 

WR-7H 7.96 1.10 1.11 0.72 0.70 0.71 
II'R-ll 1.493 0.98 0.99 0.76 0.74 0.74 
WI<-18 9.12 1. 21 1.18 0.84 0.82 0.80 
II'R-181l 7.10 1.14 1.16 0.86 0.79 0.82 
WIt-26 13.46 1. 21 1. 20 O.7;J 0.73 0.75 
WR-34 2.40 0.89 0.97 0.70 0.66 0.07 
WR-41 3.30 l,O~ 1.0 L 0.70 0.68 0.69 
WR-56 7.14 1.11 1.10 0.75 0.74 0.72 
WR-56H 6.50 I,ll 1.13 o. ,n 0.76 0.79 
WR-67 6,58 1.06 1.05 0,66 0.66 0.67 
WR-69 1. 556 0.D9 0.99 0.76 0.76 0.75 
II'R-76 1. 68:l 0.99 0,99 0.72 0.75 0.74 
WR-79 4.48 1.07 '..06 0.70 0.75 0.72 
WI<-80 6.68 1.11 1.10 0.70 0.75 0.73 
WR-81 11.54 1.18 1.17 0,69 0.72 0.73 
WI<-91 7.87 1.11 1.10 0.70 0.71 0.70 
WR~91H 6.79 1. 08 1.09 0.74 0.69 0.71 
WR-97 2.31 1.01 1.01 0.71 0.73 0.73 
WR-99 3.33 1.04 1,04 0.72 0,73 0.73 

D~l 157.8 1.42 1.41 0.76 0.73 0.73 
D-'2 78.5 1.37 1. 37 0,77 0.73 0.74 
D-3 30,1 1. 29 1. 29 0.78 0.73 0.73 
D-4 427 1.35 1.35 0.63 O.fi4 o.Ga 
D-5 19.19 1.29 1.27 0.81 0.77 0.77 
D-6 382 1.58 1. 56 0.87 0.82 0.84 
D-7 1,334 1.61 1. 57 0.81 0.80 0.81 
D-8 74,5 1.22 0,63 0.62 
D-'9 99,5 1.44 0.83 0.77 
D-I0 30.6 1. za 0.69 0.68 
D-ll 27.7 1. 20 0.71 O.GG 
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CONTINUATION OF TABLE X-2 

Oil Experimental Data Z400C Predicted 

Code") 'l'jO,40oC, So 
. 

So Z400C from 'I'j 0, 400C Plus •••• 
cP 

So So· 

D-12 82.8 1.43 0.74 0.77 
D-13 35.4 1.24 0.59 0.58 
D-14 31.2 1.24 0.64 0.68 
D-15 23.8 1.23 0.67 0.69 
D-16 21.3 1.22 0,64 0.70 
D-17 18.36 1.16 0.65 0.66 
D~18 13.06 1.21 0.68 0,74 

A-I 25.1 1. 21 1.22 0.71 0.67 0.69 
A-2 7.30 1.15 1.15 0.79 0.80 0.79 
A-3 41.1 1.26 1.25 0.67 0.68 0.67 
,1-4 129.4 1. 26 1.27 0.60 0.62 0.62 
A-5 438 L28 1.27 0.60 0.59 0.57 
A-6 138.7 1.25 1525 0.60 0.61 0.60 
A-7 120.5 1.25 1.25 0.63 0.62 0.61 
A-S 119.7 1. 21 1 "c) 0.61 0.59 0.59 
A-9 38.9 1. 26 1.26 0.66 0.68 0,68 
A-I0 44.7 1.39 1.39 0.83 0.78 0.80 
A~ll 117.5 1.49 1.49 0.84 0.80 0.82 
A-12 403 1.60 1.60 0.90 0,83 0.87 
A-13 119.4 1.50 1.50 0.87 0.81 0.82 
A-l'l 117.5 1.47 1.,.7 0.85 0.78 0,80 
A-In 58.2 1.37 1.39 0.79 0.75 0.78 
A-16 501 1. 77 1. 72 1.02 0.96 0,98 

0) Refers to similarly coded oil' specified in Table, II-I and X-3. 
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TABLE X-3 

Designations to the Additional Mineral Oils Tested 

Code Experimenters' Designa lion . 'IlO,400C, cP 

KUSS29) 

Group Low 

K-32 Low E 306 
K-33 Low F 785 

Group Medium 

K-34 Medium P 10.10 
K-35 Medium Q 104,0 
K~36 B.l 14.10 
K-37 B.2 36.7 
K-38 B.3 86.0 
K-39 B.4 134.8 

Group High 

K-40 High H 7.12 
K-41 High I 68.3 
K-42 High L 29.5 
K-43 High M 74.0 
K-44 High N 200 

Group W.B.Lub. 

K-45 Lub.l. White Oil 8.35 

K-46 Lub.l. Raffinate 11.15 
K-47 Lub.l. Distillate 10.20 
K-48 Lub.2, Raffinate 57.7 
K-49 Lub.2, Raffinate 8 75.0 
K-50 Lub.1. White Oil 10.10 
K-51 Lub.l, Raffinate 8.60 

K-52 Lub.l, Distillate 9.70 
K-53 Lub.l, Extract 19.70 
K-54 Lub.2, Distillate 39.7 
K-55 Lub.3, Distillate 124.0 

Group SAE 

K-56 SAE 20, Dewaxed 43.7 
K-57 SAB 30, Dewaxed 60.0 

K-58 SAE 70, Dewaxed 316 
K-59 SAB 20, Waxy Raffinate 35.4 

DOWet a!. 31-34;25) 

D-8 Pennsylvania Oil 74.5 
D-9 California Oil 99.5 
D-IO Pennsylvania 180 Neutral 30.6 
D-ll Raffinate from D-10 27.7 
D-12 Extract from D-I0 82.8 
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COl\Tll\UATIOl\ OF TABLE X-3 

Code Experimellters' Designation 1/0.40
o
C' cP 

DOWet a!. (Cont.) 

Pennsylvania Oils 

D-13 Commercial Bright Stock 
(High M) 35.4 

D-14 Commercial Neutral (Low M) 31.2 
D-15 High-Boiling-Point Fraction 

from D-16 23.8 
D-16 Solvent-Refined Oil 21.3 
D-17 Medium-Boiling-Poin! Fraction 

from D-16 18.36 
D-18 Low-Boiling-Point Fraction 

from D-16 13.06 
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X.2. THE PRESENT CORRELATION 

X. 2. 1. The Basic Correlation 

For all the various mineral oils designated in Table X-2 the 
Viscosity-Pressure Indices Z400 C have been plotted against their 
viscosity grades H 0, 400C' using their atmospheric Slope Indices, 
So' as a parameter. As demonstrated by the resulting Fig.X-l, it 
appeared that more or less curved lines of constant Slope Index could 
indeed be constructed. 

It is seen that, according to this new correlation, the Viscosity
Pressure Indices Z 4()oC of mineral oils characterized by a common 

SJ 

J O~------~-------+----~~~~~~~~~~~~~~~~~---+---4 

---"'-- Ho,40"C 

FIG.X-1. 
Correlation Between the Viscosity-Pressure Relationship of Mineral Oils and Their Atmospheric Slope 

Index. 

Slope 111dex So decrease fairly regularly with increasing viscosity 
grade n O,40 oC' For very fluid mineral oils the unique straight
line relationship between Z 40°C and H G,40oC depicted in the cor
relational figures of Chapter IX has been retained - for reasons 
of uniformity - in the present Fig. X-1. 
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The correlation depicted in Fig. X-I has been applied to all the 
various kinds of mineral-oil fractions designated in Table X-2. For 
each of these 113 fractions - including some saturated samples - the 
predicted values of Z 400C have been included in the same table. 
In addition, Table X-4 indicates the distribution of the deviations 

TABLE X-4 

Distribution of Deviations Between Experimental and 
Predicted Viscosity-Pressure Indices Z400C Amohgs! the 

Various Oils Tested 

Percentage of the Oils Tested 

Deviation Correlation Employing 'lo, 400C Plus •••• 

IIlz400 c i • So So 

0.00 9.7 12.2 
0.01 25.6 23.0 
0,02 14.2 20.3 
0.03 IS.1 24.3 
0.04 16.8 13.5 
0.05 8.9 6.7 
0.06 6.2 

0.07 3.6 

Average 
Deviation") 0.027 0.022 

Standard 
Deviation") 0.033 0,027 

1 i"'n 
.) Defined by ii.1: III i I 

1"1 

.. ) Defined by 

between experimental and predicted Viscosity-Pressure Indices 
amongst the really great variety of the 113 oils tested. 

The latter table shows that the al)solute average and standard 
deviations in the Viscosity-Pressure Index amount to no more than 
0.027 and 0.033 units, respectively, which figures are only slightly 
beyond the accuracy inherent in the experimentally, derived values. 
These absolute deviations correspond to relatzve average and 
standard deviations in both the predicted Viscosity-Pressure Indices 
Z 40° C and the initial viscosity-pressure coefficients Oi i 40°C (see 
Section VII. 4) of only 3.8 and 4.60/0, respectively. ' 

The indicated accuracy of the basic correlation may be considered 
very satisfactory throughout. Its wide practical usefulness may be 
emphasized by referring to the last part of § IX. 3. 2, notably to 
Tables IX-4 and IX-5. 
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X. 2. 2. Derived Correlations 

A. REFINEMENT OF THE BASIC CORRELATION 
I 

A nearer analysis has been made of the aforementioned deviations 
in the Viscosity-Pressure Indices predicted by means of the new 
correlation. This analysis has led to the finding that the - other
wise very satisfactory - overall accuracy of the basic correlation 
can still be further improved by taking the well-known refractivity 
intercept, ri' of the oils into account*). It may be recalled that 
the latter quantity, introduced by Kurtz and Ward 170, 50) , is given 
by ri '" n - td, where n denotes again the (atmospheric) refractive 
index and where the atmospheric density d - taken at the same 
standard reference temperature - must be expressed in g/cm3 (com
pare § XI. 4.6). 

The resulting refined correlation uses, instead of the exper
imental atmospheric Slope Index, So' a "corrected" atmospheric 
Slope Index S~. defined by: • 

S~ = {I + 2 [1.045 - (rJ 40oCJ~ So' (X-I) 

where the figure 1,045 represents some average value for the 
refractivity intercepts (rd40oC of mineral oils. It may be mentioned 
that for all the various kinds of mineral oils included in the present 
analysis the values of (ri) 4QoC range from 1.034 to 1.078. 

This refined correlation, which is very similar to the basic cor
relation of Fig.X-l, has been depicted in Fig.X-2. The latter figure 
has been based on the data of those 74 mineral oils from Table X-2 
which have also been used in Chapter IX and have been included 
already in Table IX-2. 

Application of the correlational Fig. X -2 to all the a:forementioned 
74 mineral oils - including some saturated samples - has yielded 
the Viscosity-Pressure Indices Z 40°C collected in Table X-2. 
Further, Table X-4 indicates the distribution of the deviations be
tween these predicted Viscosity-Pressure Indices and the experimental 
values amongst the really great variety of the 74 oils tested. 

The latter table shows that the absolute average and standard de
viations in the Viscosity-Pressure Index amount to only 0.022 and 0.027 
units, respectively, which figures are hardly beyond the accuracy 
inherent in the experimentally derived values. These deviations cor
respond to relative average and standard deviations in both the 
predicted Viscosity-Pressure Indices Z 40°C and the initial viscosity
pressure coefficients ll'i,40oC of no more than 3.0 and 3.60/0, res
pectively. Moreover, for all the divergent kinds of oils tested the 
absolute deviation invariably remains within 0.05 units. 

Accordingly, the correlation depicted in Fig.X-2 does possess a 

$) A similar improvement could not be achieved by means of the other quantities tried, that is 

the atmospheric density and refractive index individually. as well as their difference (compare 
Section 'IX. 4). 
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FIG.X"'2. 
Correlation Between the Viscosity-Pressure Relationship of Mineral Oils and Their "Corrected" 

A tmospheric Slope Index. 

somewhat better*) overall accuracy than the basic correlation of Fig.X-l. 
However, the refined correlation involves two additional physical 
constants, namely the atmospheric density and refractive index of 
the oils. 

B. THE VISCOSITY-PRESSURE INDEX OF MINERAL OILS AS A FUNCTION OF THEIR ATMOS
PHERiC SWPE INDEX 

On the basis of the correlational Fig.X-l the Viscosity-Pressure 
Index Z4QoC of mineral oils has been plotted, in Fig.X-3, against 
their atmospheric Slope Index, So' using their viscosity grade 
7) 0 400C as a parameter. The various lines of constant viscosity 
grade prove to be nearly straight over considerable ranges of both 
indices. For the very fluid oils with viscosity grades 7)O.40oC be
low about 1.5 cP the values of Z 400C and So are scattered closely 
around the single straight line depicted in !<'ig.X-3. 

Moreover, a solid straight line has been drawn corresponding to 

0) The F-test yields a statistical confidence level of 980/0. 
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a constant ratio of the two indices over their entire ranges, 
namely Z 400 C Iso = O. 55. The two adjacent dashed lines compri::;f' 
the ranges where the Viscosity-Pressure Indices Z 400C of mineral 
oils would be predicted within 100/0 by means of the deplcted straight
line relationship: 
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FlG.X-3. 
The Viscosity-,Pressure Index of Mineral Oils as a FlIIlction of Their Atmospheric Slope Index. 

(X-2) 

Although for mineral oils with low So -values - excepting those very 
fluid ones with 17 O,40 0 C below about 1.5 cP - the deviations 
from the latter relationship may sometimes become as high as 
nearly 30%. it is seen that in many cases - particularly in the 
region of high So -values - Relationship (X -2) permits fair predictions 
of the Viscosity-Pressure Indices solely from the atmospheric Slope 
Indices. All in all, Expression (X-2) may be upheld as a semi
quantitative correlation between both indices, irrespective of the 
viscosity grades involved. 

From the definitions of the viscosity-temperature coefficient, /3, 
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and the initial viscosity-pressure coefficient, eli, that is Equations 
(VI-5) and (VII-5), respectively, it follows that for any given liquid: 

11. 43 (X-3) 

Combination of this identity with Expression (X -2) would yield for 
all mineral oils: 

f3 O.40oC 

Q!i.40oC 
20.8 (kgf/cm2)/deg C. (X-4) 

This may be taken to mean that in the conventlOnal temperature 
range and up to moderate pressures a, pressure increase of about 
20 kgf/cm 2 (280 psi) would have roughly the same effect on the 
viscosity of any given Ipineral oil as a temperature decrease of 
IOC (1.8°F). In various cases this rule of thumb may render good 
services. 

The present Ffg.X-3 will be employed in the following Section 
X. 3 for quantitatively discussing the accuracy of various previously 
proposed correlations between the Viscosity-pressure dependence of 
mineral oils and their atmospheric viscosity-temperature dependence. 

C. INITIAL VISCOSITY~PRESSURE COEFFICIENTS AND ATMOSPHERIC VISCOSITY-TeMPeRATURE 
COEFFICIENTS OF MINERAL OILS 

Again on the basis of Fig. X-I the initial viscosity-pressure 
coefficient Q!i 40°C of mineral oils has been plotted against their 
viscosity grade 1') 0,40° C (on a logarithmic scale), using their 
atmospheric viscosity-temperature coefficient {3 0, 40° C as a parameter. 
The resulting Fig.X-4 is particularly interesting in that it directly 
indicates the correlation, at low pressures and in the vicinity of 
40°C, between the relative viscosity changes per kgf/cm 2 and per 
deg C, respectively, for any mineral oil with known viscosity grade 
no 40°C' ' 

'ri'ig.X-4 demonstrates the great differentiation as to both initial 
viscosity-pressure coefficients and atmospheric viscosity-temperature 
coefficients encountered amongst mineral oils, in comparison witlt 
their Viscosity-Pressure Indices and atmospheric Slope Indices, 
respectively, depicted in the basic Fig.X-I. In fact, whilst the 
initial viscosity-pressure coefficients eli. 40° C of mineral oils as
sume values from about 1.10-3 to 6.10-3 (kgf/cm2)~1, their Vis
cosity-Pressure Indices range only from about 0.6 to I, OJ similarly, 
their atmospheric viscosity-temperature coefficients f30 400C cover 
values from about, 2-10-2 to 14-10-2 (deg C)-I, the corresponding 
atmospheric Slope Indices, So, extending only from about 1.0 to 
2. O. This remarkable feature is of practical interest in that it 
permits the use of some constant, overall value for both the Vis
cosity-Pressure Iifdices and the atmospheric Slope Indices of mineral 
oils in various cases where only small pressure and temperature 
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FIG.X-4. 
Initial Viscosity-Pressure Coefficients and Atmospheric Viscosity~Temperature Coefficients of Mineral 

Oils According to the New Correlation of Fig.X-l. 

changes have to be taken into consideration. More generaJly, such 
average values are convenient for orientation and may fUl'ther be 
useful in semi-quantitative calculations, for instance in hydrody
namic lubrication. 

X. 2. 3. Discussion 

The validity range indicated for the correlation of Fig. X-l may 
be taken to represent tically the full range of Viscosity-Pres-
sure Indices, atmosphe Indices and corresponding viscosity 
grades exhibited by all the divergent kinds of mineral oils known 
so far (exce extremely viscous ones). These include not only 
mineral oils 0 ed by conventional refining methods - denoted as 
"natural" mineral oils - but even completely hydrogenated. - saturated 
- samples. 

Possibly, the present correlation would yield less reliable results 



-285-

for certain mineral oils whose "natural" character has been drastically 
modified by applying rather extreme refining methods - or such oils 
might even fall somewhat beyond the applicability range indicated 
in Fig.X-l. It should be emphasized, however, that - apart from 
several mineral oils saturated b"y' complete hydrogenation - even 
such "extreme" products as highly aromatic extracts have proved 
to conform almost equally well to the present correlation. This cor
relatio,n has also been applied successfully to several mineral oils 
containing substantial amounts of additives. 

It stands to reason, however. that polymer-blended mineral oils 
cannot comply with the present correlation. Nevertheless, as will be 
elucidated in § X. 4.2, the Viscosity-Pressure Indices of such oils can 
be estimated by a convenient method which takes the latter correlation 
as its starting-point. 

The extensive ranges of Viscosity-Pressure Indices and corres
ponding viscosity grades where the basic correlation has been 
verified, are seen to be practically identical to those indicated in 
Fig. IX-9 for the various pHysical-constant correlations developed 
in Section IX.4. 

As regards its overall accuracy the basic correlation is found 
to be fully on a par' with the density correlation of § IX. 4. 2 and 
substantially superior to the refractive-index correlation of § IX. 4.3; 
but it cannot equal the correlation, described in § IX. 4. 4, employing 
the difference between refractive index and density as a parameter. 
In fact, with respect to its overall accuracy the latter correlation 
is practically on a par with the refined version, outlined in part A 
of the preceding § X. 2, 2, of the basic correlation depicted in 
Fig.X-l. 

It should be properly realized, however, that amongst all the 
various correlations developed in Chapter IX as well as in the 
present Chapter X the correlation of Fig.X-l has the unique 
feature that it does not involve any physical or chemical data in 
addition to the atmospheric viscosities - at two, or more, represen
tative temperatures - of the oils. 

Thus, unlike the other aforementioned correlations, the present 
correlation may be considered significant not merely as a convenient 
tool for predicting the viscosity-pressure relationship of mineral 
oils; primarily, its value would lie in that it essentially simplifies 
their complete viscosity-temperature-pressure relationship (see 
Section IX. 2). 

Indeed, for all the various kinds of mineral oils tested only two 
parameters - the minimum mumber conceivable - have now proved 
sufficient for characterizing, within the accuracy of the present cor
relation, their complete viscosity-temperature-pressure relationship. 
This also implies that one single parameter, for instance the at
mospheric Slope Index, suffices for viscometrically characterizing 
such oils completely if only their viscosity grade is known. 

In more general terms, it can be stated that mineral oils with 
identical atmospheric isobars would also. display. again within the 
accuracy of the present correlation, identical families of isotherms, 
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and vice versa~'). 

In view of the wide applicability and simplicity of the new cor
relation, it is thought that the possibility of gaining a more pro
found insight into its physical background may not be precluded. 
On the other hand, the new correlation may be very helpful in more 
theoretically directed attempts to clarify the viscosity-pressure 
behaviour of liquids in general. and hydrocarbon oils in particular, 

x.a. DISCUSSION OF PREVIOUS CORRELATIONS ON THE BASIS 
OF THE PRESENT CORRELATION 

X. 3. 1. Introduction 

The present section attempts to discuss quantitatively the accuracy 
inherent in available correlations on the basis of the new correlation 
depicted in Fig.X-l. For reasons of simplicity. the relevant com
parison will be confined to the standard reference temperature of 
400 C adopted in the latter correlation. But it should be emphasized 
that by utilizing the mathematical framework outlined in Section 
IX.2 the comparison may easily be extended to vther temperatures 
as well. 

The correlations involving some criterion of the isothermal vis
cosity-pressure dependence of the oils invariably employ the vis
cosity-pressure coefficient, a, its numerical value being determined 
from measurements in the lower pressure range. Such viscosity
pressure coefficients constitute somewhat loose criteria in that they 
represent average values over miscellaneous and frequently unspecified 
pressure ranges. As a rule, however, they are very well comparable 
with the corresponding initial viscosity-pressure coefficients, aiJ 
which are exactly defined by Equation (VII-5). Anyhow, for the 
present coi:n~arative analysis it would certainly be justified to 
identify the I average II a -values occurring in several previous cor
relations with the newly introduced ai -values. 

Although the subsequent discussion of previous correlations is 
essentially based on the new correlation as depicted in Fig.X-l, it 
has appeared that certain correlations ma.y be treated more. conveniently 
by replotting them in one of the derived correlational diagrams. 
notably Fig.X-3. rather than in the basic Fig.X-l. 

§ x. 3, 2 deals with the various correlations which only employ 
some atmospheric viscosity-temperature criterion for estimating the 
viscosity-pressure dependence of mineral oils. The correlations 
using the viscosity grade as an additional parameter. and which are 
therefore essentially based on the complete atmospheric viscosity
temperature relationship of the oils, are discussed in § X. 3.3. 

0) As demonstrated in Chapter VIII, such mineral oils - excepting the very fluid ones, which as
sume hardly any practical importance - also exhibit nearl)' the same values for the various physical 
constants contemplated (density. refractive index and molecular weight) and, accordingly, also 

possess approximately identical carbon-type compositions. 
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X. 3. 2. Correlations Only Employing Some Atmospheric Viscosity
Temperature Criterion 

A. KIESSKALT'S CORRELATION 

Kiesskalt's well-known correlation- already mentioned in § X.l.1 -
was the .first one to indicate a certain degree of correlation be
tween the viscosity-pressure dependljlnce of mineral*) oils' and their 
viscosity-temperature variation at atmospheric prepsure 163, 164). This 
correlation has been extensively applied and is still used to some 
extent. 

Plotting the (average) viscosity-pressure coefficients, Q'. of a 
moderate number of mineral oils against their values for the atmos
pheric viscosity-temperature criterion -ano/at (taken at the sanw 
temperature). Kiesskalt found that for a1l these oils both quantities 
would be interrelated, to a fair approximation, by one single equation, 
which can be rewritten as: 

3 ( al1o) 10 Q = 0.674 . log - at + 1. 91, (X-5a) 

where the viscosity-pressure coefficient, Q, and the atmospheric 
. viscosity, 17 0' have again been expressed in (kgf/cm2 ) -1 and in cP, 
respectively. It should be pointed out that the validity of Correlation 
(X-5a) has not been restricted to some particular standard reference 
temperature; in fact, Kiesskalt's correlation has been derived from 
experimental data in the temperature range from 20 to 100°C (68-
212°F). 

In later years Hersey and Hopkins 26)' checked Kiesskalt's 
correlation for a considerably greater number and variety of oils 
than originally considered. They found a somewhat improved overall 
agreement with the following expression: 

10 3 a = 0.60' log (- :~o) + 2.00, (X-5b) 

which can easily be derived from Fig.22 of their paper. As shown 
in Fig.23 of the same paper, the revised Correlation (X-5b) cor
responds very closely with Kiesskalt's original Correlation (X-5a), 

From the Definition (VI-3) of the viscosity-temperature coefficient, 
f3, it is readily seen that at any temperature the rather peculiar 
viscosity-temperature criterion -a1101 at is identical to the product 
f3o'l1o. Further, the "average" viscosity-pressure coefficient, a, is 
identified with the initial viscosity-pressure coefficient, Q'i (com
pare § X.3.1), Accordingly, the revised Correlation (X-5b) may 
be rewritten in the form: 

(X-5c) 

.) Kiesska It p. JPosed a similar correlation for fat t y oils. 
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Kiesskalt's Corrdation in Comparison With the Present Correlation, 

Substituting Equations (Vn-5) and (VI-5) for Qi and /30,4o o C , 
respectively, into Correlation (X-5c) leads to the following equivalent 
expression for the present standard reference temperature of 40°C: 

0, 521' log [1. 316 ' 10 -9 So' ~ 0,40 °c (log I') O,40oC + 1. 200) ] + 1. 737 
Z40oC=------~-------~~----------~-~--

log i'lO,40oC + 1. 200 
(X-5d) 

For a few distinct values of the viscosity grade 1')0 400C the 
derived Correlation (X-5d) has been represented in Fig:X-5. For 
comparison the corresponding curves of constant viscosity grade 
have been replotted from Fig.X-3. It should be noted"that the prac
tically straight lines according to Correlation (X-5d) have been 
depicted over the same radges of the two indices Z 40 °c and So as 
the latter curves, even though these ranges are only partly covered 
byKiesskalt'soriginal Correlation (X-5a) or its revised Form (X-5b), 

Fig. X-5 leads to the rather surprising conclusion that the Vis-
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cosily-Pressure Indices Z 400 C predicted from Kiesskalt's correlation 
are practically independent of both the viscosity grade and the 
atmospheric viscosity-temperature dependence of the oil considered. 
In fact, the predicted Viscosity-Pressure Indices invariably prove 
to come very close to the value 0.65. 

All in all, it may be stated that Kiesskalt's correlation constitutes 
a very crude tool for estimating the viscosity.-pressure dependence 
of mineral oils. 

B. THE crnRELATlONS OF SANDERSON. BRADBURY eta 1. , CLARK AND ANDERSON 

These four correlations are very similar in that each of them 
appears to be essentially based on the assumption that some con
stant ratio would exist between the viscosity-pressure coefficient, 
determined for the lower pressure range, and the atmospheric vis
cosity-temperature coefficient (taken at tre. same temperature) of 
all mineral oils. Thus, confining oneself again to the standard 
reference temperature of 40°C, the ratio a'i,40oC 1f30.40oC would 
invariably be the same for all mineral oils (compare § X. 3.1). Ac
cording to Identity (X-3), the latter equally applies to the ratio 
Z 4ooc7so. 

a. Sanderson 109,110) established some overall equivalence between 
the effects of isothermal compression and atmospheric cooling on 
the kinematic viscosity of mineral oils. Although Sanderson's cor
relation, as it stands, was derived from data on only four 
pure hydrocarbons in the light lubricating-oil range, it was claimed 
to be at least approximately applicable also to the rather restricted 
number of mineral lubricating oils tested. 

Sanderson advocated the use of the ASTM chart (see part B of 
§ III. 1. 2) for representing the kinematic viscosity-temperature 
dependence of the oils at atmospheric pressure. Now, by placing 
an "equivalent" pressure scale - relating to some standard refer
ence temperature - alongside the temperature scale of the latter chart 
the isothermal effect of pressure might be estimated graphically. 
Such an equivalent pressure scale has been defined for the standard 
reference temperature of lOOoF (37. SOC). 

In the present discussion it will be assumed that Sanderson's 
correlation would hold with nearly the same accuracy for the 
dynamic viscosity of mineral oils. ConSidering that the accom
panying density changes are practically negligible against the 
viscosity changes involved, the latter assumption proves to be 
well justified •. Further, the equivalence between temperature and 
pressure effects indicated for 100°F may be upheld for the pres
ent standard reference temperature of 40° C without appreCiably 
affecting the accuracy involved. 

Using again Equation (III-6h) for the atmospheric viscosity
temperature relatlOnship of the oils and Equation (IV-5e) for 
their isothermal viscosity-pressure relationship, it is readily 
seen that a straight line should be obtained if Sanderson's 
equivalent temperatures and pressures are plotted against each 
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other according to a 0-scale and a ll-scale, respectively. Indeed, 
in the considered pressure range of over 1,000 kgf/cm 2 (14,000 
psi) the resulting line appears to be substantially straight. Further, 
it can be shown that the slope of this 9 -ll line defines the afore
mentioned constant ratio of the Viscosity-Pressure Index 
Z 40°C to the atmospheric Slope Index, So, of mineral oils. It 
has thus been derived that, according to Sanderson's correlation, 
the ratio Z40oC/SO invariably amounts to 0.47. 

b. Bradbury et al. 28) indicated an approximate constancy of 
the ratio of the atmospheric viscosity-pressure coefficient, 
O!o' to the corresponding atmospheric viscosity-temperature coef
ficient, f3 0 J of all mineral oils. Their correlation may be cast 
into the form: 

(X-6a) 

where o!o and f3 0 have again been expressed in (kgf/cm2 ) -1 and in 
(deg C) -1, respectively, and where T denotes the absolute tem
perature, in deg K. 

As pointed out in Section VII. 4, the values found for the atmos
pheric viscosity-pressure coefficient, Q'o, of mineral oils frequently 
prove to be appreciably smaller than those of their initial viscosity
pressure coefficients, Q'i. Nevertheless, provided that the involved 
pressures amount to no more than two or three hundred kgf/cm 2 , 
it does not make any appreciable difference whether the viscosity
pressure dependence of the oils is evaluated in terms of either 
Q'o or Q'i. With this proviso it readily follows from Identity (X-3) 
that at the present standard reference temperature of 40°C 
Correlation (X-6a) may be transformed into: 

So 
0.54 (X-6b) 

c. On the basis of experimental data from the ASME pressure
viscosity project 27) Clark 165) developed a correlation along the 
line of approach first adopted by Sanderson (see the above point 
a). However, using one single lIequivalent" pressure scale placed 
alongside the temperature scale of the ASTM chart*), Clark ob
served marked differences between "paraffinic II and "naphthenic" 
oils. Therefore, he devised separate pressure scales for both 
kinds of mineral oils. Such scales were constructed for two tem
peratures, namely 100 and 210°F (37.8 and 98. g0C). 

Following the above procedure employed in transforming Sander
son's correlation, it can be derived that, according to Clark's 
correlation, the ratio Z 40°C Iso amounts to 0.46 for I'paraffinic" 
oils and to 0.55 for IInaphthenic" oils. 

d. On the basis of experimental data on both pure, high-molecular-

0) Thus, like Sanderson's,Clark' s correlation has been designed for kinematic viscosity. 
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weight hydrocarbons and commercial oils (including some non-min
eral oils) Anderson 166) developed a temperature -pressure chart con
taining a family of constant-viscosity curves. The location of the 
latter curves would be independent not only of the particular oil 
considered but also of the atmospheric visco.sHy involved. 

Following again the transformation method used for Sanderson's 
correlation (see the above point a), it appears that, according to 
Anderson, the ratio Z400C ISo invariably amounts to 0.55, 
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The Correlation of Sanderson, Bradbury eta 1., Clark and Anderson in Comparison With the 

Present Correlation. 

In Fig.X-6 the various correlations discussed in the present 
part B have been represented by straight lines*). 

0) The upper straight line, relating to Z400C/sO = 0.65, is identical to the solid line depicted 

in Fig.X-3 and defined by Correlation (X~2). 
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The fe w curves of constant viscosity grade 1') 0,40° C replotted 
from Fig.X-2 clearly demonstrate the oversimplified nature of 
the latter correlations. Nevertheless, in contrast to Sanderson's 
correlation and Clark's correlation for "paraffinic" oils, the 
remaining three correlations may be upheld as semi-quantitative 
approximations (compare part B of § X, 2. 2), 

C. CAMERON'S AND APPELDOORN'S CORRELATIONS 

Just like the correlations discussed in the preceding part B, 
Cameron's and Appeldoorn' s correlations appear to be essentially 
based on the assumption that one and the same relationship would 
exist between the viscosity-pressure coefficients and the atmospheric 
viscosity-temperature coefficients (taken at the same temperature) 
of all mineral oils. Unlike these foregoing correlations, however, 
Cameron's and Appeldoorn's correlations do not amount to a simple 
proportionality between both coefficients. 

a. Identifying again the initial viscosity-pressure coefficient, "'i. 
with the "average" viscosity-pressure coefficient used by Cam
eron 60) his correlation can be transformed into: 

1 
[- 4.20 . 10-3 (t + 95)2 (30 + 9.00] (t + 52), (X-7a) 

where the various variables are .expressed in the same units as 
above. At the standard reference temperature of 40°C the latter 
correlation takes the form: 

1 
- 7.05 !30,4ooC + O. 82B. (X-7b) 

b. Appeldoorn's recent correlation 124) can be shown to amount to 
a common straight-line relationship between the viscosity-pres
sure coefficients and the corresponding atmospheric viscosity
temperature coefficients of all mineral oils. Like Cameron's, 
Appeldoorn 's correlation would also account for the effect of temper
ature on the latter relationship. At the standard reference temper
ature of 40°C Appeldoorn's correlation can be reduced to: 

36.2 (30,40oC + 0.38, (X-B) 

where both coefficients are expressed again in the same units as 
above. 

It may be mentioned that Appeldoorn's correlation has been 
derived from data on a great variety of about 100 mineral oils 
most of them being identical to those used in developing the ne~ 
correlation depicted in Fig.X-l (see Table X-2), Further Appel
doorn has considered various pure hydrocarbons of high ~olecular 
weight. 
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Correlations (X-7b) and (X-8) have been plotted in Fig.X-7*). 
For comparison a few curves of constant viscosity grade 17 0,40° C 
have been depicted. these being readily derivable from the basic 
Fig.X-l (compare also Fig.X-4). In addition, the straight line 
defined by Correlation (X-4) has been included (compare Fig. X -3). 

Fig.X-7 indicates that the viscosity-pressure coefficients predicted 

.) It may be noted that in a Z40oC-SO chart both correlations would be depicted as a fa mil y of 
curves, each curve relating to some distinct viscosity grade '1'10, 40°C' 
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from Appeldoorn's correlation would be consistently too low over 
nearly the entire range of the variables covered by the present 
Fig.X-l. Whilst Cameron's correlation may yield predictions of 
a semi-quantitative nature for the range up to fairly high atmos
pheric viscosity-temperature coefficients, say, up to f3 0,40 °c 
'" 8' 10-2 (deg C)-l, it fails completely for appreciably higher values. 

On the whole, both Cameron's and Appeldoorn's correlation'~) 
would yield rather rough predictions. In fact, as regards their 
overall accuracy both correlations would be markedly inferior 
even to the oversimplified Correlation (X-4) represented in 
Fig. X -7 by the straight dashed line. 

X. 3. 3. Correlations Based on the Atmospheric Viscosity-Temper
ature Relationship 

The three correlations discussed below utilize the viscosity 
grade of mineral oils in addition to some criterion of their atmos
pheric viscosity-temperature dependence, Thus, like the new cor
relation described in Section X. 2, these correlations are essentially 
based on the complete atmospheric viscosity-temperature relationship 
of the oils. 

Unlike the new correlation, however, the latter three correlations 
involve kinematic viscosities. Actually. therefore, the densities of 
the oils are also required for evaluati.ng the pressure effect on the 
viscosity that really counts in lubrication, that is the dynamic 
viscosity • 

A. MATTESON AND VOGT'S CORRELATION 

Matteson and Vogt's correlation 167) would appear to be the first 
one accounting explicitly for the effect of tlie viscosity grade of 
mineral oils on their viscosity-pressure dependence. Besides the 
viscosity grade, Matteson and Vogt used the Viscosity Index as a 
criterion which would be indicative of the "chemical type" of the 
oils. 

Their correlational diagram represents the (average) viscosity
pressure coefficient of mineral oils as a function of their atmos
pheric Viscosity (taken at the same temperature) for three distinct 
values of their Viscosity Index,. namely -70, a and 100. The three 
relevant curves converge towards an atmospheric viscosity of about 
2.5 cPo 

Identifying again the initial viscosity-pressure coeffiCient, Q'i' with 
the "average" viscosity-pressure coefficient used by Matteson and 
Vogt, the latter three curves of constant VI can readily be depicted 
in a Z-H 0 diagram. In the relevant Fig.X-8, however, a standard 
reference temperature of 40°C has been adopted in order to include, 
for each of the three aforementioned VI-values; the interrelationship 
between the Viscosity-Pressure Indices Z 40 0 C and the viscosity 

.) Recently Kouzell71) derived II correlation, based on data plotted in the aforementioned ASMP 
report27). which proves to come quite close to Appeldoorn's. 



-295-

grades i7 0,40 ° C which would follow from the new correlation of 
Fig.X-l*}. In contrast to Matteson und Vogt's curves. the constant-VI 
curves derived from the new correlation show a rather capricious 
trend in the range of lower viscosity grades. It should further be 
noted that Matteson and Vogt's correlation covers only a small part 
of the extensive validity range of the new correlation of Fig. X -1. 

Fig.X-B indicates that, in general. Matteson and Vogt's curves 
would yield rough predictions. In fact, they would permit reasonable 
predictions only for certain oils with high viscosity grades. 
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B. WEBER'S CORRELATION 

Weber 168) employed Walther and Ubbelohde's so-called Viscosity 
Pole Height 66) as a criterion of the atmospheric kinematic vis
cosity-temperature dependence of mineral oils. For distinct values 
of their atmospheric (dynamic) viscosity Weber's correlational 
diagrams (his Figs.4 ai\d 5) depict the (average) viscosity-pressure 
coefficient (taken at the same temperature) of the oils as a function 
of their Viscosity Pole Height. 

Whilst Weber's Fig. 4 contains curves of constant atmospheric vis
cosities ra~'ng from 10 to 1,000 cP, his Fig.5 depicts only two 
such curves namely for 250 and 1,000 cPo Unfortunately, the 
former figur has been derived from experimental viscosity data 
up to no more than 200 kgf/cm2 (2,800 psi). Therefore, only Weber's 
correlational Fig. 5, which has been based on experimental da-

0) On the basis of the interrelationship between the Slope Indices. SO. and the viscosity grades 
1') O,40oC implied by a given Viscosity Index (compare Fig. VIlI-9) the corresponding Viscosity
Pressure Indices Z400C can readily by read from Fig.X~1. 
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ta for the pressure range up to 1,000 kgf/cm 2 (14, 000 psi) and for 
the temperature range from 20 to 60°C (68-140 oF), will be discussed. 

Identifying again the initial viscosity-pressure coefficient with the 
"average" viscosity-pressure coefficient used by Weber, the cor
responding Viscosity-Pressure Indices can easily be computed for 
each given atmosRheric viscosity; once more, a standard reference 
temperatur~ of 40°C has been adopted, Further, for any combination 
of viscosity grade n O.40 0 C and Viscosity Pole Height the corres
ponding atmospheric Slope Index can be calculated with good accuracy 
if only the appropriate density is approximately known. For the 
involved conversion of kinematic into dynamic viscosities the 
densities*) of the oils have been estimated from their Viscosity
Pressure Indices Z 40° C and their viscosity grades 11 0 40° c' that 
is by means of Fig. IX -9. ' 

1.1,----------------------------, 

,-
1. 

/ 
/ 

/ 
/ 

I 
/ 

/ 0,9 ,,/ / 
'Ct / '('I.Op.o I / 

/, I ;f 
o. I / 

I I 

40 / 
I I / I I / /2 I / 0.7 I I / 

SJ 
I I / 

0 I I / WEBER 

"" I / N 

O. I / I I , Present C.orrelatlon 

! 
I / 

/ 
/ 

/ 

O,!:> 

.... So 

FIG.X-9, 
Weber's Correlation in Comparison With the Present Correlation . 

• ) The temperature variation of the density of mineral .. oils can easily be estimated from the 
correlation given in § VIII. 3. 2. 
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In Fig.X-9 the Viscosity-Pressure Indices Z 400C thus calculated 
from Weber's correlational Fig.5 have been represented as a 
function of the atmospheric Slope Index, So, for the two aforementioned 
viscosity grades 110.40° c , namely 250 and 1,000 cPo The resulting 
two curves are seen to converge towards the range of low Viscosity
Pressure Indices and atmospheric Slope Indices. For comparison, 
various curves of constant viscosity grade n 0 40 ° c have been replot-
ted from Fig.X-3*). ' 

Fig.X-9 indicates that Weber's correlation would yield good 
predictions in the range considered. Unfortunately, the latter range 
is so small that this correlation has only very limited practical 
significance. 

C. HARTUNG'S CORRELATION 

Hartung's correlation 169) amounts to predicting the (isothermal) 
relative viscosity increase, nino. for several standard reference 
pressures and for the two standard reference temperatures of 100 
and 210°F (37.8 and 98.9°C), from the atmospheric kinematic vis
cosity-temperature relationship of the oils. The latter relationship 
is accounted for by the kinematic viscosity grade vo, 210 ° F and the 
temperature interval required to change the (atmospheric) kinematic 
viscosity of a given oil from 20 to 10 cS; this rather unwieldy 
kinematic viscosity-temperature criterion is estimated by means of 
the ASTM chart (see part B of § In.1.2). 

In Hartung's correlational diagrams - each diagram relating to 
some standard reference press1.J.re and to either 100 or 210° F - the 
aforementioned relative viscosity increase has been depicted as a 
function of the above-defined temperature .interval of the oils for 
distinct values of the kinematic viscosity grade tic, 210° F • 

Hartung derived his correlation exclusively on the basis of ex
tensive data from the ASME pressure -viscosity project 27). Although 
he considered primarily mineral oils, various other types of lubricating 
oils were also included. All these oils - and likewise oils from 
other investigations - were claimed to show reasonable conformity 
with his correlation, provided only that their kinematic viscosity grade 
Vo 2100F was not below about 4 cS. Further, the deviations generally 
turned out greater for non-mineral oils. 

Before discussing the applicability of Hartung1's correlation to 
mineral oils specifically it may already be stated that its fair 
applicability to certain non-mineral oils should be deemed rather 
fortuitous. In fact, as will be elucidated in § X. 4. 3, any such cor
relation designed primarily for mineral oils would, as a rule, show 
very large scatter when applied to other types of oils. 

Hartung's correlational diagram relating to a standard reference 
pressure of 20, 000 psi (1,406 kgf/cm2 ) and a standard reference 
temperature of 100°F (his Fig.6) has been taken as a basis to the 
following discussion. 

For any combination of the kinematic viscosity grade v O. 210 ° F 

.) However, the curve relating to l'JO.40oC " 250 cP has not been depicted in the preceding 
Fig.X-3, 
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and the aforementioned temperature interval required to change the 
oil's kinematic viscosity from 20 to 10 cS the corresponding vis
cosity grade T) 0 400C and the atmospheric Slope Index, So. can 
be estimated with good accuracy*). For the calculation of the cor
responding Viscosity-Pressure Indices Z 40°C the relative viscosity 
increase (relating to 20,000 psi) that would be observed at the 
present standard reference temperature of 40°C has been taken 
identiCal to that given by Hartung for the very close temperature 
of 100°F (37. SoC). 
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Hartung's Correlation in Comparison With the Present Correlation. 

The Viscosity-Pressure 'Indices 'Z 40 ° c thus calculated from 
Hartung's correlational diagram h. re been depicted in Fig.X-IO 
as a function of the viscosity grades T) 0 400 C for a few distinct 
values of the atmospheric Slope Index. So,' The resulting family of 
curves proves to display a rather capricious trend; this is not so 
surprising in view of the form of the curves (of constant v 0, 2100F) 

.) The involved conversion of kinematic into dynamic viscosities has again been performed by 
means of the procedure described in pan B of § VIII. 3.5, 
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in Hartung's original diagram, For comparison the corresponding 
curves of constant atmospheric Slope Index according to the new 
correlation have been replotted from Fig. X-I. 

It should be added that the relevant curves in Fig.X-I0 comprise 
nearly the entire range for which Hartung's correlation has been 
derived. Consequently, the latter range represents· only a small part 
of the extensive validity range of the new correlation depicted in 
Fig.X-l. 

Fig.X-IO shows that in the range of viscosity-temperature-pres
sure relationships covered by Hartung's correlation it would usually 
permit good predictions of the viscosity-pressure dependence of 
mineral oils. In fact, Hartung's correlation constitutes by far the 
best one available in that it generally yields quite acceptable predictions 
for the normal types of mineral oils. 

However, it is afflicted with the serious shortcoming that it is 
far from generally applicable to all the various types of mineral 
oils encountered. Moreover, as elucidated above, Hartung!s cor
relation proves to be rather unwieldly, partly because it involves 
both dynamic and kinematic viscosities. Last but not least, Hartung's 
correlation - as it stands - suffers from the basic drawback that it 
lacks any mathematical background for the viscosity-temperature
pressure relationships contemplated. 

X.3.4. Conclusions 

The correlations discussed have been shown to vary considerably 
with respect to o-ijer~allaccuracy,-v(ili0I0Frange anac~iJnvenie1ice: . 
But apart from Weber's and Hartung's correlations, they have proved 
ratheY cyude tools foy estimating the viscosity~pyessuye dependence 
of mineyal oils. 

Whilst WebeY's coyyelation has only minoy practical significance 
in that it has been confined to a veyy limited yange of viscosity 
grades, Hay tung's coyyelation geneyally yields quite acceptable pye
dictions foy the noymal types of mineral oils. Howevey, the lattey 
coyyelation still leaves much to be desired with yespect to its val
idity Yange, pyactical convenience and analytical significance. 

X.4. ADDITIONAL APPLICATIONS 

X. 4.1. The Viscosity-Pyessuye Indices and Initial Viscosity-Pres
suye Coefficients of Mineyal Oils ChaYacteYized by a Com

mon Atmospheric Slope Index 

It would seem interesting to devote some nearer attention to both 
the . Viscosity-Pressure Indices and the initial viscosity-pressure 
coefficients of mineral oils characterized by a common atmospheric 
Slope Index. It may be recalled that, as outlined in Chapter VI, 
mineral oils belonging to a given naturally homologous group c. ex
cepting the least viscous members - do display substantially the 
same Slope Index. 
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A. VISCOSITY -PRESSURE INDICES 

As regards the Viscosity-Pressure Indices exhibited by iso-So 
oils of various viscosity grades, Fig.X-l indicates that these would 
decrease fairly regularly with increasing viscosity grade (at the 
standard reference temperature of 40°C). Further, it is seen from 
that figure that for the members of any group of mineral oils with 
a common So -value not below about 1.40 the Viscosity-Pressure 
Indices Z40 0 C would decrease nearly linearly with increasing vis
cosity grade H 0 400 c. But for smaller So -values the relevant de
crease would become more pronounced for the very fluid members, 
that is with viscosity grades 11 0 400C lower than about 20 cP"~). 

Thus, when plotted in an H-nchart the isotherms relating to 400 C 
of all the various members of any group of iso-So oils would nearly 
constitute a fan, although those of the aforementioned very fluid oils 
would more or less stand out. It should be added, however, that 
up to the highest pressures explored with the underlying correlation, 
that is up to more than 2, 000 kgf/cm 2 (28, 000 psi), the latter 
isotherms would not intersect those of the more viscous members. 

Finally, it may be noted that as long as the (atmospheric) Slope 
Index and the Viscosity Index of mineral oils show a unique relation
ship (see Chapter VI) essentially the same correlation between the 
Viscosity-Pressure Index and the viscosity grade as indicated in 
Fig.X-1 would naturally hold for mineral oils characterized by a 
common value of the Viscosity Index. But in the comparatively 
low viscosity range where the unique relationship between both 
viscosity-temperature criteria breaks down (see Chapter VI) the 
Viscosity-Pressure' Index of mineral oils with a common Viscosity 
Index would be rather capriciously related to their viscosity grade. 
For three distinct Viscosity Indices these things are illustrated in 
the preceding Fig. X -8. 

B. INITIAL VISCOSITY -PRESSURE COEFFICIENTS 

On the basis of the new correlation of Fig.X-l the initial vis
cosity-pressure coefficients 0: i, 40°C of iso-So oils can readily be 
represented as a function of their viscosity grades 11 O.40o c (com
pare § IX. 5. 4). For some distinct values of the atmospheric Slope 
Index the resulting curves have been depicted in Fig. X -11, 

For the members of any group of mineral oils with a common 
So -value not below about 1.40 the initial viscosity-pressure coef
ficients O:i.40oC would increase nearly linearly with rising viscosity 
grade expressed in terms of log l'J 0.40 o c • But for smaller So -values 
the initial viscosity-pressure coefficients would tend to become con
stant for the very fluid members, that is with viscosity grades 
l'JO.40oC lower than about 20 cP (compare the preceding part A 
and the relevant footnote). Remarkably enough, in the latter vis
cosity range the initial viscosity-pressure coefficients would pass 
through a small minimum • 

• ) As indicated in Fig.X-1. such low viscosity grades would not be encountered amongst theafore
mentioned mineral oils with atmospheric Slope Indices higher than about 1.40. 
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FIG. X-H. 
Initial Viscosity-Pressure Coefficients of Mineral Oils With a Common AtmospheriC Slope Index 

According to the Correlation of Fig.X-l. 

When plotted in a log l1-p diagram, the isotherms, relating to 400 C, 
of all the various members of any group of iso-So oils would 
constitute one single family of non-crossing curves. Indeed, it can 
be shown that up to the highest pressures explored with the un
derlying correlation, that is up to more than 2,000 kgf/cm 2 (28,000 
psi), the isotherms of the very fluid members would not intersect 
those of the more viscous members (compare the preceding part A). 

l~urther. it may be noted that as long as the (atmospheric) Slope 
Index and the Viscosity Index of mineral oils display a unique relation-
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ship (aee Chapter VI) essentially the same correlation between the 
initial viscosity-pressure coefficient and the viscosity grade as in
dicated in Fig.X-ll would naturally hold for mineral oils charac
terized by a common value of the latter index. But in the com-· 
paratively low viscosity range where the unique relationship be
tween both indices breaks down (see Chapter VI) the initial vis
cosity-pressure coefficient of mineral oils with a common Viscosity 
Index would be rather capriciously related to their viscosity grade. 
For VI-values of 0 and 100 these things are illustrated in Fig.X-ll*). 

Finally, it should be pOinted out that the present findings are 
closely connected with Blok's remarkable postulate (discussed in part 
C of § IX.l.2) that all the isotherms of the various members of a 
given naturally homologous group of mineral oils would be depicted, 
in a viscosity-pressure diagram, as one single family of non-crossing 
curves. 

X. 4.2. The Viscosity-Pressure RelationshiP of Polymer-Blended 
Mineral Oils 

As discussed in § VIII. 4. 6, the (atmospheric) Slope Index of a 
given mineral oil can be lowered considerably by the addition of 
some long-chain polymer. Measurements of the pressure effect on 
the viscosity of such polymer-blended mineral oils indicate that their 
Viscosity-Pressure Index likewise decreases conspicuously. But 
as will be stated more precisely below, the Viscosity-Pressure In
dex is lowered to a relatively smaller extent than the (atmospheric) 
Slope Index. 

As regards the viscosity-pressure coefficient of a given polymer
blended mineral oil, this woula, to a first approximation, equal that 
of the base oil 21, 17,22); in fact, the same would apply to its (at
mospheric) viscosity-temperature coefficient (compare part B of 
§ VIII. 4.6). As pointed out by Bondi 21), the viscosity-pressure 
coefficients of a large number of commercial polymer-blended 
mineral oils do come fairly close to that of the base oil. 

In general, however, the viscosity-pressure coefficients of blends 
prepared from a given base oil may depend rather strongly on the 
particular polymer employed. This may be illustrated by Fig.X-12, 
which relates to the initial viscosity-rressure coefficient, ai, rather 
than the somewhat loosely defined I viscosity-pressure coefficient", 
a. In this figure the Viscosity-Pressure Indices Z 400C of a given 
base oil and three blends**) prepared from it, by the addition of 
different types of long-chain polymers, have been plotted against 
the corresponding viscosity grades H O•40 o C17). Moreover, the 
depicted curve represents the relationship between Viscosity-Pres
sure Index and viscosity grade - on the basis of Equation (VII-5) -
for the various blends that would display the same initial viscosity
pressure coefficient £¥i.40o C as the base oil. It is seen that, whilst 
the initial viscosity-pressure coefficients of the polyalkylstyrene
and polymethacrylate-containing blends do prove practically identical 

0) These tWo constant-VI curves have been calculated from the corresponding curves of Fig.X~B • 
.. ) The (atmospheric) Slope Indices of the same base oil and its blends have been depicted in 

Fig. VlII-15. 
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FIG.X-12. 
Viscosity-Pressure Dependence of a Series of POlymer-Blended Minerai Oils. 

to that of the base oil, the value exhibited by the polyisobutylene
containing blend is conspicuously higher, 

Such deviations from the depicted curve would be predictable by 
accounting for the effect of pressure on the solubility of the polymer 
in the base oil and on the flexibility of the polymer chain 21). However, 
quantitative predictions would appear very difficult. 

As indicated already in § X. 2. 3, the new correlation of Fig. X-l 
does not hold for mineral oils containing substantial amounts of 
some long-chain polymer. In fact, applying this correlation - in the 
form of Fig.X-l or rather appropriately extended to include lower 
So -values, which are frequently encountered amongst pOlymer-blended 
mineral oils - to such blends yields Viscosity-Pressure Indices con
siderably below the experimental values. This means that the actual 
Viscosity-Pressure Index of a given polymer-blended mineral oil is 
much higher than that of a straight mineral oil with the same (at
mospheric) Slope Index and viscosity grade. Thus, as noted above, 
the polymer may indeed be taken to decrease the Viscosity-Pressure 
Index relatively less than the (atmospheric) Slope Index of the 
mineral oil. But it would be far from correct to state - as done 
sometimes in the literature - that th0 polymer decreases the temperature 
dependence of the viscosity (Jf the mineral oil, leaving its pressure 
dependence prac :':'cally unchanged. 

Nevertheless, the new correlational Fig.X-l may serve as a con
venient basis for estimating the Viscosity-Pressure Indices of pol-
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ymer-blended mineral oils as well. The consequent procedure 
requires a knowledge solely of the atmospheric viscosity-temperature 
relationship of the blend and of the Viscosity-Pressure Index of the 
base oil. 

For the latter purpose the basic Fig.X-1 has been extended to 
include lower (atmospheric) Slope Indices, which are frequently en
countered amongst polymer-blended mineral oils; the extended cor
relation is represented by Fig. X-l3. Remarkably enough, it has been 

--... _-- ~O.4o't:' cP 

2 

2.00 

1.~----t----+----t----..;;:+--=-...=--t-==~b=:::::1-----l 

40 

30 

O,6!-----+--,;'-"'-.--=:::::= __ ~c----~-=--:=.-k,-, 
--.. ..... , .. :::: 

'---
-- ----. 

-"'"""'--- -, 
----- ", 

......... ........ ..... 
..... ..... , 

..... "- ..... ..... ..... 
' ..... '-..... ..... ..... ..... 

' ..... 
..... ..... , 

" , 
"- , 

, , 

... 
1'IG.X-lS. 

Correlation Between Hypothetical Viscosity-Pressure Indices of Polymer .. Slended Mineral Oils and 
Their Atmospheric Viscosity-Temperatwe Relationships. 

found that the decrease in Viscosity-Pressure Index actually ef
fected by the polymer is related very simply to the decrease that 
would be predicted from Fig. X -13. In fact, the following proportionality 
has been found to hold really good for the various oils considered: 

(X-9a) 

where ZOr and ZBI denote the Viscosity-Pressure Indices of the 
base oil and the blend, respectively, and where ZSI stands for 
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the hypothetical Viscosity-Pressure Index of the blend read from 
Fig.X-13. Correlation (X-9a) may be simplified into: 

Z BI = O. 6 Z Or + O. 4 Z;I' (X-9b) 

For the time being the described correlation should be considered 
tentative in that it has been based on comparatively few data. In
deed, viscosity-pressure data on sufficiently defined polymer-blended 
mineral oils would still appear very scarce. The included blends 
and their base oils are designated in Table X-5.' 

TABLE X-5 

Experimental and Predicted Viscosity-Pressure Indices Z400C of Typical Polymer-Blended 
Mineral Oils 

Experimenters' Designa tion Experimental Data Z400c 

NO.~----------------------------------~--------r----~----.---~ 
Base Oils 

Para ffinie Oil17) 
(Depleted in Fig. X-12) 

2 Heavy Gas-Oil Fraetion27), coded 25-E; 
011 A-2 of Table II-I 

3 Paraffinic 01l27). coded 31-G; 
Oil A-3 of Table ll-l 

Blends 

Oil No.1 + 10 Wt. "/0 Polyisobutylene 
(Depicted in Fig.X-12) 

2 Oil No.1 + 15 Wt.,,!. PolymethacrYlate 
(Depicted in Fig. X-Ill) 

3 Oil No.1 + 10 Wt."/o POlyalkylstyrene 
(Depicted In Fig. X-12) 

4 Oil No.2 + 10.2 WI."!. Polymethacrylate (Low M) 
Blend27) coded 26-EI API Oil No. 103 

5 Oil No,2 + 4.7 Wt."/o Polymelhacrylate (High M) 
Blend27) coded 27-E; API 011 No, 104 

6 Oil No.3 + ·Paratone"·) 
!llend27) coded 44-G 

7 Oil NO,3 + 4.5 Wt."!. "Acryloid 710 .... ) 
Biend27) coded 45-G 

.) Mlneral-<>il solution of polyisobutylene 
.. ) Oll-soluble polymethacrylate' 

'10,40oC. cP So 

37.2 1.27 

7.30 1.15 

41.1 1.26 0.67 

1,592 0.92 0.49 0.51 

109.4 0.94 0.57 0.57 

73.1 1.12 0,62 0,63 

27.4 0.87 0,66 0.66 

26.4 0,84 0.66 0.65 

120,5 1.11 0,62 0,62 

123,9 0,99 0.5B 0,58 

As shown by the last column of this table, the Viscosity- Pressure 
Indices Z 400C thus predicted for the various blends are in excellent 
agreement with the experimental val1,les. 

Finally. it should be added that the Viscosity-Pressure Indices 
of polymer-blended mineral oils - just as those of straight mineral 
oils - may either increase or decrease somewhat with rising tem-
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perature or may remain substantially constant. But, at any rate, 
the temperature variation of the Viscosity-Pressure Indices of poL
ymer-blended mineral oils generally does not follow the simple 
pattern des~ribed in § VII. 3. 2 for straight mineral oils. In other 
words, the viscosity-pressure poles of such blends are generally not 
located on the isotherm pole line established for straight mineral 
oils (see § IX.2.1). 

Fortunately, the Vi/;cosity-Pressurp Indices of polymer-blended 
mineral oils may again be taken constant in a fairly wide temperature 
range (compare § V. 2. 3). 

X. 4.3. The Viscosity-Pressure Indices and Atmospheric; Slope In
dices of Synthetic Lubricating Oils and Miscellaneous Liquids 

In Fig.X-14 the Viscosity-Pressure Indices Z400C of a great 
variety of synthetic lubricating oils and further liquids have been 
plotted against their atmospheric Slope Indices, So. 

First of all, three homologous groups of, commercially available, 
synthetic lubricating oils have been depicted. These groups - being 
the only ones for which the author could gather sufficient data -
are represented by the technologically important (linear) polymethyl
siloxanes, polyglycols and polybutenes. In addition, the truly homo 
logous group of pure n-paraffins - having invariably the same Slope 
Index So = 1.00 - has been included*). 

Furthermore, individual points have been depicted in Fig. X -14 
for 18 miscellaneous liquids, including several important types of 
synthetic lubricating oils. The latter liquids are identical to the 
similarly numbered ones of Fig. VII-2 and have already been 
specified in Table VII-I. 

For comparison, the range of Viscosity-Pressure Indices Z 40°C 
and atmospheric Slope Indices comprised by all the various kinds 
of mineral oils investigated so far has been indicated approximately 
by dashed lines. More particularly, the group of mineral oils char
acterized by a common percentage C R of 48 - and displaying a 
common Viscosity-Pressure Index Z 400 C '" 0.74 - has been represented 
by a (horizontal) solid line. 

Finally, the straight line relating to the aforementioned constant 
ratio Z 40°C/SO of 0.55 - representing some overall value for mineral 
oils (see part B of § X. 2.2) - has been constructed. 

For all the synthetic lubricating oils and further liquids comprised 
by Fig. X-14 the ratio of the Viscosity-Pressure Index Z400C 
to the atmospheric Slope Index, So, has been plotted in Fig. X-15 
as a function of their viscosity grade TJ 0 400C' On the basis of 
Equation (X-3) the corresponding ratio between "equivalent" pres
sure and temperature changes, expressed in terms of (kgf/cm 2)/deg C, 
has also been indicated (see part B of § X. 2. 2). 

The range covered in Fig.X-15 by all the various kinds of mineral 
oils investigated so far is comprised approximately by the two con
verging dashed lines. Further, four distinct series of iso-So mineral 
oils have been depicted, namely for So -values of 1. 00, 1. 20, 1. 50 
and 1. 80 • 

• ) The expenmental data on these four homologous groups derive from the investigation, already 
cited in § VII.2.2 (see also Fig.VII-2). 
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FIG.X-14. 
Viscosity-Pressure Indices and Atmospheric Slope Indices of Synthetic Lubricating Oils and Miscel

laneous Liquids. 

Designations: 

1. Diester 10. Triethanol Amine 
2. diqo 11. Mercury 
3. Fluorocarbon 12. Water 
4. Chlorofluorocarbon 13. Glycerol 
5. Silicate Ester 14. Castor Oil 
6. Poly alky lstyrene 15. Rapeseed Oil 
7. POlymethacrylate 16. Whale 011 
8, Chloropar affin 17. Bitumen 
9, d iHO 18. Water-Glycol Fluid 
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Fig.X-14 and particularly Fig.X-15 clearly show that the ratio 
Z400 C Iso may differ very widely from one liquid to another. As 
seen from Fig.X-15. this holds primarily for the more viscous 
liquids. Indeed, in the range of rather low viscosity grades the 
differentiation a!? to the ratios Z400C Iso between the divergent 
types of liquids under consideration, including tRe mineral oils, 
becomes much less and would even tend to vanish ,). 

Fig. X-15 further shows that the ratio Z400C Iso of mineral oils 
would usually be located within a comparatively small range. In fact, 
as stated already in part B of § X. 2. 2 (see also Fig. X-3), this ratio 
normally comes fairly close to the value 0.55. Consequently, the 
applicability of any more or less satisfactory correlation for 
predicting the viscosity-pressure dependence of mineral oils from 
their atmospheric viscosity-temperature relationship is bound to 
be restricted to such oils specifically. It is true that such a cor
relation may yield reasonable predictions also for certain non
mineral oils, but this should be deemed rather fortuitous (compare 
the discussion of Hartung's correlation, in part C of § X. 3.3). 

Pure Hydrocarbons 

Even when the present correlation for mineral oils is applied to 
individual, pure hydrocarbons, conspicuous deviations are very 

TABLE X~6 

Experimental and Predicted Viscosity-Pressure Indices 
Z 400C of 15 Pure Hydrocarbons 

Compound 

PSU 'IJ o. 40°C. 
No. cP 

516 2.72 
500 3.33 

25 6.61 l.09 0.71 
503 7.41 1. 22 0.66 0.90 

87 7,41 1,09 0.61 0.69 
110 8.59 1.11 0.59 0.69 

18 10.64 1.14 0.58 0.69 
88 11.22 1.15 0.64 0.69 

11.27 1.08 0.57 0.63 
111 12.59 1.12 0.62 0.65 

12 15.56 1.16 0.63 0.67 
134 19.14 1. 05 0.52 0.57 
113 20.7 1.17 0,64 0.66 
575 23.3 1.26 1.15 0.73 

19 26.0 1.27 0.71 0.72 

") (bviously. water and mercury are outstanding in the latter respect. In fact. a similar exceptional 
behaviour of these liquids has previously been observed With regard to their atmospheric Slope 
Index and Viscosity-Pressure Index individually (see Figs, VI-3 and Vll-2. respectively). 
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likelJi' to occur in several cases. notably for pure hydrocarbons 
whose structure differs widely from the average chemical con
stitution of the normally encountered types of mineral oils (compare 
§ IX. 5.3). 

Whilst this conjecture has indeed appeared to be correct, it has 
simul taneously been found that the present correlation yields predictions 
of the V.iscosity-Pressure Indices of pure hydrocarbons which may 
be considered reasonable in many cases. In other cases, however, 
such predictions are useful only as a first - rather rough - approx
imation. 

In order to convey an impression of the deviations involved the 
present correlation has been applied to a variety of 15 pure hydro
carbons, which have already been designated in Table. IX-B, Be
sides their viscosity grades 11 O,40oC and their atmospheric Slope 
Indices, the experimental and predicted Viscosity-Pressure Indices 
Z400C have been listed in Table X-B. indeed. whilst several predictions 
may be considered fair, other ones are seen to be rather rough. 

X.5. THEORETICAL CONSIDERATIONS ON THE CORRELATION 
BETWEEN THE TEMPERATURE AND PRESSURE DEPENDENCE 

OF THE VISCOSITY OF LIQUIDS 

X. 5. 1. Correlation of Viscosity With Volume 

As early as 1882 Warburg and von Babo 172) conjectured that the 
viscosity of liquids would be a unique function of their specific 
volume (or their density). The first investigator, however, who 
has particularly advocated - around the year 1913 - the assumption 
of pure volume dependence of viscosity was Batschinski 85). In later 
years this assumption was frequently resorted to and many empirical 
equations aiming at its quantitative formulation were proposed. 

The aforementioned assumption implies that simultaneous variation 
of temperature and pressure such that the specific volume is kept 
constant would also leave the viscosity substantially unchanged; or 
more generally, changes in viscosity brought about by varying either 
temperature or pressure would be caused solely by the accompanying 
volume changes. 

As a consequence, this assumption would offer the very alluring 
possibility of assessing the isothermal effect of pressure on the vis
cosity of a given Uquid from the isobaric (notably atmospheric) 
effect of temperature solely on the basis of its equation of state, 

Indeed, for simple, non-associated Uquidsthe assumption of pure 
volume dependence of their viscosity generally proves to hold rather 
good. Unfortunately, for more complicated liquids, notablylubricating 
oils, this assumption can by no means be upheld. It was Bridgmanll) 
who first demonstrated for a great variety of such more complicated 
liquids the breakdown of the latter assumption. 

The basic reason for the breakdown of the assumption of pure 
volume dependence of viscosity consists in that, rigorously speaking, 
two of the three variables of state, temperature, pressure and 
specific volume, are needed for completely defin'ing the viscosity 
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- which constitutes a real quantity of state - of a Newtonian liquid. 
Consequently, any efforts to account for the effects of temperature 
and pressure on its viscosity in terms solely of its specific volume 
are, in general, foredoomed to fail more or less. 

In fact, it is physically clear that when temperature and pres
sure are increased such that the specific voTume of a given liquid 
remains the same, the thermal mobility of its molecules is bound 
to increase also. Accordingly, it may a p1'iori be expected that, 
even though its volume is kept constant, the viscosity of a given 
liquid will become smaller, at least to some extent, with increasing 
temperature (and pressure). 

Now, experimental data have proved that for simple, non-associated 
liquids the indicated effect of increased thermal mobility of their 
molecules on the resulting viscosity value generally is very small 
or even completely negligible. But this effect may become quite 
pronounced for more complicated liquids. For the very complex 
mixtures represented by mineral oils, for 'example, the isochoric 
viscosity-temperature effect, at normal temperatures, turns out to 
be of the order of no less than 500/0 of that at constant pressure. 

X. 5. 2. The Correlation Between the Temperature and Pressur.e 
Dependence of Viscosity in Terms of Eyring's Theory 

A. THE ISOBAlUC VISCOSITY-TEMPERATURE EFFECT 

A suggestive interpretation of the viscosity-temperature effect at 
constant volume has been provided by Eyring and his associates in 
terms of their general theory of viscous flow (see § Ill. 1. 1 and 
§ IV. 1. 1). According to their view, the total isobaric "activation 
energy for viscous flow". E vis' may be separated into two parts, 
namely: 

(X-10) 

where the volume -dependent part E v~s represents the energy - like 
E vis and E vis, taken per groole of the liquid - required for the 
formation of a hole large enough to permit a molecular jump, whilst 
the isochoric part E vis denotes the additional energy requi"red for 
performing such a jump. Whereas E v~s reflects an indirect effect 
of temperature, that is the effect due to thermal expansion of the 
liquid, the isochoric activation energy Evls reflects the accompany
ing direct effect of temperature, that is the effect due to an in
creased thermal mobility of its molecules. 

In later years Eyring's interpretation was particularly advo
cated and elaborated by Bondi; in fact, Bondi has presented an 
extensive analysis of avail ,<ble viscosity data on a very great variety 
of liquids, including various types of lubricating oilS1~3, 20,174). 
According to Bondi's view, the total activation energy Evis of a 
liquid with a given molecular configuration is governed by the ob
taining intermolecular forces and the flexibility (intramolecular 
forces) of its molecules. More particularly, whilst the quantity 
Ev~s would be a measure of its intermolecular forces, the isochoric 
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quantity E vis would be predominantly determined by its molecular 
flexibility. 

In accordance with the viscosity-temperature Equation (III-Ib) the 
isobaric activation energy E v1s is defined by: 

E", ~ R [ ::~~TJ (X-llJ 

where R denotes again the II).olar gas constant. Analogously, the 
isochoric activation energy Evls can be written as; 

j 
E v1s 

[ 

blnl') J 
R o(ljT) Jv (X-12) 

~ harmony with Bondi's view the isochoric activation energy 
Evls assumes relatively small values for liquids composed of very 
flexible molecules, but relatively large values for liquids composed 
of rather rigid molecules.' For the latter liquids, particularly if 
association effects also interfere with the tlow process, the con
tribution of the isochoric activation energy Evls to the total isobaric 
activation energy E vis may easily amount, at least at normal tem
peratures, to some 50% or even more. Further. since molecular 
flexibility is bound to increase strongly with rising temperature, the 
aforementioned contribution Will be considerably less at relatively 
high temperatures. AH'in all, whereas the isochoric activation energy 
Evis may largely determine the flow process at moderate temperatures, 
the quantity EJls will be the governing factor at very high temper
atures (excepting extremely high pressures). 

B. Ca<RELATION WITH THE ISOTHERMAL VISCOSITY -PRESSURE EffECT 

In order to complete the above picture Bondi also considered 
the isothermal viscosity-pressure effect, this being characterized by 
the quantity VVjs ' the size of the holes (per gmole) required for 
molecular jumps. This quantity V vis would be essentially determined 
by the molecular configuration and flexibility of the liquid considered. 

Further, Bondi emphasized the important finding that the viscosity
pressure characteristic V vis of a given liquid could generally be 
related to its volume-dependent part of the isobaric activation energ:r 

E v~s by the simple expression: 

h 
E vis = Pi V vis ' (X-13) 

where the quantity Pi denotes its internal pressure. The internal 
pressure (or cohesive pressure) is a direct measure of the attractive 
forces between the molecules of a particular liquid. As will be 
elucidated hereafter, Pi is completely defined by the equation of 
state of the liquid considered. 

Relationship (X-13) expresses that the energy Ev~s required for 
the formation of a hole of size V vis (taken again per gmole) is 
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equal to the work that has to be performed against the internal 
pressure, Pi' for creating such a hole. 

By combining Equations (X-I0) and (X-13) it readily follows that 
the ratio of the isothermal viscosity-pressure characteristic V . 
to the total isobaric activation energy, E vis' of a particular liq;ici 
would be given by the correlation: 

V vis 

, Ejis 
1--

E vis 
(X-14) 

This correlation implies that for those simple liquids whose 
isochoric activation energy is negligibly small in comparison with 
their total isobaric activation energy the ratio V vis IE vis would be 
a unique function of their internal pressure, p., so that it may be 
derived solely from their equation of state. 1 

X. 5. 3. The Present Contribution 

A. THE lSOCHCXUC VISCOSITY -TEMPERATURE COEFFICIENT 

Elaborating a tentative statistical-physical model of the mobility 
of molecules in a liquid the following viscosity expression has been 
achieved in Section III. 3: 

11 
In-

l1e 
(III -15) 

In harmony with experimental data this expression implies that, 
in general, the viscosity of a given liquid cannot be fully described 
by its specific volume, v, alone. In fact, it would be a unique 
function of the ratio of its minimum required specific free volume, 
v;. to its specific free volume, vf. 

From Equation (111-15) .a quantitative expression can be deduced 
for the isochoric viscosity-temperature coefficient, f3 v ' defined as: 

f3
v 

= _ ~ (~) = _ (611111) • 
11 6'1' v 6'1' v 

(X-15) 

The relevant expression can readily be shown to read~ 

11 [Oln(v;/v f )] f3 v = - n. In - , 
11 e 0'1' v 

(X-16a) 

or, in extended form: 
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~" n· In :. {[ ~,(:~)p -v~ C:'),] + 

(
liP) [1 (IiVf.) 1 (IiVf) ]} 

+ liT y ~ -;;:)T v~ ~ T . (X-16b) 

Further, the specific free volume, vp may be conveniently re
written as: 

(X-17) 

where voc denotes the s};leci£ic "occupied" volume, to be regarded 
as a kind of van der Wj;!.als volume. This occupied volume should 
be of the order of the mittimum required specific free volume, v f ' 
and may likewise depend somewhat on temperature and pressure. 

Equation (X-16b) can then be transformed into the expression: 

TJ {[I (Ovoc~ 1 (OV;),] f3 v = -n·ln- - -- +-.- -- + 
TJe vf liT p vf oT p 

+ (:~). [:, (?) T + ~,G:' ),]} . (X-16c) 

According to this equation, the isochoric viscosity-temperature 
coefficient, f3y , should generally assume some positive value, be
coming zero only for those liquids whose occupied volume, 
voc ' and minimum required specific free volume, vf, are both in
dependent of temperature and pressure. The latter would be the case 
only for simple liquids with a considerable degree of flexibility. 

All in all, Equation (X-16c) may be claimed to give quantitative 
expression to the experimental observations, discussed in the 
preceding parts of this section, concerning the direct effect 
of temperature on the viscosity of liquids at temperatures and 
pressures so adjusted that their specific volume, v, remains con
stant. 

Further, Equations (III-16) and (IV-8) hav~ been proposed to ac
count explicitly for the effects of temperature and pressure, respec
tively' on the involved ratio vf/Vf. On the basis of these equations 
Expression (X-16a) for the isochoric viscosity-temperature coef
ficient, f3 v• can be cast into the following more specific formulation: 

(X-l8a) 

where the various parameters have the same meaning as defined in 
the relevant Sections III. 3 and IV.5. 

In the latter sections it has further been shown that the empirically 
developed Equations (III-lOa) and (IV-5a l

) may be deemed good approx-

1 
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imations to the aforementioned more general Equations (III-17) and 
(IV-9), respectively. On the strength of this finding Relationship 
(X-18a) may finally be reduced to the empirical form: 

I) [ S (6P) Z ] 
In-;;:. 1'-138 - 61' \' p+2,000 . 

(X-18b) 

In general, the form between pare,ntheses on the right-hand side 
of this equation proves to be positive*), so that the isochoric viscosity
temperature coefficient, f3 y, is also positive. Iri addition, Equation 
(X-18b) indicates that, at least at moderate pressures, the coef
ficient f3 v of any liquid will approximate to zero when the temperature 
becomes very high. 

n. camELATlON BETWEEN TEMPERATURE AND PRESSURE EFFECT 

For Newtonian liquids the viscosity - being.a real quantity of 
state - isafunctionsolelybf temperature and pressure. Consequently, 
the following correlation**) can rigorously be derived for any such 
liquid: 

c::"), (::) = 
v 

c;:) + C~:) . 
p v 

(X-19a) 

Introducing the isothermal viscosity-pressure coefficient, a, and 
the isobaric viscosity-temperature coefficient, f3, this correlation 
can be rewritten as: 

(X-19b) 

or 

(X-19c) 

'The latter three expressions are important in that they rigorously 
define the correlation between the viscosity-temperature-pressure 
relationship and the equation of state of any given liquid. 

It should be mentioned that, as pointed out by BondflO • 21), the 
isochoric pressure-temperature coefficients, (6p/6'T)y, at any given 
temperature and pressure. should be nearly constant within a particu
lar family of liquids. As a consequence of Correlatiop (X-19c) the 
ratios £1'/13, at any fixed conditions of temperature and pressure, of 
all the members of such a family would then, to a first approximation, 
display a unique linear relationship with their corresponding ratios 

0) As indicated in the subsequelll part, the isochoric pressure-temperatllre coeffiCient, (8p/8T)y. 
normally assumes values of the order of some 10 (kgf/crn2)/deg K (140 psi/deg K) • 

.. ) Essentially the same correlation has previously been presented by Rumpf1?5) and also by Gee l ?6), 
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i3v 1i3. In addition, in families of simple liquids exhibiting ratios 
f3v 1(3 negligibly smaller than unity the ratios al{3, at any given 
temperature and pressure, of the various members would be approxi
ma tely the same. 

Correlation (X-19c) can be put into yet another useful form by 
utilizing the purely mathematical identity: 

: ~ G:)" (X-20) 

This identity expresses that any particular isoviscid is defined 
simply by the ratio between the corresponding viscosity-pressure and 
viscosity-temperature coefficients. 

Substituting Identity (X-20) into Correlation (X-19c) leads to the 
expression: 

(X-21) 

which constitutes a rigorous correlation between the isoviscids and 
isochors of a given liquid. It is readily seen that for those simple 
liquids whose isochoric viscosity-temperature coefficient, f3 v ' is 
negligibly smaller than their total isobaric viscosity-temperature 
coefficient, {3, any given isoviscid would completely coincide with 
one particular isochor. 

Returning to Equations (X-1gb) and (X-19c), it follows that the 
correlation between, on the one hand, the isothermal viscosity
pressure coefficient and, on the other hand, the isobaric and isochoric 
viscosity-temperature coefficients of any given liquid is completely 
defined by its isochoric pressure-temperature coefficient, (ap / aT)y . 
As regards the significance of the latter quantity, the following 
comments may be useful. 

The thermodynamic equation of state for any liquid reads: 

p. = T (~) - p, 
I liT 

y 

(X-22) 

where Pi represents the internal pressure (compare the preceding 
part B), p standing again for the external (gauge) pressure; further, 
the quantity T( op/ aT)v is denoted as the therma pressure. As long 
as the external pressure, p, assumes only moderate values this 
is entirely negligible in comparison with the thermal pressure, which 
usually amounts to 2,000-8,000 kgf/cm 2 (28,000-114,000 psi). 
Therefore. one may normally set the internal pressure, p., equal 
to this thermal pressure, T(op/oT)y' so that: 1 

(X-23) 
T 
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In accordance with the aforementioned values of their internal 
pressures the isochoric pressure -temperature coefficients, (6p /6T)v, 
under discussion will normally vary from, say, 5-30 (kgf/cm2 )/deg K 
(about 70-400 psi/deg K). 

Substituting Identity (X-23) into Correlations (X-1gb) or (X-19c) 
yields the expression: 

I3T 
(X-24) 

It can readily be shown that this expression is essentially identical 
to Bondi's Correlation (X-14), thus confirming that, at least at 
moderate pressures, the latter correlation is basically correct. 

The isochoric pressure-temperature coefficient of liquids involved 
in Equations (X-19b) and (X-19c) can also be rigorously correlated 
with their isobaric thermal-expansion coefficient, (0, and their iso
thermal compressibility coefficient, K., which are defined by, res
pectively: 

(X-25) 

and 

K. ,,-=-(~) . 
v 6p T 

(X-26) 

The relevant correlation is readily achieved by substituting the 
latter expressions into the purely mathematical identity: 

(X-27a) 

which leads to: 

(0 

(X-27b) 
K. 

Combining the latter identity with Equations (X-19b) or (X-19c) 
yields the rigorous correlation: 

or also: 

I3v 
1 -

(X-28a) 

(X-28b) 
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Correlations (X-28a) and (X-28b) lead to the interesting con
clusion that for those simple liquids whose ratios f3v 1 f3 are negligibly 
smaller than unity the ratio of their isothermal viscosity-pressure 
coefficient. a. to their isothermal compressibility coefficient, Ie. 

is identical to the ratio of their isobaric viscosity-temperature coef
ficient, f3, to their is'obaric thermal-expansion coefficient. E. 

Finally. the ratio a/f3 of liquids can be expressed in terms of 
the isobaric viscosity-temperature Equation (III -17) and the isothermal 
viscosity-pressure Equation (IV -9), which have been achieved from 
the tentative statistical-physical basis for their molecular mobility 
elaborated in Sections III. 3 and IV. 5. The resulting expression proves 
to read: 

a w T-To 
(X-29a) 

f3 r p+p 0 

By using the empirically developed Equations (III-lOa) and (IV-5a') 
instead of the aforementioned Equations (III-17) and (IV-9), respec
tively, Correlation (X-29a) can be reduced to the more specific form: 

Z T - 138 
(X -29b) 

S p + 2,000 

Correlations (X-29a) and (X-29b) lead to the very interesting result 
that the various conclusions reached above for the ratio alf3 of liquids 
would, at any fixed temperature and pressure, equally apply to their 
ratio w /r and. more specifically, to their ratio Z/S. 

C. SPECIfIC CORRELATIONS fOR MINERAL OILS 

For mineral oils specifically the following semi-quantitative 
correlation between their Viscosity-Pressure Index Z400C and their 
atmospheric Slope Index. So. has been devised: 

(X-2) 

In accordance with Expression (X-29b), Correlation (X-2) implies 
tha t the ratio of their initial viscosity-pressure coefficient a i 40°C 
to their atmospheric viscosity-temperature coefficient f3 0 400C should 
be semi-quantitatively defined by the correlation: • 

a i.40oC 
--- = 0.048 deg C/{kgf/cm2 ). 
f3 O.40

o
C 

(X-4a) 

Another semi-quantitative correlation has proved to exist for 
the ratio of the isochoric to the isobaric viscosity-temperature 
coefficient of all the various kinds of mineral oils investigated so 
far. In fact, as indicated already by Bondi113.20). this ratio m:1:'; 
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at normal conditions of temperature and pressure, be approximated 
by the simple equation: 

0.50. (X-30) 
{3 

In Table X-7 the validity of Correlation (X-30) has been exemp.lified 
for three mineral oils of very divergent chemical constitution. 

TABLE X-7 

Viscosity-Temperature-Pressure-Volume Data on Three Mineral Oils 
of Divergent Chemical Constitutlon 

Experimental Data 
Mineral Oil at A tmospheric Pressure and 40 0 C (1040 p) 

Experimenters' ". {:Iv (Bp/8T)v· Pi' 
Code") 

Designation cP (kgf/cm2) /deg K kgflcm2 

A-4 Paraffinic Oil 129.4 0.52 11,5 3.600 
A-ll Naphthenic Oil 117,5 0,47 10.8 3.400 
A-16 Aromatic Extract 501 0.50 9.9 3, lOO 

.) Refers to similarly coded oils specified in Table II-I. 

Substitution of the semi-quantitative Correlations (X-4a) and (X-30) 
into the rigorous Correlation (X-i9c) leads to the result that, at 
least at atmospheric pressure and at a standard reference temperature 
of 40°C, the isochoric pressure-temperature cli?efficients of mineral 
oils would invariably be given by the equation ): 

10.4 (kgf/cm2 )/deg K. (X -31) 

The approximate validity of the latter correlation has also been 
illustrated in the aforementioned Table X-7. 

The involved approximate constancy of the isochoric pressure
temperature coefficients of mineral oils implies that their internal, 
pressures, Pi' should also be nearly the same. In fact, combination 
of EXpression (X-23) with Correlation (X-31) leads to the related 
expression: 

(X-32) 

.) It shoulu be noteu that Correlation (X -4a) contains the inl t i a I v iscasity -pressure caefiiciel.lt 
lXi,40oC, whilst an expression far the at 11l as ph e ric viscosity-pres,ure coefficient IXO, .lOoC 
should have been substituted into the rigorous*Correlatiou (X-Ilk). In view of III,' appcoxill).lIive 
nalure of the involved Correlations (X-4a) and (X-3U), however, the p,e'l'lII $ub;lillllitm Iilay t>" 
jll'tHieu. 
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As exemplified again in Table X-7 for three mineral oils of very 
divergent chemical constitution, the indicated average value of 3,300 
kgfjcm 2 (47,000 psi) does prove to be representative of their ac
tually observed internal pressures. It may be added that, in general, 
the internal pressures of paraffinic mineral oils tend to be some
what higher than those for naphthenicjaromatic ones. 

Further, the rigorous Idendity (X -27b) implies that the aforementioned 
approximate constancy of the isochoric pressure -temperature coef
ficient of mineral oils should also apply, to exactly the same degree 
and extent, to the ratio of their isobaric thermal-expansion to their 
isothermal compressibility coefficient. The relevant correlation reads: 

(X-33) 

It may be noted that the approximate constancy resulting for the 
ratio to j K. of mineral oils is not so surprising, since it is a well
known fact that both coefficients involved do not vary considerably 
from one oil to another. 

-----~-~---------------.-



CHAPTER XI 

THE VISCOSITY ~RADE OF MINERAL OILS AND PURE HYDROCARBONS: 
CORRELATION WITH CHEMICAL CONSTITUTION AND PHYSICAL CONSTANTS 

XLI. INTRODUCTION 

XI. L L Background 

All the various correlations developed in the preceding chapters 
for predicting the temperature and pressure dependence of the vis
cosity of lubricating oils, notably mineral oils, invariably involve 
the use of their viscosity grade, that is the viscosity at atmospheric 
pressure and at sorq.e standard reference temperature*). In fact, the 
use of the viscosity grade of the oils constitutes the most simple 
and straightforward starting-point in designing such correlations. 

As a consequence, the aforementioned correlations cannot yield 
any information on the viscosity (grade) itse~f of the oils considered. 
For various purposes, however, especially for correlational studies 
(see below), such information would be highly desirable. Ac
cordingly, in the present chapter ample attention will be paid to the 
correlation of the viscosity grade of lubricating oils, notably mineral 
oils and pure hydrocarbons, with their chemical constitution and 
easily assessable physical constants. 

In fact, an overwhelming amount of work - predominantly of an 
empirical nature - has been devoted so far to the correlation of the 
viscosity grade of liquids with their chemical constitution and physical 
constants. The validity of the conclusions reached, however, usually 
proves to be very limitedl'/3.177,178a). 

In this connection it should be realized that the search for regu
larities between the viscosities of series of chemically interrelated 
compounds is seriously hampered by the difficulty of choosing con
ditions under which these viscosities may be feasibly compared. In 
particular this holds for the reference temperature to be adopted, 
since for most liquids the viscosity-temperature dependence is quite 
considerable and may vary wldely for different compounds. For the 
latter reasons some standard reference temperature certainly can
not be regarded as a suitable 'Icorresponding" temperature for dif
ferentliquids. For want of something better, however, many previous 
investigators have simply compared the viscosities at some arbitrarily 
selected temperature. Others have followed the procedure - first 
adopted by Thorpe and Rodger in their classical viscosity studies -
of comparing the viscosities at equal viscosity-temperature gradients. 

Presumably, a more convenient and more generally valid evaluation 

.) It may be recalled that in the aforementioned correlations a standard reference temperature of 
40°C (104op) has arbitrarily been adopted. 
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of the aforementioned correlation would be possible if a reasonably 
additive function of viscosity and, notably, density were available. 

Before delving more deeply into the problem in question some 
characteristics and possibilities of such additive functions will be 
elucidated. 

XI. 1. 2. Additive Functions of Physical Constants 

The concept of the additivity of certain functions formed from 
physical constants has proved very fruitful for studying the correla
tion between the physical properties involved and the chemical con
stitution of substances. In addition, additive Junctions may be highly 
convenient for investigating how a particular physical constant depends 
on other interesting properties within a group of chemically inter
related compounds. 

The usefulness of this simple concept. applies both to individual 
compounds and to their mixtures, even if these are of considerable 
complexity. Thus, certain additive functions rank as important tools 
in the statistical constitution analysis of complex mixtures such as 
mineral oils and coal. 

During many years additive functions have found particular application in the field of h y d r 0 -

car bon liquids. Since pure hydrocarbons constitute relatively simple liquid, representing a great 
variety of systematically changing structures, these have served as model compounds in numerous 
investigations into additiVity. These investigations have greatly contributed to gaining a more profound 
insight into the correlation between the properties of individual hydrocarbons and their mlxtures. in
cluding the natural mixtures represented by mineral oils of divergent origin and chemical constitution. 

An additive function of physical constants may be defined as: a 
junction which for a given compound can be calculated by summation 
of the atomic contributions. Accordingly, for a given molar additive 
function F the following equation holds: 

F 1: n.~., 
j J 1 (XI-I) 

where 9j denotes the, contribution, per gmole, of atom j and nj 
represents the number of these atoms j per molecule. At least for 
fixed conditions of temperature and pressure the atomic increment 9j 
is considered independent of the configuration of the constituent atom 
in the molecule. 

Instead of such atomic increments, grouP or bond increments are 
frequently employed. For more complicated molecules, in particular, 
it is advantageous to consider larger structural units rather than 
all the atoms indiVidually. These units should be taken as large as 
practical· in order to include certain .constitutive effects which, in 
cases where very small.units - such as the constituent atoms are 
being considered, may cause appreciable discrepancies from the 
particular additivity rule. 

Indeed, in general the increments 9j are not fully insensitive to 
the effect of neighbOUring atoms in a particular molecule. Never
theless, additivity has proved to hold to a good approximation for well
known functions of physical constants such as molar volume, molar 
refraction and parachor, and also for several thermodynamic func
tions. 



-323-

It Is possible even to impro,e the accuracy of additivlt), rules by applying cor r e c t lOlls for certain 
constitutivc effects. For many purposes. hO\<ever. such corrections are not necessary at all. This is 
most importam as they may undo - or will at least jeopardize' - the practical usdulness of an other
wise attractive additive function. Ther .... fore. in general sllcb complicating corrections should be 
aVoided. 011 the other hand, for constitution anal}'sl, deviations from the additiVity rules as estab
lished for certain model compounds are signiflcant in tbat they may furnish additional information 
concernillg their structure. 

As a rule an additive function as defined by Equation (XI-I) for 
a given compound is additive on mixing as well; that is for a 
given mixture its value can be calculated by summation of the con
tributions of the components. Therefore, for a given mixture we 
have: 

F = 1; Xj F j , 
J 

(XI-2) 

where Fj represents the molar additive function of component j and 
Xj denotes its molar fraction. It should be noted, however, that 
Equation (XI-2) is not necessarily implied by Equation (XI-I). In 
fact, on mixing components of strongly different chemical constitu
tion considerable qeviations from Equation (XI-2) may be observed 
as a result of the interaction of the divergent molecules. 

Instead of the molar function F the corresponding specific func
tion f = F 1M, where M is the molecular weight, is frequently em
ployed. If Equation (XI-2) is valid, it can readily be derived that 
for a given mixture f can be calculated from the equation: 

(XI-3) 

where fi represents the specific function of component j and Xj its 
weight fraction. An important advantage of Equation (XI-3) over 
Equation (XI-2) is that the molecular. weight is not involved. 

Such specific functions f are often of the form: 

f 
fl 
d' (XI-4) 

where d represents the density and fl denotes a simple function 
of a particular physical constant (or this physical constant itself). 
For a given mixture it can be shown that, provided no volume 
changes ensue from mixing, fl satisfies the equation: 

fl = r; y. fl. , 
j I I 

(XI-5) 

where f) relates to component j and Yj denotes its volume fraction. 
It would seem that so far the volume additivity of such simple 
quantities fl has hardly attracted the attention of investigators in 
this field. In the authorls opinion, however, this volume additivity 
opens up particularly iqteresting possibilities. 
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XL 1. 3. Previous Investigations 

In view of the foregoing considerations, it is no wonder that 
numerous painstaking efforts have been carried out to establish a 
reasonably additive function of viscosity and, notably. density of 
liquids. Unfortunately, owing to the reputedly complex nature of the 
viscosity of liquids, unusual difficulties are encountered in trr.ing 
to establish a viscosity-density function that would be fairly additive 73). 
Two interesting studies in this field may be mentioned. 

A. SOUDERS'S fUNCTION 

Souders's so-called viscosity-constitutional constant,- I, may be 
written asl79): 

:1 - M log log (101"1) + 2.9 
- d ' (XI-6) 

where viscosity 1"1 is expressed in cP and density d in g/cm3 ; fur
ther, . M denotes again the molecular weight and log stands for the 
common or Briggsian logarithm, 10glO. The originator of this em
pirical function has given a variety of atomic and structural incre
ments for calculating l from the constitution of a particular com
pound. If the density is known at the temperature involved, the 
viscosity can be obtained from the calculated I-value. 

Souders's study may be considered the first fairly successful at
tempt to establish a reasonably additive viscosity-density function. 
His. method has revealed some interesting possibilities in this field. 
For low-viscosity compounds of simple structure it may permit not 
tool rough viscosity predictions. Unfortunately, it has some obvious 
sh91rtcomings, the most serious one being that it is not reliable 
enough Slb). 

All in all, Souders's method would not seem to offer more than a 
first approximation to the problem under discussion. 

S. THE RHEOCHffi 

On the analogy of Sugden's well-known ·parachor Friend and Har
greaves lSO) proposed the rheochor. Rh, as an empirical viscosity
density function with additive properties: 

Rh 
(10 I"Ib )1/8 

M db + 2d'b 
(XI-7) 

In this function I"Ib represents the viscosity, again in cP, at the 
normal boiling point; db and db denote the densities, again in g/cm3 , 

of the liquid and the vapour, respectively, both taken also at the 
normal boiling point. 

The fact that Friend and Hargreaves had to confine the applicability of 
the rheochor to the boiling point - where the viscosities are quite 
low and not very divergent - forms a good indication of the difficul-
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ties encountered in trying to develop a.'1 additive viscosity-density 
function. These authors have also provided a list of increments for 
calculating rheochor values from the constitution of the liquids in
volved. If the appropriate densities of the liquid and the vapour';') are 
known. a fair estimate of the boiling-point viscosities can thus be 
made. 

But actually the rheochor constitutes an even rougher approxima
tion to the present problem than Souders's functionB1b). Last but 
not leas., the practical - and possibly theoretical - uSE!fulness of 
the rheochor is very limited by the proviso that it be employed only 
at the normal boiling-point temperature. 

Notwithstanding the merits of the two aforementioned and many 
further attempts to derive a satisfactorily additive viscosity-density 
function, it is only fair to say that as yet much work remains to' be 
done. 

XL 1. 4. The Present Approach 

From the above considerations it will be clear that the present 
approach to the correlation of the viscosity grade of liquids. notably 
mineral oils and pure hydrocarbons, with their chemical constitution 
and physical constants has been concentrated primarily on the search 
for a satisfactorily additive viscosity-density junction. 

Some preliminary trials suggested that this search could be suitably 
based on a kind of reduced viscosity rather than on the Viscosity 
(grade) itself. It is important to note that the particular form of 
reduced viscosity utilized in the further trials 1s identical to the 
one - defined in § III. 1. 3 - which has already proved highly fruit
ful for evaluating both the temperature and pressure dependence of 
the viscosity of liquids, especially the lubricating oils most frequently 
employed in current practice. 

Although the present approach should be deemed only a first cau
tious step on somewhat slippery ground, the author believes that 
along the above lines he has indeed succeeded in establishing a 
really SUfficiently additive viscosity-density function. The new, 
empirically derived, function is denoted as the "viscoelw}"". It is 
thought to be at least on a par with most of the well-known additive 
functions devised for physical properties such as density and re
fractive index which have' proved to lend themselves much better 
to such an approach. 

Various applications - particularly in the field of hydrocarbon 
liquids, including the complex mixtures represented by mineral oils 
- are described to testify to the convenience and versatility of the 
viscochor concept. 

XI. 2. THE VISCOCHOR - AN ADDITIVE VISCOSITY -DENSITY 
FUNCTION 

As a result of various attempts the following relationship between 

.) Actually. the denSity of the vapour may well be neglected against that of the liquid. 
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viscosity ll' in cP, and density d, in g/ cm 3 , has finally been estab
lished as a really satisfactory additive viscosity;..density function; 

'I" ,. M (log II + 1.200) liB 
d • (XI-B) 

It is suggested to call this new function the (molar) "viscochor". It 
has the dimension of a molar volume and is expressed in cm3 /gmole. 

Accordingly, the quantity: 

t/I == (log II + 1.200) 1/8 
d (XI-9a) 

represents the specific viscochor. It has the dimension of a specific 
volume and is expressed in cm3 tg. 

The dimensionless function (log II + 1. 200)1/8 is thus seen to con
stitute the appropriate volume-additive quantity denoted by il in 
Equation (XI-4). For simplicity the latter function will be represented 
below by the symbol h, so that we may write: 

t/I == ~. (XI-9b) 

The viscochor has been derived for the aforementioned standard 
reference temperature of 40 0C (104 OF). Throughout this chapter 
viscochor values invariably refer to the latter standard condition, 
although, for convenience, this has usually not been indicated in the 
relevant expressions. After all, just like many other additive func
tions, the viscochor normally proves to depend only very little on 
temperature. 

It is important to note that the viscochor has been based on the 
viscosity function (log 1'/ + 1. 200), the same function that has been 
shown to be highly fruitful for evaluating both the temperature and 
pressure dependence of the viscosity of liquids, notably lubricating 
oils, in terms of the minimum number of characteristic parameters. 
Thus, the quantity (log 1'/ + 1. 200) may well be regarded as a kind 
of universal viscosity function. 

As stated in § m.l.a, the constant 1.200 may analytically be put equal to the symbolic expres
sion -log'! ... where "I ... represents the viscosity. also in cP. that would be reached when extrapola
ting analytically to infinite temperature. Accordingly. this fictitious viscosity. amounting to "I .. == 

= 0.0631 cP, would be common to all liquids. The viscosity function (log "I + 1,200) may there
fore be rewritten as log ("1/"1 .. ). so that actually it involves a kind of reduced viscosity. namely 
the ratio of the viscosity "I. at an arbitrary temperature. to the viscosity at infinite temper
ature. "I .... 

The regularities between viscosity and density observed in homo
logous series of hydrocarbons have given birth to the above-defined 
viscochor expression. Accurate data on the following series have 
been taken as a starting-point: n-paraffins, n-a-alkenes, n-alkyl
cyclopentanes, n-alkylcyclohexanes and n-alkylbenzenes. 

Besides a characteristic basic structure, denoted by RH, these 
series have a straight chain of methylene (CH2-) groups. Schematic
ally their structure ma) thus be represented by: 
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(XI-10) 

where k denotes the number of methylene groups in a given molecule, 
For the n-paraffins, for example, R stands for a terminal methyl 
(CHa-) group, . 

For hydrocarbons which possess a common number of methylene 
groups (common k-value) but belong to different homologous series 
(different terminal group R) conforming to the above Scheme (XI-10), 
the properties become more similar the. longer their methylene 
chain. In the limiting case of an infinitely . long methylene chain, 
that is for M = 00, the members of all such series would display 
identical properties. 

].<'or any member of a homologous series conforming to Scheme 
(XI.10) the molar additive function 'I" - and likewise any other molar 
additive function - may be represented by: 

(XI-ll) 

where 'I" CHa and 'l"RH denote the increments of the methylene group 
and the baslc structure RH, respectively. Thus, 'l"RH comprises the 
contributions of ail atoms or groups that are not incorporated into 
the methylene chain. 

The correspon~ing molecular weights M can be written as; 

M = 14, 026 k + M RH , (XI-12) 

where 14.026 represents the group weight of a CH2 -group and MRH 
the group weight of the RH-group. Combination of Equations (XI-ll) 
and (XI-12) leads to the following expression for the specific visco
chor of the members of the homologous hydrocarbon series considered: 

'l"RH - MRH ('I"CH2 ) 
'l"CH2 14.026 

rjJ = -- + (XI-13a) 
14.026 

For the members of a particular series Equation (XI-13a) may be 
rewritten as: 

CrjJ 
rjJ = rjJl + M' (XI-13b) 

In the latter expression rjJi denotes the limiting value of rjJ, that is 
the viscochor that would be obtained by extrapolating analytically to 
M = 00, or 11M = 0; it should be noted that rjJi has one single value 
for all the series conforming to Scheme (XI-10). Further, the para
meter CrjJ, expressed in cm3 /gmole, assumes a characteristic value 
for each particular series. 

Consequently, plotting rjJ against 11M for all the members of these 
various homologous series yields a family of straight lines - one 
straight line for every series - converging towards the point where 
11M = 0 (M =: 00) and, thus, rjJ = !/ii' The slopes of these lines are 
defined by the parameter CrjJ' 
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TABI,E XI-1 

Data on Pure Hydrocarbons 

Physical Constants Derived Quantities 
Hydrocarbon 

103/M Compound 1j40oC' d40oC ' M.calc h400 C If40OC. 
cP g/cm3 cm3/g 

n -Paraffins 

CIS 1,900 0,7545 212,406 1,0501 1,3917 4,71 
C16 2,25 0,7597 226,432 1,0563 1,3906 4,42 
C17 2,65 0,7643 240,458 1,0624 1,3899 4,16 
CIS 3,09 0,7684 254,484 1,0678 1,3896 3,93 
C19 3,59 0,7720 268,510 1,0728 1.3897 3,72 
C20 4,16 0,7754 282,536 1,0777 1,3899 3.54 

n -«-Alkenes 

C15 1,70 0,7623 210,390 1,0457 1,3719 4,75 
C16 2.02 0,7671 224,416 1,0524 l,311S 4.45 
C17 2,38 0,7112 238,442 1,0586 1,3126 4.19 
ClB 2,79 0,7749 252,468 1,0643 1.3736 3,96 
C19 3,26 0.7781 266,494 1,0697 1,3748 3,75 
C20 3,77 0,7812 280,520 1.0744 1,3752 3,56 

n -Alkylcyclo-
pentanes 

CIS 2,37 0,7968 210,390 1,0584 1,3285 4,75 
C16 2.81 0,7994 224,416 1,0645 1,3315 4,75 
C17 3,29 O,801B 238,442 1,0699 1,3343 4,19 
C1B 3,B3 0, B039 252,468 1,0750 1,3372 . 3.96 
C19 4.43 0,8058 268,494 1,0796 1,3399 3,75 
C20 5,08 0, B076 280,520 1,0839 1,3422 3.56 
C21 5,80 0,8092 294,546 1,0880 1,3444 3,40 

n -Alkylcyclo-
hexanes 

C15 2,6B 0,8027 210,390 1,0628 1,3239 4,75 
C16 3,19 O,B052 224,416 1,0689 1,3275 4,45 
Cn 3.76 0,8073 238.442 1,0744 1,3309 4,19 

- C1B 4,38 1}.8091 252,46B 1,0793 1,3340 3,96 
C19 5.08 0.B108 266.494 1,0839 1,3369 3,75 
C20 5,B5 0, B124 2BO,520 l,08B2 1,3394 3,56 
C21 6,69 0,8138 294,546 1,0992 1.3422 3,40 
C22 7,61 O,B151 30B,572 1,0959 1,3446 3,24 

n-Alkylbenzenes 

C15 2,08 0,8414 204,342 1,0535 1,2521 4,90 
C16 2,48 O,B412 218,36B 1,0598 1.2591 4,58 
Cn 2.B9 0.8411 232,394 1.0655 1.2669 4.30 
C18 3.37 O,B411 248.420 1.010B 1,2732 4.06 
C19 3,91 0,8411 260.446 1,0757 1.2790 3.84 
C20 4,51 0,8411 274.472 1.0802 1.2844 3.64 
C21 5.18 0,8410 288,498 1,0845 1,2895 3.47 
C22 5.92 0,8410 302,524 1,0886 1,2944 3,31 
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Once the values of !/Ii and C!/I have been determined. the values of 
the increments 'fCH2 and 'fRH can readily be obtained from the fol
lowing equations. respectively: 

(XI-14) 

and 

(XI-IS) 

, In accordance with the preceding considerations the !/I-values of 
.various members of the five aforementioned homologous series have 
been plotted in Fig. XI-l against their reciprocal molecular weights. 
In fact. in so far as their molecular weights exceed the value 200 
(see below) all members on which accurate data are available77) 
have been included in the latter figure; the pertinent data*) are 
compiled in Table XI-I. Fig. XI-l demonstrates that all these data 
do conform very well to Equation (XI-13b). The limiting value of 
the specific viscochor has been found to amount to !/Ii = 1. 3870 cms/g, 
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Specific Viscochor and Molecular Weight In Homologous Hydrocarbon Series According to Fig.XI-I, 

0) For the n-alkylcyclopentanes, n-alkylcyclohexanes .and n-alkylbenzenes the densities at 400C 
listed In Table XI-I have been obtained by Uneariy extrapolating from the experimental values 
at 20 and 2SOc. 
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Of particular importance - primarily with a view to possible 
analytical applications - is the relatively wide spread of ¢I-values 
between the various series depicted. The latter feature is brought 
out even more clearly by Fig. XI-2, where for all the hydrocarbons 
included in Fig. XI-l the values of the quantity M(¢I·w" have been 
plotted against the reciprocal values of their molecular weights. In 
accordance with Equation (XI-13b) the relationships depicted in Fig. 
XI-2 are substantially independent of the molecular weight, so that 
they are represented by horizontal lines, Further, it is seen that 
the characteristic ordinates of these' horizontal lines must be iden
tical to the slopes, C"". of the corresponding sttaight lines depicted 
in Fig. XI-l. The values determined for the slope CI/J of the five 
homologous hydrocarbon series under consideration are listed in 
Table XI-2. 

Numerical Values for CIjI and Cy of Pure -Hydrocarbon Series 
at 400c 

Series C~ 
cm3/gmole 

Cy • 

cm3/gmole 

n-Paraffins 0,84 29.00 
n-c-Alkenes -3.30 26,95 
n -Alkylcyclopentanes -12.44 14.20 
n-Alkylcyclcbexanes -13.20 12.20 
n-Alkylbenzene. -27.86 0.33 

Furthermore, a most remarkable feature of the viscochor consists 
in that 'it can reproduce the involved viscosities with a relatively 
great accuracy. The subsequent data on the series of the n-paraffins 
may be considered representative examples for illustrating this ac
curacy. First, their I/t-values have been computed from Equation 
(XI-13b), utilizing the aforementioned values for Wi and CI);. Next. 
their viscosities have been calculated from the latter I/t-values by 
substituting the appropriate experimental densities. The results of 
these calculations are collected in Table XI-3 (all data taken again 
at 40°C). 

Table. XI-3 shows that the average deviation between calculated 
and experimental viscosities amounts to less than 1 %, which is ex
.cellent. For the remaining series the deviations are of the same 
order of magnitude. 

The latter feature is the more striking since the viscosity dif
ferences between the various members of such a homologous series 
are really gigantic as compared with the differences observed for 
other physical properties. such as density (compare Table XI-I) and 
refractive index. Consequently. the viscochor 1.8 promising also for 
predicting viscosities directly from the chemical constitution of a 
given liquid. 

As stated above. only hydrocarbons with molecular weights above 
200, that is those containing more than 14 carbon atoms in their 
molecules, have been employed in the development of the viscochor. 
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TABLE Xl-3 

Experimental and Calculated Specific Viscqchors and Viscosities 
- of n -Paraffins at 400 C 

n-Paraffin r/leW',' oj.calc. 'l)exp. 'l)ca!c' "/08'1)') 
cm Ig C1D3/g cP cP 

C15 1.3917 1.3910 1.900 1.875 -1.4 

C16 1.3906 1.3907 2.25 2.24 -0.2 

C17 1.3899 1.3905 2.65 2.68 1.4 

C18 1.3896 1.3903 3.09 3.14 1.6 

C I 9 1.3897 1.3901 3.59 3.62 0.7 
C 20 1.3899 1.3900 4.16 4.17 0.2 

'l)calc - 'l)exp 
") "/08'1) = 100 ___ _ 

'l)exp 

The basic reason is that for lower members of the various series 
considered the deviations b'om the straight-line relationships de
picted in Fig. XI-I may become quite appreciable. After all, similar 
deviations are normally observed for other additive properties, such 
as the specific volume. 

Nevertheless, with some minor changes in the location of the 
straight lines depicted in Fig. XI-I several members with molecular 
weights considerably below 200 could still have been included. It 
has been preferred, however, to evaluate the numerical constants 
in the viscochor Equation (XI-I3b) on the basis of the higher members 
of the various homologous series considered in order to obtain a 
better concurrence with the observations made on important hydro
carbon products encountered in practice, notably mineral oils in the 
lubricating-oil range50). 

TABLE Xl-4 

Tentative Viscochor Increments for Hydrocarbons 

Atom or Group Formula 'Y 40OC. 
cm3/gmole 

Methylene Group - CH2- 19.454 

Terminal Hydrogen Atom H- 1.82 

Terminal Methyl Group CH3 - 21.27 

Terminal Ethylene Group CH2=CH - 33.91 

Terminal Cyclopentyl Group D- 83.01 

Terminal Cyclohexyl Group 0 101.70 

Terminal Phenyl Group 0- 7H.66 

i 
I 

~ 



-333-

Finally, Table XI-4 shows a few tentative viscochor increments 
derived by means of Equations (XI-14) and (Xl-IS), The caLculations 
are based on the value !/Ii '" 1. 3870 cm3 / g and the Ct/I-values listed 
in Table XI-2 for the five series under consideration, 

Viscochors of Dimethylsiloxanes 

It has just been shown how the viscochor expression could be derived 
from appropriate data on members 'of homologous series of hydro
carbons. Members of the very interesting class of the diruethylsil
oxanes may serve to illustrate that the applicability of the viscochor 
- like that of other additive functions - is not at all confined to hydro
carbons. Members of both the linear and the cyclic series of di
methylsiloxanes have been included. 

The usual system of abbreviation is employed for representing the structures of these compounds. 
Themonofunctionalterminalgroup(CHa>3SiOi is termed an M-unlt. whilst the difunctional repetitive 
group (CH3JzSiO is termed a D-unit. In this notation linear and cyclic dimethylslloxanes have the 
formulas M2Dn (or MDnM) and On. respectively. where the subscript n denotes the number of 0-
units occurring in a given compound. 

TABLE XI-5 

Data on Linear and CycliC Dimethylsiloxanes 

Dimethylsiloxane Physical Constants Derived Quantities 

Compound 
1I4{)OC. d40OC. M,cale ';40OC. 103/M 

cP g/cm3 cm3/g 

Linear Series 

MzD2 1.050 0;8333 310.58 1.2304 3.22 
MzD3 1.439 0.8552 384.71 1.2148 2.60 
M2D4 1.875 0.8709 458.84 1. 2051 2.18 
MzDs 2.30 0.8821 532,96 1,1986 1.88 
MzDa 2.11 0.8909 607.09 1.1943 1.65 

CycliC Series 

0 5 2.8~ 0.9358 370.64 1.1377 2.70 
D6 4.84 0.9447 444.77 1.1458 2.25 
0 7 7.19 0.9503 51B.90 1.1515 1.93 

lnFig. XI-3 are plotted the !/I-values against the reciprocal molecular 
weights for some members of both series for which reliable data 
are available in the literature146); the pertinent data*) ar~ compiled in 
Table XI-S, Just as with the homologous hydrocarbon series of Fig. 
Xl-I, the data of both siloxane series plotted in Fig. XI-3 confOl'm 
very' well to the straight lines depicted. However, in conh'ast to 
these hydrocarbon series - which have a straight methylene chain 

.J The densities at 400C listed in Table XI-5 have been calculated from the experimental values 
at 20OC. using the thermal-expansion coefficients reported in Reference 181. 
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Cyclic Dimethylsiloxones 

-
1'10. XI-a. 

Specific Viscochors of Linear and Cyclic Dimethyhiloxane Series. 

in common -, the linear and cyclic dimethylsiloxane series display 
different values for q,'J the limiting value of q,. This accrues from 
the fact that for the 1 linear series q,j relates to a D-unit in elwin 
structure but for the cyclic series to a D-unit in ring structure. 

For the linear dimethylsiloxanes Equation (XI-13b) has been found 
to read: 

1.1569 + 22M28 (XI-13c) 

For the cyclic series quite different numerical constants have been 
obtained, namely: 

q, ~ 1.1856 _ 17ir75 (XI-13d) 

On the basis of Equations (XI-13c) and (XI-13d) a few tf'l1tn.tive 
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viscochor increments, listed in Table XI-6, have been calculated 
ac:cording to the above -specified procedure. 

TABLE XI-6 

Tentative V iscochor Increments for D imethy lsi/oxalles 

Group 
If-lOoc • 

cm3/gmole 

Terminal M-Unit 105.03 

D -Unit in Chain Structure 85.76 
D -Unit ill Rillg Structure 87.89 

XL 3. DERIVED RELATIONSHIPS BETWEEN VISCOSITY AND 
OTHER PHYSICAL CONSTANTS 

XL 3. 1. 11It1'oduction 

An interesting feature of additive functions, applying to both their 
molar and their specific version, consists in that in a given 
homologous series they are linearly interrelated. This holds for 
any homologous series, irrespective of the particular type, as long 
as the functions considered are indeed satisfactorily additive. There
fore, by combining functions of various physical constants useful 
relationships between the involved physical constants can readily be 
obtained. 

These things will be exemplified for the homologous series of 
hydrocarbons conforming to the particular Scheme (XI-IO), by com
bining the newly developed viscochor with one of the best-known ad
ditive functions, the molar volume, V, In this case the resulting 
combination offers particularly interesting possibilities, since the 
molar volume is contained already in the expression for the visco
chor. 

For any member of such series of hydrocarbons the molar volume" 
V, in"cm 3 /gmole, may be expressed by an equation similar to Equa
tion (XI,..ll) for the viscochor, namely: 

V kV CH
Z 

+ V Ill! • (XI-16) 

where VCH and VRU denote the increments of the methylene group 
and the bazsic structure RH, respectively. Now, by eliminating the 
constant k from Equations (XI-ll) and (XI-16) one arrives at the 
following linear relationship between 'Y and V in a given homologous 
series: 

(XI-17) 
VCHZ 

It may be repeated that similar linear relationships between ad-



-336-

ditive functions can be derived for any homologous series as long 
as their functions behave satisfactorily additive, For convenience, 
however, the derivation of the particular linear relationship between 
'Yand V has been confined to hydrocarbons conforming to the widely 
valid structural Scheme (XI-IO). 

Likewise it can easily be proved that equations of the type of 
Formula (XI-13b), representing the relationship between a particular 
specific additive function and the molecular weight of the members 
of a homologous series, are ~enerally applicable. Accordingly, for 
the specific volume v. in cmr /g. one may write: 

Cy -, 
M v = vi + (XI-I8) 

where vi denotes the limiting value of v, that is the specific volume 
that would be reached by extrapolating analytically to M " <Xl; further. 
C y • in cm3 /gmole, is a parameter characteristic of a given series. 

It is readily seen that by eliminatin::; M from Equations (XI-I3b) 
and (XI-I8) the following linear relationship - analogous to the 
preceding Relationship (XI-I7) for the molar functions 'Y and V -
between the specific functions 1/1 and v can be derived: 

(XI-I9) 

XI. 3.2. Viscosity and Density in Homologous Series 

Equation (XI-I9) can readily be rewritten as a linear expression 
betwee'n the viscosity function h and density, d: 

h (XI-20) 

In order to obtain numerical values for the parameters Vi and C y 

of Equation (XI-I8) the specific volumes of all the hydrocarbons 
included in Table XI-I have been plotted against their reciprocal 
molecular weights. From the resulting plot the limiting specific 
volume vi was found to amount to Vi " 1.1875 cm3 /g (di " 0.8421 
g/cm3 ); the Cy -values derived for the various series are listed. 
together with their CI/I-values, in the. preceding Table XI-2. 

From the value established for l/1i in Section XI. 2 it follows that 
hiVi (=l/1d 1. 3870 cm3 /g. Using the value just derived for Vi. it 
is found that hi " 1.1680. Consequently, f<;>r, the hydrocarbons con
sidered the VISCOSity at infinite molecular weight should amount to 
111 = 183.7 cPo 

Finally, substitution of the aforementiohed values for the various 
parameters of Equation (XI-20) has led to the numerical relationships 
between hand d defined in Table XI-7 (again at the standard reference 
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temperature of 40 0 C). 

TABLE XI-7 

Numerical Constants for the Viscosity-Density Relationship of 
Pure -Hydrocarbons Series 

Numerical Constants of 
VDQ40oC. 

Series Equation (XI-20) 
g/cm3 

at 400 C 

n -P araffins h = 1.3526 d + 0.0290 0.7393 

n -ex-Alkenes h = 1.5380 d - 0.1272 0.6502 

n -Alkylcyclopentanes h = 2.4274d - 0.8761 0.4120 

n -Alkylcyclohexanes h = 2.6719 d -1.0820 0.3743 

n -Alkylbenzenes h = 101. 64 d - 84.42 0.0098 

Fig. XI-4 depicts the latter relationships as a family of straight 
lines emanating from the point where d = di = 0.8421 g/cm3 and 
h = hi = 1. 1680. The experimental data are seen to fit these lines 
excellently, even though the underlying Equation (XI-20) has been 
derived by combining two equations which constitute approximations 
already by themselves. 
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FIG.XI-4. 
Viscosity-Density Relationships in Homologous Series of n-Alkylhydrocarbons. 
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II. 
u 

I 
The slopes of the lines depicted in Fig. XI-4 are characteristic 

of a given homologous series. For practical reasons it is preferred 
to consider the reciprocal values of these slopes. It is suggested to 
call the consequent function the "Viscosity-Density Quotient", ab-



-338-

brevia ted by VDQ. This is seen to be defined by: 

Ad d i d 
VDQ (XI-21) 

All - h 

For the five homologous series under discussion the VDQ's are 
listed in Table XI-7. 

XI. 3. 3. Viscosity ami Molecular Weight in Homologous Series 

The relationship between the viscosity grade and th~ 'molecular 
weight of members of homologous series has been studied by many 
investigators. A chronological record of the more important analytical 
expressions for describing this relationship has been given by, amongst 
others, Doolittle 182). 

Amongst the expressions defining the viscosity grade, llr' directly 
in terms of the molecular weight the best-known is probably that 
proposed, as early as 1909. by Dunstan and Thole: 

(XI-22) 

where C1 and c2 are parameters characteristic of a given series. 
Although this empirical equation has been very widely employed, its 
quantitative applicability has proved very limited, 

A more recent equation has been developed - likewise empirically -
by Doolittle182): 

I k (k2/Mt)+ k ) og fir = 1 e 3> {XI-23 

where the three parameters kl' k2 · and k3 are characteristic of a 
given series. Equation (XI-23) is claimed to fit the data much better 
than the conventional equations. However, it has the ~~rious draw
back that it is rather unwieldy for practical applications. 

Now, by eliminating the specific volume, v, from the preceding 
Equations (XI-13b ) and (XI-18) a comparatively simple relationship 
between the viscosity function h and the molecular weight can readily 
be obtained, namely: 

Vi Vi 
h hi + (XI-24a) 

Cy 

M +-
Vi 

or, in abbreviated form: 

Ah 
h hi -

M + Bh 
(XI-24b) 
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where the two parameters Ah and Bh are characteristic of a given 
homologous series. 

Confining oneself to the five homologous hydrocarbon series under 
consideration, the aforementioned values of the quantities hi and vi 
can be substituted into Equation (XI-24a). Thus, for these series 
Equations (XI-24a) and (XI-24b) may be reduced to, respectively; 

h 

and 

0.8421 Cw - 0.9836 C y 
1. 1680 + 

M+0.8421C v 

h 1. 1680 -
M + Bh 

(XI-25a) 

(XI-25b) 

Furthermore, by sub!?tituting the above-specified values for the 
parameters Cw and Cv (see Table XI-2) into Equation (XI-25a) the 
quantities Ab and Bh appear to assume the values listed, for the 
five eeries considered, in Table XI-8. 

TABLE XI-8 

Numerical Values for Ah and Bh of Pure-Hydrocarbon 
Series at 400 C 

Series Ah' Bh. 
g/gmole g/gmole 

n-Paraffins -27.82 24.42 

n-a;-Alkenes -28.30 21,85 

n-Alkylcyclopentanes -24,44 11,96 
n -Alkylcyclohexanes -23,12 10,27 

n -Alkylbenzenes -23,79 0,28 

Rewriting Equation (XI-25b) in the form: 

1 M Bh 
+ --, 

1. 1680 - h Ah Ah 
(XI-25c) 

it is seen that in a chart provided with a viscosity scale proportional 
to the left-hand side of Equation (XI-25c) and with a linear molecular
weight scale the viscosities and molecular weights of the various 
members of each of the five hydrocarbon series considered should be 
located on a straight line. This has been demonstrated in Fig. XI-5. 
The experimental data prove to conform very well to the straight 
lines constructed in accordance with Equation (XI-25c), using the 
values of Table XI-8 for the parameters Ah and Bh of each series. 

It may be noted that an even somewhat improved degree of cor
relation could be achieved by employing newly adjusted, and thus 
slightly different, values for Ah and Bh . However, in order not to 
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lose the connection with the underlying relationships the above
specified values have been maintained in Fig. XI-5. It is important 
to realize that the latter values have been derived directly from the 
constitution of the hydrocarbons. 
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Viscosity-Molecular Welglii Relationships in Homologous Series of n-Alkylhydrocarbons. 

It is not the author's intention to present in this context a detailed 
study of the applicability of the new Equation (XI-24b) to types of 
liquids quite different from the hydrocarbons here considered, notai?ly 
to various types of high-polymer compounds. For the time being 
it may suffice to state that this equation has proved to hold very 
good for the restricted number of homologous series investigated; 
it should be added that the latter series include divergent types of 
liquids and cover '1 very extensive molecular-weight range. 

First of all, the new Equation (XI-24b) is deemed remarkable in 
that it represents a special case of the well-known Smitten berg 
formula. 

Smittenberg, in collaboration with Mulder, has derived the follow
ing formula to describe the relationship between a particular physical 
constant g and the molecular weight, or chain length. of the members 
of an arbitrary homologous series183): 

g (XI-26) gi + 
M + Bg 

where gi represents the limiting value of g, that is its fictitious 
value at M = 00. Whilst the parameters Ag and Bg are characteristic 
of a given series, the value to be assigned to gi is common to 
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homologous series with the same repetitive unit, such as the n
alkylhydrocarbons comprised by Scheme (XI-10). Except for the 
lower members, Equation (XI-26) has proved to achieve an excellent 
concurrence with experimental data for various physical properties. in
eluding density. refractive index and ultrasonic sound velocity00. 184. 185) • 
Smittenberg's attractive formula has gained the reputation of com
bining high reliability with wide applicability. Moreover, it may be 
deemed very important that it has .proved to be closely related to 
certain theoretically founded expressions. In this connection it should 
be mentioned that Hubert and Schultze186) have s'ucceeded in provid
ing a theoretical interpretation of Smittenberg's formula for the den
sities and refractive indices in the same series of n-alkylhydrocarbons 
which have been dealt with above. 

In view of such previous experiences with Smittenberg's formula 
for various physical constants, it is considered significant that in 
the present investigation a similar expression could be derived for 
a rather complex property as the vis cos i t y. It is especially note
worthy that this expression constitutes only one of the simple out. 
comes of the newly established viscochor concept. 

All in all, it would certainly be worthwhile to exploit further the 
possibilities and. limitations of the new Equation (XI-24b), also for 
various other types of liquids. In particular the correlation be
tween the values of the characteristic parameters in the latter equa
tion and the constitution of the liquids would deserve nearer in
vestigation. 

XI. 4. APPLICATIONS TO MINERAL OILS 

Xl. 4. 1. Introduction 

Quite a lot of the liqUid products encountered in nature or produced 
by modern technology represent mixtures of great complexity. The 
identification of the components is extremely laborious and difficult. 
if not completely impossible. Obviously, a practical characterization 
of such complex mixtures can no longer be based on all the individual 
component molecule s. 

Fortunately, it has proved feasible to treat a mixture built up from 
molecules with strongly rese'mblingstructures as consisting of identical 
"average" molecules representing the average chemical constitution 
of the mixture. As regards the identification of the average molecule, 
it is usually sufficient to confine oneself to certain structural groups. 

The concept of the average molecule' forms the basis of the "stat. 
istical constitution analysis" introduced by Waterman and his aSSo
ciates (see § II. 2. 2). This is also referred to as, for instance, 
"graphical-statistical analysis" or "structural-group analysis 1150,42). 

Statistical constitution analyses may be carried out most con
veniently by utilizing easily measurable physical constants. Besides 
physical constants as such. in many cases junctions of physical con
stants may be used more advantageously. Additive functions in par
ticular have proved their value in statistical constitution analysis. 
Therefore, it will be interesting to exploit some of the possibilities 
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that are opened up in this field by the newly developed additive 
function of viscosity and density, the viscochor. 

In this section attention will be devoted to the very important 
group of liquids represented by mineral oils. These constitute ex
tremely complex mixtures of a great variety of essentially hydro
carbon compounds. Vlugter, Waterman and van Westen have in
geniously solved the problem of characterizing such complex mbc
tures, in both convenient and significant terms, by considering only 
three basic structural groups, tJIat is par:'ffinic chains. naphthenic 
rings and aromatic rings. 

Fully hydrogenated or saturated mineral oils represent a some
what simpler average constitution than natural samples in that the 
aromatic components of the latter have been converted - through a 
chemical process - into the corresponding naphthenes. The absence 
of aromatics renders the saturated mineral oils excellently suitable 
for serving as basic oils in the development of reliable methods for 
carrying out a convenient statistical constitution analysis60 •42). 

Accordingly. in the present section the application of the viscochor 
concept will be elucidated primarily for saturated mineral oils. It 
will be demonstrated below how the viscochor concept can be con
veniently used for determining the number of naphthenic rings per 
average molecule. RN, and the percentage of carbon atoms in naph
thenic-ring structure, CN. Moreover. this concept will be shown 
to allow good estimates of the average molecular weight of saturated 
mineral oils. 

To include natural mineral oils as well as saturated samples it 
has proved necessary to introduce a third physical constant in addition 
to the viscosity and density contained in the viscochor expression50 •42). 
One very convenient way in which this can be performed will be 
expounded in principle. Again. the methods developed for saturated 
mineral oils serve as a basis to the scheme applying to natural 
samples. 

Experimental Data 

The present findings with saturated mineral oils are based on 
reliable experimental data on 112 fractions representing a wide 
variety of origin and chemical constitution. These fractions are 
designated in Table XI-9':'). For fUrther particulars on the oils 
reference may be made to Chapter II, notably to Table II-I. 

Practically all the latter mineral-oil fractions - 105 of them -
constitute part of Waterman's collection and have been the subject 
of extensive investigations of various kinds carried out by Water
man and associates at the Laboratory for Chemical Technology of 
the Technological University of Delft. The data on the 7 remaining 
oils derive from Reference 46. 

'J It should be noted that, since these fractions coutaiu no aromatic rings, the quantity lIN is elJ,,,tI 

to R, the total number of rings per average molecule; funher. the quantity GN is equal '0 CR, 
the total percentage of carbon atoll'S in ring structure. 
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TABLE X1-9 

Data on Saturated Min~ral·Oil Fractions TeSl~d 

Experimental Data n·d·~l VlScochor 
Oil Method Method 

Code-) "1400(;. ~~~7~ 
M 

cP CR R CR R t.l 

w-m 1,221> 1.3165 166 43 0.9 39 O.B 171) 
W-2H 1,552 1.3134 185 42 1.0 -10 0.9 190 
W-3H 2.08 1.3151> 201 42 1,1 39 1.0 210 
W-4H 2.72 1.3198 235 36 1,1 37 1.0 225 
W-5H 3.90 1.3241 247 37 1,2 35 1.1 255 
W-6H 5.27 1,3259 275 36 1.3 34 1.2 271> 
WR-7H 7.96 1.3236 304 34 1.4 35 1.3 30il 
\v -811 11.12 1.3293 34-1 33 1.6 33 1.5 335 
W-9B 19.06 1.3302 381 34 1.B 33 1.7 380 
\v-10H 1,306 1.2659 174 62 1,5 62 1,4 170 
W-11H 1.521 1,2609 181 63 1.6 64 1.6 170 
W-12H 1.742 1.21>59 18-1 64 1,7 67 1.7 175 
,W -13H 2.02 1,2520 186 67 1.B 68 l,B 180 
W -141l 2.29 1.2498 192 67 1.8 69 1.9 185 
W -15H 2.70 1,2467 191> 69 1.9 71 2.0 190 
W-16H 3,59 1.2458 216 67 2.1 11 2,1 200 
W-17H 4,86 1.2401 226 70 2,4 74 2.4 210 
WR-18H 7.10 1.2400 238 70 2.5 74 2,5 22:> 
W-19H 12,85 1.2429 266 70 2.9 73 2.9 250 
W-20H 35.6 1.2516 310 70 3,4 69 3.5 295 
W-21H 1.180 1.3218 179 34 0.8 36 0.8 175 
W-22H 1.500 1.3168 198 36 0.9 39 0.9 190 
W-23H 2.19 1.3103 221 40 1.1 42 1,1 210 
W-24H 3,35 1.3059 239 43 1.4 44 1.3 230 
W -25H '5,52 1.3035 263 44 1,6 45 1.6 255 
W -26H 10.33 1,3054 301 44 1,9 44 1.g 295 
W-27H 20.4 1,3066 342 45 2.3 43 2.2 340 
W-28H 39.0 1.3107 395 44 2.6 41 2,6 395 
W-29B 1.114 1.2986 164 51 1,0 47 1,0 165 
W-30H 1,262 1.2936 168 54 1.2 49 1,1 170 
W-31H 1.406 1.2877 173 57 1.2 52 1,2 175 
W -32H 1,622 1,2835 178 57 1,3 54 1.3 180 
W -33H 1,770 1.2797 186 56 1.4 ;'6 1.-1 185 
\'i-34H 2.28 1,2798 197 56 1.5 56 1,5 195 
\v-35H 3,13 1,2893 217 51 1,5 51 1,5 215 
W-36H 10,05 1,3014 310 42 1,9 46 1,9 290 
W-37H 1,064 1,3314 164 34 0,7 32 0,7 171l 
W-38H 1,343 1,3259 175 37 0.8 34 0.8 185 
W-39H 1,118 1.3210 199 36 0,9 37 0.\.1 200 
W --1OH 2.27 1,3195 219 37 1.0 37 1. Il 215 
Wo4lB 3.14 1,3219 240 36 1.1 36 1.0 ~-IO 

W-42H 4,50 1.3231 277 35 1,2 36 1 " ,- 205 

W -43H 6.56 1.3222 300 35 1,4 36 1,3 2UO 
W -4-111 ill, 88 1,3199 380 36 2.0 37 1,9 30U 
\V -4bll 0,0]0 1.3119 170 38 0.8 • .11 0.;:-: 160 
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CONTINUATION OF TABLE XI-9 

Expedmental Data n-<l-M Viscochor 

Oil Method Method 
Code") '14QoC' 1Ji40oC' 

cPo cm3/g R CR R M 

W-46H 0,9'15 1,310'1 179 37 0,8 41 O,~ 160 
W-47H 1,086 1,3062 1'16 42 0,9 43 0,9 165 
W-48H 1,226 1,3018 179 46 1,0 45 1,0 170 
W-49H 1,390 1,2987 185 48 1,1 47 1,1 1~0 

W-50H 1,696 1,2962 193 49 1,2 48 1,2 185 
W-5tH 1,854 1,2928 200 51 1,3 50 1,3 190 
W-52H 2,18 1,2911 209 49 1,4 50 1,3 200 
W-53H 2.60 1,2898 219 49 1.5 51 1.4 210 
W-54H 3,30 1.2894 227 50 1,6 51 1,5 220 
W-5&H 4,38 1.2895 251 48 I, '1 51 1,'1 235 
WR-66H 6,50 1.2870 269 49 1,9 62 1,9 260 
W-57H 11,62 1,2849 292 52 2,3 53 2,3 280 
W-58H 1.194 1~3212 1'15 37 0,8 37 0,8 175 
W-59H 1.337 1.3153 188 37 0,9 39 0,9 180 
W-60H 1,528 1,3144 196 3'1 0,9 40 0,9 190 
W-61H 1,702 1,3111 202 40 1,0 41 1,0 195 
W-62H 2,02 1,3098 215 40 1,1 42 1,1 205 
W-63H . 2,37 1.3136 224 39 1.1 40 1,1 215 
W-64H 2.85 1.3196 243 35 1,1 37 1,0 230 
W-65H 3.52 1,3273 263 32 1.0 34 1,0 250 
W-66H 4,49 1,3306 291 29 1.1 32 1,0 270 
W-6'1H 6,15 1,3303 321 30 1.2 32 1,2 290 
W-68H 8.87 1,3323 353 30 1,3 31 1,3 320 
W-69H 1.563 1,2940 1'16 55 .1.2 49 1,2 185 
W-70H 2,81 1,2834 205 55 1.5 54 1,6 210 
W-71H 6.12 1,2823 255 53 2.0 54 1.9 245 
W-'12H 11.17 1,28"40 303 50 2,3 54 2,3 280 
W-'13H 3'1.2 1,2981 351 50 2.7 4'1 2.8 366 
W-74H 1.092 1,3298 170 32 0.7 33 0,7 175 
W-75H 1,291 1,3274 186 31 0.8 34 0,7 185 
W-76H 1,3'17 1,3160 193 35 0.9 39 0,9 185 
W-77H 2.10 1,3210 213 36 1.0 3'1 0.9 210 
W-78H 2.81 1,3189 225 39 1.1 38 1.0 230 
W-SOH 5,69 1,3173 274 39 1,5 38 1,5 2'10 
W-81H 8.61 1,3170 301 39 1,6 39 1.6 300 
W-82H 14.86 1.3188 340 38 1.9 38 1.8 340 
W-83H 28,2 1,3186 377 40 2,2 38 2,2 385 
W-S4H 52.8 1,3211 426 41 2,6 37 2.6 445 
W-85H 1,143 1,3172 165 42 0.9 38 0~8 170 
W-86H 1,358 1,3134 180 41 0,9 40 0,9 180 
W-87H 1,710 1,3111 192 43 1,0 41 1,0 195 
W-88H 2,28 1,3093 212 44 1.2 42 1,1 210 
W-89H 3.16 1,3104 225 45 1,3 42 1,2 230 
W-90H 4,49 1,3133 260 40 '1,4 40 1,3 250 
WR-91H 6,79 1.3113 294 39 1,6 41 1.5 280 
W-92H 11.14 1,3121 330 39, • 1.8 41 1,8 310 
W-93H 40,5 1.3159 415 41 2.6 39 2,5 405 
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CONTINUATION OF TABLE XI-9 

I 
Experimental Data n-d-M Viscochor 

Oil Method Method 
Code") \OOC. !J.400C. M 

'cP cm3/g CR R tR R M 

W-94H 0.895 1.3061 149 47 0.9 44 0.9 155 
W-95H 1.400 1.3105 196 36 0.9 41 0,9 180 
W-96H 1,871 1.3158 206 38 1.0 39 1.0 200 
W-97H 2.25 1.3188 219 36 1,0 38 1.0 215 
W-98H 2.68 1.3203 222 38 1,1 37 1.0 225 
W-99H 3.05 1.3286 240 31 0,9 33 0.9 240 
W-I00H 3.85 1.3251 255 35 1.1 35 1.1 255 
W-101H 4,83 1.3216 277 36 1.3 36 1.2 265 
W-102H 6,15 1.3144 285 38 1.5 40 1.4 275 
W-103H 7.14 1.3225 301 36 1.5 36 1.4 290 
W-104H 8.55 1 •. 3216 309 38 1.5 36 1.5 305 
W-105H 14.55 1.3076 322 43 2.0 43 2.0 320 
W-106H 15.74 1,3188 400 33 1.9 38 1.8 340 

We-1H 72 ... 1.3428 513 30 2.5 27 2.4 565 
We-2H 55.5 1.3062 417 47 3.0 44 3,0 410 
We-3H 80.4 1.2712 350 64 3.6 60 3.8 355 
We-4H 71.7 1.3145 430 45 2.9 40 3.0 450 
We-5H 54.4 1,3242 450 39 2.7 35 2.6 460 
We-6H 39,9 1,3278 425 37 2.4 34 2.3 440 

We-' 31.8 1.3381 447 30 1.B 29 1.8 450 

*) Refers to similarly coded oils specified in Table II-I. 
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XI. 4.2. Viscochorand Carbon-Type Composition of Snturnted Minernl 
Oils 

In Fig. XI-6 the percentages of carbon atoms in ring structure, 
C R, of all the various oils included in Table XI-9 have been plott(~d 
against their specific viscochors 1/1 (still expressed in cm3 /g and 
taken at the standard reference temperature of 40oC). The resulting 
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FIG.XI-6. 
Correlation Iletween Carbon-Type COlllposition and Specific Viscochor of Saturated Mineral Oils. 

figure has led to the very interesting finding that, to a good ap
pr'oximation, the percentage ell is fixed solely by 1/1, the resulting 
correlation simply being a linear one, namely: 

- 463 (1/1 - 1. 4000). (.'(1-27) 

Fig. Xl-I; demonstrates the validity of the depicted COI'l'dation (.'<1-27) 
III the extensive range of percentages Cll covered by till' jJt'esenl 
oils, that is from about C R = 25 up to Cll. = 75. 

The C ll -values of all the various mineral-oil ft'uctiolls lIndt'I' COt1-
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side ration have been read from a diagram like Fig. XI-6. The readings 
are collected in the preceding Table XI-9 under the heading "Vis
cochor Method", In general, the agreement with the listed CR-values 
determined by means of the n-d-M method;~) may be deemed very 
good, the average and standard deviations amounting to only 2.0 and 
2.4 CR -units, respectively. Consequently, the specific viscochor 
permits very simple and reliable estimates of the carbon-type com
position of saturated mineral oils .• 

With most of the previously established specific additive functions, 
such as the specific refraction, the CR -values of saturated oils can 
be determined only if their molecular weights are also known. The 
specific viscochor, however, has the basic advantage that it is uniquely 
related to these CR -values, 

It should further be mentioned that, owing to the very small tem
perature dependence of rf;, Correlation (XI-27) may equally be applied 
at temperatures differing markedly from the present standard reference 
temperature of 40 0C. 

Finally, it maybe pointed out that, like the n-d-M method, the present method does not allow 
for any possible effect of branch ings in the oil molecules on the resulting composition figures. 
The following remarks may go to justify this procedure. 

For a variety of pure hydrocarbons it was found that, like the introduction of rings, the intro
duction of simple side-chains generally lowers the viscochor; more complex side-chains, however, 
may exhibit an opposite effect. Now, the smallness of the observed effects suggests that in the case 
of mineral oils - which exhibit about the same small degree of branching - the presence of side
chains would hardly affect the differences between the CR-values p[edicted by means of the n-d-M 
dlld the vi,cochor method. In fact, this conjecture is directly corroborated by the very good overall 
agreemellt between these two independent prediction methods. 

The same remarks apply to the estimation of the ring number, R, of mineral oils by means of 
the related methods to be outlined below. 

XI. 4,3, Viscochor and Ring Number of Saturated MillCl'a! Oils 

Assuming six-membered and kata-condensed rings (see § II. 2. 2), 
the molecular weight, M, determines the relationship between the 
percentage C II and the ring nUlnber l{ of saturated millel'al oils, 
Two equations are required fOt· defining this relationshipf>O,'I~): 

and 

3R 
C R = 2800 M 

C = 2800 2R + 1 
R M ' 

for H (1; (XI-2I1a) 

for n;;.1. (XI-2Bb) 

Combination of the lattel' two equations with L~quation (XI-27) leads 

0) In this COtll.c: 'It'll it llIay be Ilsdul to recall thaI the Il-d-M ll,ethO<! is bonnll to yield "I'prox
Ullate - and not necessarily exact - values. Although it is illlpossible to give exact data for Ihe 
deviations fro/ll the true valnes. it seetlls reasonable to allow for deviations of at least :.! CII -
lllliIs~lO). 
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to the forDlulas: 

1.4000 - 6.048 ~. for R-E; 1; (XI-29a) 

and 

r{; = 1. 4000 - 6,048 2R ~ 1 for R): 1. (XI-29b) 

Consequently, for series of oils with a CODlDlon ring nUDlber the 
specific viscochor (taken again at 40 0 C and expressed in CDl3 /g) 
displays a linear relationship with their reciprocal Dlolecular weight, 
just as found in Section XI. 2 for hODlologous series of pure hydro-
carbons (see Fig. XI-I). . 

Fig. XI-7 depicts the straight lines obtained on plotting r{; against 
l/M, according to Equations (XI-29a) and, (XI-29b), for a few dis
tinct R-values. The resulting fan shows a liDliting specific visco
chor r{;i .. 1. 4000 CDl3 /g, which CODles fairly close to the value 
1. 3870 CDl3 /g found above for hODlologous series of pure hydro
carbons with a straight Dleth'ylene chain in CODlDlon (see Fig. XI-I). 
In addition, Fig. XI-7 has been provided with a linear CR -scale 
parallel to the r{;-axis as defined by Equation (XI-27). 

XI. 4. 4. Derived Viscosity-Density Relationships and Chemical 
Constitution oj Saturated Mineral Oils 

A. CARBON -TYPE COMPOSITION 

By substituting Identity (XI-9b) into Equation (XI-27) it follows 
that for saturated Dlineral oils characterized by a CODlDlon per
centage CR the viscosity function h is proportional to the'ir density, 
d. The resulting equation reads (still at 40°C): 

h = (-2.160' 10-3 CR + 1. 4000) d. (XI-30) 

In an h-el chart Equation (XI-30) is depicted as a faDlily of 
straight lines - each line relating to a distinct CR -value - eDlanating 
froDl the origin (d .. 0; h .. 0), The part of this fan which aSSUDles 
practical iDlportance - corresponding to CR -values froDl 25 to 75 -
has been constructed in Fig. XI-8; for cODlparison broken lines have 
been included for the (hypothetical) series of oils characterized by 
CR .. 0 and CR .. 100, 

As regards the suitability of this figure for estiDlating C R -values, 
reference Dlay be Dlade to the aforementioned data on the applicability 
of the basic Equation (XI-27). 

B. RING NUMBER 

It will next be elucidated how an h-d chart such as Fig. XI-8 can 
be conveniently eDlployed also for estiDlating the ring nUDlber, H, 
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of saturated mineral oils. 
The author has established empirically that (still at 40°C) the 

specific volume, in cm:! I g, of saturated mineral oils can be re
presented very well by the following expression. which is analogous 
to Equations (XI-29a) and (XI-29b) for the specific viscochor: 

v = 1.1800 + 16.00 e· 90
M- R). (XI~31) 

Thus. for saturated mineral oils characterized. by a common ring 
number the specific volume is related linearly to their reciprocal 
molecular weight. The same feature is indicated by Equation (XI-18) 
for homologous series of liquids. notably pure hydrocarbons. 

In a plot of v against 11M Equation (XI-31) is represented by a 
family of straight lines - each line relating to a distinct R-value -
converging towards the point where 11M 0 and v = vi = 1. 1800 
cm:! Ig (dt 0.8475 g/cm3 )'"). This limiting specific volume comes 
fairly close to the value 1. 1875 cm 31 g found above for homologous 
series of pure hydrocarbons with a straight methylene chain in com
mon. 

Now. by combining Equation (XI-31) with Equations (XI-29a) and 
(XI-29b), respectively. such that M is eliminated the following linear 
relationships between hand d are obtained for series of saturated 
mineral oils with a common ring number [compare Equation (XI-20) 
for homologous series of liquidS. notably pure hydrocarbons]: 

h = [1. 4000 + 0.4460 (1. 903~ R )Jd - 0.3780 (1. 903~ R) • 
(XI-32a) 

for R ~ 1; 

and 

h ( 
2R + 1 ) 1. 90 - R • (XI-32b) 

for R)1. 

Consequently, plotting (still at 40°C) h against d, accol'ding to the 
latter two equations, yields two sets of straight lines. all t!lese lines 
converging towards the point where d = dl = 0.8475 g/cm3 and h 

hi 1. 1865. Such straight lines have been constructed in the preceding 
Fig. XI-B for' R-values ranging from 0.6 up to 4. O. 

Although the two underlying equations, that is Equations (XI-32a) 
and (XI-32b), have been derived by combining two approximative 
fOl'lllUlas. Fig. XI-B permits vet'y satisfactory predictions of R solely 
from hand d. All the R-readings from this figure have again been 
colleCted in Table XI-9 under the heading "Viscochor Method", The 
average and standard deviations of the latter R-values from those 
determined by means of the n-d-M method amount to only 0.04 and 

0) Substituting the latter value for Vi and the aforemeutiolled value 401 " 1.4000 cm3/g into identity 
(XI-9b), it folinws that for saturated mineral oils hi .. 1,1866 or "Ii " 533 cP, 



-352-

0.07 rings per average molecule, respectively. 

A variant of the procedure just described consists in predicting 
R from the slopes of the lines in Fig. XI-8 or rather their reciprocal 
values, that is their VDQ's defined by Equation (XI-21). The con
sequent relationships are easily derived from Equations (XI-32a) and 
(XI-32b), respectively: 

661.3 
R = 42.90 - 16.1292 _ VDQ' for R ~1; (XI-33a) 

and 

R = 611 8.29 
. - 1. 9685 - VDQ • for R ~ 1. (XI-33b) 

Fig. XI-9 represents the latter two equations. Of course, the ac
curacy of this alternative method is identical to that of the basic 
procedure. 

4.rn-~~--------------------------------------------, 

3.5 

3.0 

2.5 

2.0 

R 
1. 

I 1.0 --

0.5 -
-2.0 0.5 

FlG.XI-9. 
Correlation Between Ring Number and Viscosity-Density Quotiem of Saturated Minelal Oils. 

Xl. 4. 5. Estimating the Average Molecular Weight oj Saturated 
Mineral Oils 

In the foregoing § XI. 4. 4 it has been shown that the quantities 
CR and R of saturated mineral oils can be conveniently obtained 
from one single h-d chart. Since their average molecular weight, 
M, determines the relationship between CIl and R, it follows that 
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it should be possible, at least in principle, to eBtimate also M 
from such a chart. A simple procedure which does permit such 
estimates will now be described. 

Combination of Equation (XI-31) with Equations (XI-29a) and (XI-29b), 
respectively, such that R is eliminated can readily be shown to 
lead to two equations - one for the range corresponding to R" 1 
and the other for R ~ 1 - which imply a linear relationship between 
hand d for oils of the same molecular weight. In an h-d chart 
the straight lines relating to constant M-values constitute two fans, 
that is one for either R-range. These lines, therefore, suffer from 
the basic drawback that they display irrealistic discontinuities at 
values of the variables h and d relating to the "transitional" ring 
number, R = 1. Moreover, such an h-d chart has proved to yield 
rather inaccurate predictions of M, particularly at high M-values. 

Consequently, a slightly modified equation has been tried, starting 
from a plot of the appropriate data for all the fractions under con
sideration. At the same time it became possible to get rid of the 
aforementioned discontinuities at R 1. The final equation (still at 
40°C) reads: 

h " (0.834 - ;:;) (d - 0.6000) + 0.9800. (XI-34) 

In a plot of h against d according to the latter equation the 
straight lines relating to distinct M-values constitute a fan. The 
point of convergence has the coordinates d = 0.6000 g/cm3 and 
h = 0,9800. Fig,XI-lO represents such a plot for M-values ranging 
from 150 to 600. It is observed that M varies more rapidly with 
h, that is the viscosity grade, than with the density, d. The M-values 
read from such a figure have again been listed in Table XI-9 under 
the heading "Viscochor Method". In general, the agreement with the 
experimental values is very good. The relative average and standard 
deviations amount to 3,6 and 4.40/0, respectively, whilst the exper
imental values may be in error by 2-5%. 

XI. 4.6, Viscochor and Chemical Constitution of Natural Mineral Oils 

As stated in the introduction to the present section, the methods 
developed in the foregoing parts for the statistical constitution 
analysis of saturated mineral oils can be extended so as to include 
natural samples as well. In general, the latter oils contain aromatics 
- besides paraffins and naphthenes - so that the additional structural 
quantities RA and CA need to be determined. 

For the latter purpose at least three physical constants are re
quired42). By utilizing, besides the viscosity grade and the density, 
the readily measurable refractive index, n (measured for the sodium-D 
line, also at the standard reference temperature of 40°C) it has 
indeed proved possible to' extend the aforementioned methods so as 
to include natural mineral oils as well as the saturated samples for 
which they were originally established. . 

In this context only the principles of the extended methods 
will be exrouI)ded. TI eir detailed description and discussion - in
cluding a comparison with various me thods already available - have 
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not yet reached the reporting stage. It is intended to com.plete these 
very laborious investigations at a later time. Anyhow, the present 
communications will testify once more to the great importance of 
viscosity, and particularly the viscochor concept, to the statistical 
constitution analysis of mineral oils. 

The em'bon-type composition of saturated mineral oils can be ob
tained solely from the specific viscochor: according to Equation 
(XI-27), their percentage of carbon atoms in r.ing structure, CR, 
is linearly related to their specific' viscochor, rf;. It is well known 
that the CR -value of saturated mineral oils can also be estimated 
from the refractivity intercept, ri' introduced by Kurtz and Ward170.50): 

n - t d, (XI-35) 

where d must be expressed in g/cm3 . In fact, CR is also lincarly 
related to ri (also taken at some standard reference temperature, 
for instance 40°C). 

Thus, in a rf;-rt chart one single straight line results 011 which, 
to a good approximation, the appropriate point of any saturated min
eral-oil fraction should be located. Each point on this line corresponds 
to a distinct CR-value, so that a linear CR -scale can be adjusted, 

When the data on natural mineral oils are plotted in the laUe]' 
rf;-ri chart,. it is observed that their points come closer to the afore
mentioned straight line of the saturated samples as their percentage 
C A is lower. In fact, more or less parallel to the latter straight 
line - which relates to CA = 0 - lines of constant CA-values can 
be drawn. In addition, lines of constant CN-values can be depict
ed emanating from the corresponding points on the aforementioned 
straight line for the saturated oils (whose CN- and CR -values are 
identical). Consequently, a rf;-ri chart results which pel'lllits very 
simple estimates of the carbon-type composition of a given minel'al
oil fraction, either saturated or natural. 

The ring number, R, of saturated minel'al oils can be obtained 
solely from their VDQ (= t::..d/ t::..h) by means of Equations C'H-33a) 
and (XI-33b). A function formed from the refractive index, 11, <md 
the density, d, which is quite analogous to the VDQ, has been pro
posed by Smittenberg187). This is the so-called Hefractivity Quotient, 
RQ, defined as: 

RQ (XI-3o) 

where in accordance with the present notation nl denotes. the limiting 
value of n in the homologous series considered, Although Smitten
berg has derived the RQ for homologous series of pure hydrocarbons, 
it can be shown to apply - like the VDQ - equally to saturated 
mineral oils. For saturated mineral oils the RQ (taken again at 
some standard reference temperature, for instance 40°C) proves 
to be also uniquely related to their ring number, R, 

Thus, in a VDQ-RQ chart one single line results for all the 
saturated mineral oils. As long as RA = 0, therefore, each point 
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on this line corresponds to a certain RN-value. 
For aromatic-containing oils two sets of lines can be constructed 

in the VDQ-RQ chart, referring to constant RA - and RN -values, 
respectively. Consequently, a VDQ-RQ chart results - analogous to 
the aforementioned f/J-ri chart for estimating their carbon-type 
composition - which allows a very simple prediction of the number 
of rings per .average molecule of both saturated and natural mineFal
oil frac tions. 

All in all, the two charts delineated are very suitable for a clear 
and simple characterization of the chemical constitution of both 
saturated and natural mineral oils. Moreover, they are of interest 
for easily recording - in terms of the basic physical constants -
the course of chemical and physical processes mineral oils are be
ing subjected to, for instance in industrial refining. Last but not 
least, they are promising for various correlational purposes. 

XI. 5. CONCLUDING REMARKS 

Although the present attempts to establish a reasonably additive 
viscosity-density function should be deemed only a first cautious 
step on somewhat slippery ground, the author believes that the newly 
developed junction, the viscochor, may be claimed satisfactorily ad
ditive. The newfunction is thought to be at least on a par with most 
of the well-known additive junctions devised for physical properties 
such as density and refracti'Ve index which have proved to lend them
selves much better to such an approach. 

Whatever the potentialities and limitations of the empirically 
established viscochor may be, it has already proved a valuable and 
versatile tool for systematically studying certain aspects of the vis
cosity of liqUids, notably hydrocarbon liquids. 

Further, the visc ochor bears a close resemblance to various well
known additive functions de,rised for other physical constants. This 
feature may well prove advantageous when it is tried to furnish some 
theoretical justification of the new function. 

Moreover, the basic viscosity function (log rr + 1. 200) has proved 
highly fruitful also for evaluating with a minimum number of char
acteristic parameters both the temperature and the pressure de
pendence of the viscosity of liquids, so that it may be regarded as 
a kind of universal viscosity function (compare Section XI. 2). 

Besides for analytical applications such as those elaborated in 
Section XI. 4, the viscochor concept has been found to be very sui
table for a simple prediction of the viscosity of mixtures of inter
related liquids, notably mineral oils, solely from the viscosities and 
volume fractions of the components. For the latter purpose the 
volume additivity of the viscosity function h in mixtures is utilized; 
indeed, this particular function h, occurring in Equation (XI-9b), is 
seen t9 stand for the general volume-additive function fl of Equa
tion (XI-4). 

It is of great practical importance to have available some simple 
tool for predicting mixture viscosities, notably in the mineral-oil 

........ -.-.-... ---~~ ...... - .. --.---.------.........• -................... _-----
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field. In fact, the author's attempts to develop a satisfactorily ad
ditive viscosity-density function have been induced to a large extent 
by the importance of the mixture-viscosity problem. In this problem 
it is, of cOl,lrse, not any viscosity junction but the viscosity itself 
that is really significant. Unfortunately, viscosity, Tj, is very sensitive 
to variations in the aforementioned volume -additive function h '" 

(log Tj + 1.200)1/8. Consequently, for the numerical evaluation of the 
viscosities of mixtures unusually severe reqUirements have to be 
imposed on the additive behaviour of h in such mixtures. 

Kevertheless, the viscosity function h has proved to pass these 
requirements in a satisfactory manner. The full justification of 
this statement will be presented in the subsequent Chapter XII. 



CHAPTER XII 

THE VISCOSITY GRADE AND THE ATMOSPHERIC VISCOSITY-TEMPERATURE 
RELATIONSHIP OF MINERAL·OIL MIXTURES 

XII. 1. INTRODUCTION 

Knowledge of the viscosity of liquid mixtures is of very great 
practical and theoretical importance. In the course of time a gi
gantic number of experimental and theoretical investigations have been 
performed dealing with the viscosity of mixtures prepared from pure 
compounds of very divergent constitution. It would appear that an 
even greater amount of work has been devoted to the viscosities of 
mixtures prepared from technologically important oils of not so well 
defined chemical constitution, notably mineral oils. 

Hitherto any workable theory of liquid v.iscosity could not be ad
vanced further than, optimistically speaking, its "status nascendi". 
Consequently, the numerous theoretical approaches to the viscosity 
of liquid mixtures still lack a good foundation. It is no wonder, 
therefore, that more or less convincing results would appear to 
have been achieved only for certain systems of the most simple 
liquids. . 

Unfortunately, the mixtures commonly encountered in practice are 
rather complex. Frequently such mixtures have been prepared from 
oils that are very complex already by themselves, such as minera1-
oil fractions of divergent origin and chemical, constitution. It would 
seem unrealistic to anticipate that the latter type of mixtures - whose 
exact composition is not even known - will ever be sufficiently ac
cessible by any theory at all. 

From the preceding remarks it is evident that normally one has 
to resort to essentially empirical findings when dealing with liquid
mixture viscosities. Accordingly, it stands to reason that convenient 
empirical relationships may be very valuable tools in this field. 

In the present study the author will confine himself to purely 
physical mixing of two - and sometimes more - homogeneous, com
pletely miscible liquids. 

In a binary mixture two types of interaction may, at least for
mally, bE' discerned. In the first place the molecules of either 
component separately are subject to both intramolecular and inter
molecular effects. In the second place in a binary mixture inter
action effects between the different molecules of the two components 
are obtaining. Consequently, besides the viscosities proper of the 
two components, some "interaction viscosity" will be involved. 

Since the magnitude of this interaction viscosity varies widely 
from one system to another, it is not possible in the general case 
to relate the viscosity of a mixture uniquely to the viscosities of 
the components. In fact, many systems have been found to exhibit 
a maximum or minimum in their isothermal viscosity-concentration 
curves. Therefore, in the general case only rough estimates of 
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the viscosity of a mixture can be made from that of the components •. 
For more accurate estimates at least one experimental mixture
viscos,ity value should be known. 

A good idea of the difficulties encountered may be conceived from the schematic Figs.XII-la 
and XII-lb rerresenting the various kinds of experimentally observed Viscosity-concentration·) 
curves177,178b. These two figures will now discussed. 

---4 __ Concentration 

FIG.XII-1a. FIG;XII-lb. 
Schematic Representation of the Various Kinds of Viscosity-Concentration Curves in Binary Liquid 

MiXtures. 

A. The four rypes of curves depiored in Fig.Xn-1a represent the various cases where for all pos
sible concentrations the viscosity of the miXture remains in t e r m e d i at e to the viscosities of 
the components A and B. The existence of linear additivity of viscosity, denoted by the dashed 
line (No.1), constitutes an exceptional case. In general, the deviations from this straight line 
increase as the ratio between the viscosities of the components increases. 

Viscosity-concentration curves thar are more or less convex towards the concentration axis, as 
indicated by curve No.2, occur very frequently. in fact. the latter type is normally encountered 
in miXtures of mine r a 1 0 ils. of pu r e h y d roc aI bon s and of many funher organiC liquids 
with more or less interrelated chemical constitution. The sagging of the relevant curves below 
the straight line No.1 implies that the lower-viscosity component contributes more to the re
sulting viscosity of the mixture than the more viscous one; or, in other words, the lower-vis
cosity component. shows an increased "effective" concentration2Q ,173). 

The concave curve No.3 and especially the curve No.4 displaying a point of inflection 
represent very rarely observed types. 

B. The three types of curves depicted in Fig.XIl-lb represent the various cases where extremes 
occur in the viscosity-concentration isotherms. 

A minimum in the viscosity-concentration isotherms, indicated by curve No.1, is exhibited 
by many systems in which mixing is accompanied by an appreciable consumption of heat and/or 
by volume expansion. Examples of systems showing a minimum -viscosity point are: ethylalcohol/ 
benzene and acetone/carbon disulfide. In the scope of the pre"sent investigation it is imponant 
to point out that such minima may also occur in cenain mineral-oil as well as pure -hydrocarbon 
mixtures. 

*) For the purpose here intended "concentration" need not yet be specified. 
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A maximum as denoted by curve No.2 occurs in many systems wliere mixing Is accoun
panied by all appreciable development of heat and/or by volume coLltractioLl. A very pronounced 
maximum-viscosity point is observed in mixtures of several organic liquids with water, for ill
stance the system ethylalcohol/water. 

Curve No.3, which shows both a maximum and a minimum, represents an extremely rare 
form of Viscosity -concentration ·isotherms. 

As indicated above, no perfect blending rule involving only the 
viscosities of the components can ever be established. However, 
confining oneself to mixtures of more or less interrelated liquids, 
fair estimates may be made on the basis of the approximate ad
ditivity inherent in certain viscosity functions. 

Practically all the viscosity functions claimed to be at least rea
sonably additive have been designed primarily for mineral oils. 
This may be taken indicative of the great practical importance of 
a convenient method for predicting the viscosities of mineral-oil 
mixtures. A few of these viscosity functions permit good predictions 
as long as the components differ not too' widely in their (average) 
chemical constitution. In various cases, however, the existing vis
cosity functions leave much to be desired. 

A critical review of these functions and related prediction methods 
will be presented in the following Section XII. 2. 

XII. 2. CRITICAL REVIEW OF EMPIRICAL MIXTURE-VISCOSITY 
RELA TrONSHIPS 

XII. 2. 1. Introduction 

It would be beyond the scope of this study to review the various 
theoretical'~) approaches to the viscosity of mixtures. The author 
will rather confine himself to a critical review of the many empir
ical mixture-viscosity relationships which, to the best of his know
ledge, are interesting from a practical point of view. It is no won
der, therefore, that the great majority of the latter relationships 
have been developed primarily for mixtures of mineral oils. 

Most of the expressions for the viscosity-concentration isotherms 
of binary mixtures may be conceived as special cases of the general 
equation: 

(XII -1) 

where f(Tj) stands for a particular function of the (dynamic) viscosity, 
Tj, and the viscosities TIm' TI 1 and Tj2 refer to the mixture, the first 
and second component, respectively. The symbol Q denotes the frac
tional concentration of the second component: either its molar, weight 
or volume fraction**). 

The use of molar fractions is fully significant only with definite 

0) Thereaderinterested in this matter may be referred especially to Bondi's publication,20, 173 ,174) • 
.. ) The interrelationship between these three types of fractional concentrations has been defined in 

Appendix XU-l at the end of this chapter. 
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chemical compounds. It has appeared that in general it does not 
make much difference whether the concentration is expressed in 
terms of weight or volume fractions. In petroleum technology it 
would appear to be common practice. however, to employ volume 
fractions rather than weight fractions. 

Before reviewing various formulas which actually constitute special 
cases of the general Equation (XII-1). it may be useful to point out 
that these have shown the following serious limitation: they invariably 
yield mixture viscosities intermediate to those- of the components. 

XII. 2. 2. Simplified Mixture- Viscosity Relationships 

There are a number of older expressions which constitute really 
simple cases of Equation (XII-1). The best-known examples of these· 
"simplified" mixture -viscosity expressions will now be enume r
ated 177. i 78b,182}. 

As early as 1887 Arrhenius proposed an equation which involves 
the additivity of the logarithm of viscosity, t). in terms of the rolume 
fractions of the components: 

(Xn-2a) 

where y standI:! for the volume fraction of the second component 
and where log denotes again the common or Briggsian logarithm. 
log 10' This equation may also be written as: 

11 = t)(l-y) .t)Y. 
m 1 2 

(XII-2b) 

In 1905 Bingham proposed an equation based on the additivity of 
the reciprocal viscosity. or the fluidity, namely: 

(XII-3) 

Some years later, in 1917, Kendall and Monroe made an extensive 
investigation concerning the applicability of various equations and 
concluded that for the mixtures tested the best fit was obtained with 
their formula: 

(XII-4) 

where X denotes the molar fraction (of the second component). 

Each of the three Equations (XII-2a). (XII-3) and (XII-4) has a 
very limited applicability, since it may adequately describe only 
viscosity-concentration isotherms that are moderately convex towards 
the concentration axis (see Section XII.l). 

In general these equations - which are stated to have been devel
oped primarily for "ideal" mixtures - yield rather rough resu1ts 
for mineral-oil mixtures. But the Kendall-Monroe Ill8) and partic
ularly the Arrhenius equation173.189,190) may have some value in 
the mineral-oil field. In fact, the well-known Arrhenius Equation 
(XII-2a) is still widely employed, both for mineral-oil mixtures and 
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many other types of systems*). Indeed, the Arrhenius equation may 
give fair results in many cases, especially when the viscosities of 
the components are not too different. 

XII. 2. 3, Mixture- Viscosity Relationships Containing One Parameter 

,If several experimental mixture viscosities are known, it is 
not very difficult to give an adequate analytical description of the 
viscosity-concentration isotherm considered. Since the latter ques
tion is not interesting in the present context, it may suffice here 
to refer to the relevant literature 182) • 

It may be useful,however, to consider a few of the mixture-vis
cosity relationships containing only one unknown parameter. This 
adjustable parameter may be regarded to account for the "interac
tion viscosity" indicated in, Section xn.1. At any given temperature 
an appropriate value for this parameter can be calculated if at least 
one experimental mixture viscosity is known, preferably for a mix
ture containing about equal amounts of either component. With such 
one-parameter equations very good results can be achieved. 

a. Lederer (1932) has attempted to develop a theoretical expression 
for the viscosity of mixtures 191,19'2,177) • From the extensive crit
icism raised against the resulting expression it has become 
evident, however, that the theoretical considerations leading up to 
it are far from satisfactory 177,84,193). Accordingly, it would ap
pear that Lederer's equation may be upheld only as an essentially 
empirical one. 

It can be cast into the form: 

log 11m = (1-x l) log 111 + Xl • log Y)2' (XII-5) 

In this equation the quantity xl represents a "corrected" weight 
fraction, defined by: 

x 
(Xn-6) Xl = X + q (1 - x)' 

where x denotes the straight weight fraction and the temperature
dependent parameter q is characteristic of a given mixture. 

It is worthy of note that several years after Lederer the Roe
giers brothers (1947) proposed a mixture-viscosity formula 
which in essence is identical with Lederer'S 84;193-195), According 
to the Roegiers brothers, their formula - in which, besides the 
weight fraction, the volume or molar fraction may be employed -
was one of the outcomes of their "generaJized viscosity theory". 
But their theoretical justification cannot be deemed satisfactory 
either 84). 

Equation (Xn-5) has been checked extensively, especially for min
eral-oil systems. In general it gave excellent results, the order 
of accuracy being nearly that of the experimental determina
tions 194-196). However, notwithstanding the introduction of an em-

.) Besides volume fractions, weight and molar fractions are frequently used in Equation (XII-2a). 
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pirical parameter, Lederer's equation has the serious limitation 
that it cannot be applied to mixtures exhibiting an extreme in their 
viscosity-concen tration curves~'). 

b. In addition to his undermentioned Equation (XII-16), Cragoe (1933) 
proposed the following extended version of it 119) : 

( 
l'Jl1l)-l 

log -
l'Jc 

. (, l'J )-1 ( l'J )-1 
(I-x) ,lOg l'J: + x log l'J: + x (l-x) Cc ' (XU-7) 

In this equation the refe rence viscosity l'J c has one common value 
for all liquids, namely l'Jc = 0.0500 cp; the parameter C c is 
dependent on both the particular mixture considered and on the 
prevailing temperature. Instead of the weight fraction, x, the 
volume fraction may equally be used. 

Equation (XII-7) applies very accurately to many types of mix
tures, especially. mineral-oil systems. Like Lederer's Equation 
(XII-5), Cragoe's Equation (XII-7) normally proves to be of nearly 
the same order of accuracy as the experimental data. In contrast 
to Lederer's equation, however, Equation (XII-7) can also be ap
plied to systems exhibiting an extreme in their viscosity-concen
tration curve. 

c. A third equation containing one parameter is due to Grunberg 
and Nissan (1949). These authors 197) have extended the simple 
Arrhenius Equation (XII-2a) as follows: 

(l-X) logl'J l + X . log l'J" + X (I-X) C , 
u g (XII-B) 

where X denotes again the molar fraction and Cg is an unknown 
parameter whose value depends on the mixture considered and on 
temperature. 

In fact, Equation (XII-B) is very similar to Cragoe's Equation 
(XII-7). It would seem that Equation (XII-B) has not widely been 
applied so far. 

XII. 2.4. Mixture- Viscosity Relationships for Mineral Oils 

All the relationships now to be reviewed have been designed pri
marily for mineral-oil mixtures. As a matter of fact, they are en
tirely empirical. 

It may be remarked that, although it is common practice in pc
troleum technology to express concentrations in terms ofuolllllle 
fractions, the use of weight fractions in the follOwing relationships 
does not bring about any appreciable difference. 

OJ In this conucction it should, be pointed out that Raillnes and Nelsoll' s st<ttement19li) that I.edc"'r's 

equation can be made to predict viscosity illinium appears to be basically incorrect. 
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A. HERSCHEL'S AND WILSON'S AIETHODS 

a, Herschel (1920) undertook one of the earlier attempts to predict 
the kinematic viscosities of mineral-oil mixtures solely from 
those of the components 189,190) • 

By applying suitable correction factors to the viscosities cal
culated on the basis of the Arrhenius Equation (XII-2a) he suc
ceeded in achieving reasonable predictions. Herschel provided dia
grams for estimating the appropriate correction factor for a given 
mixture with y = O. 50. This factor would become more influential 
as the ratio between the component viscosities increases and 
would further vary with the source of the component oils, In order 
to account for the effect of the oil source mineral oils were clas
sified as "paraffinic" or "naphthenic"; the correction factor would 
assume different values according as the paraffinic or the naph
thenic oil shows the higher viscosity. 

Herschel's method should be deemed an important contribution 
at the early time of its introduction. Unfortunately, his method 
has a rather restricted validity range and is inconvenient to em
ploy. In later years it has remained only of historical interest. 

b. Wilson's method (1929) may be conceived as an extension and 
refinement of Herschel's, From Wilson's systematic investiga
tion 198) it became clear that no formula involving only the 
viscosities of the components is able to cover all mineral-oil 
systems, At least the influence of pronounced differences in the 
chemical constitution of the component oils should be additionally 
accounted for. To this end Wilson developed a set of three dis
tinct mixture-viscosity charts, one of which would rectify the vis
cosity-concentration isotherms of any given mineral-oil mixture. 
Each chart is based on the following power-type equation relating 
kinematic viscosity, v, in cS, to the volume fraction, y: 

(XII-9) 

In this equation*) the exponent w is taken dependent only on the 
qualitative difference in chemical nature - "paraffinic" or "naphthen
ic" - of the components. For oils of the same nature the exponent 
w would amount to - 1/6.5; for paraffinic/naphthenic mixtures the 
exponent w would amount to - 1/30 if the paraffinic oil has the 
higher viscosity and to - 1/3. 1 if the naphthenic oil is the more 
viscous one. 

In general good results are obtained with Wilson's charts. It is 
no wonder, therefore, that they have frequently been employed. In 
fact, they are still used to some extent 197) • 

B. METHODS USlNG THE ASTM, rn RELATED, VISCOSITY-TEMPERATURE CHARTS 

To a very wide extent the aforementioned Wilson charts have 
been superseded by the ASTM viscosity-temperature chart, which 

") As early as 1901 LeesI78b). proposed a similar equation using dynamic inste.ad of ]<inelllatic 

viscosity. 
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was first published - as a tentative chart - in 1932 63). It is 
true that in general the Wilson charts are more reliable, notably 
when oils of widely different crudes are being blended. However, 
the single ASTM chart has the weighty advantages that it is more 
convenient to use and more versatile at that. Thus, the ASTM chart 
- or some modification of this - has become the blending chart most 
widely employed nowadays. 

a, The suitability of the ASTM chart for predicting kinematic vis
cosities of mineral-oil mixtures from those of the c9mponents deri
ves from the approximate additivity of the viscosity function used 
in this chart. This viscosity function, W, is defined as: 

W = log log (v + 0.6), (XII-I0) 

where v is invariably expressed in cS. In fact, the latter viscosity 
function represents the left-hand side of the MacCoull-WaHher Equa
tion (III-5). which constitutes the basis of the ASTM chart (see part 
B of § III. 1. 2)*>-

In order to make this ASTM chart more adequate as a mixture
viscosity chart an adjusted volume-percentage scale is employed 
rather than a linear one. 

The following equation may readily be derived for the "corrected" volume fraction, Ya' as a 
function of the straight volume fraction, y, of the higher-viscosity component: 

Ya 11.68·log (1 T 0.218 y), (XII-ll) 

so that for all possible y -values (between 0 and 1) the corrected volume fraction of the higher
viscosity component is greater than indicated by y, For example, for y '" 0.500 the conected 
volume fraction amounts to y .. '" 0.525. 

Accordingly, the g rap hi c a I procedure of estimating mixture viscosities by means of the ASTM 
chart is equivalent to applying the follOWing mathematical expression: 

(XII-12) 

where Wand Ya are defined by Equations (XII-10) and (XII-ll), respectively. 

Besides the A STM viscosity-temperature chart, a few related charts 
are in use - to some reasonable extent - for estimating viscosities 
of mineral-oil mixtures. Amongst these related charts should be 
mentioned: the Walther-Ubbelohde chart 66) and the UmstMter 
chart 6.,68), Although their viscosity functions differ slightly from 
the function W of the ASTM chart, the discrepancies become more 
or less significant only in the range of very low viscosities (com
pare part B of § III. 1,2), 

The procedure of using the Walther-Ubbelohde or Umst§.tter 
chart as a blending chart is also quite similar to that outlined 
for the ASTM chart, Thus, in the present context there is not 
much sense in going further into the details 'of these related charts. 

As regards the suitability of the ASTM chart - or some related 
chart - for predicting the viscosities of mineral-oil mixtures it 

.) Throughout this chapter the subscript "0", relating to atmospheric pressure. has been omitted. 
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may be stated that in normal lubricating-oil practice it has 
proved to yield acceptable results. Of course. it has the same 
serious limitation that is inherent in any method based on the ad
ditivity of some function involving solely the viscosity of the oil: 
it invariably predicts mixture viscosities intermediate to those of 
the components. However. also in systems where no minima or 
involved and even in certain systems where the oil components 
are not very divergent the predicted viscosities may be rather 
seriously in error. 

All in all, the ASTM method is insufficiently reliable for general 
application to mineral-oil mixtures. 

b. Wright's method (1946) constitutes a very important vari(mt of 
using the ASTM viscosity-temperature chart as a blending chart196) • 
This method can be conveniently applied for estimating not merely 
the viscosity grade but rather the viscos~ty-temperature relation
ship of a given mineral-oil mixture solely from the rectified vis
cosity-temperature relationships of' the component oils. 

In the above-described - conventional - use of the ASTM chart 
"mixing" is performed by interpolating between the viscosities of 
the components under isothermal conditions. Wright's procedure, 
however, might be termed "inverse" in that it boils down to 
interpolating between the temperatures at which the components 
assume the same viscosity level. 

w 

I 

Mixture 
(y) 

OilNo~ __ _ 

--___ - logT 

Oil No.1 

FIG.XIl-2. 
Schematic Repre,elltatiollof Wright's Method for Predicting the Viscosity-Temperature Relationship 

of Mineral-Oil Mixtures. 

Referring to Fig. XII -2, this may be elucidated as follows. At 
an arbitrary (constant) viscosity level a point C is estimated by 
linearly interpolating between the corresponding points A and B 
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of the component oils, that is point C is fixed such that: y=AC/AB; 
point C would then be located on the viscosity-temperature line 
of the mixture, which line is yet to be constructed. Likewise, at 
a second - also arbitrarily chosen - viscosity level a point C' 
is fixed such that: y=A'C'/A'B'=AC/AB. Then, the complete vis
cosity-temperature relationship of the mixture considered 'would 
be depicted by the straight line drawn through the pOints C and C'. 

Like the aforementioned conventional method Wright's modified 
method was designed as a purely graphical one. Therefore, provided 
the basic viscosity-temperature chart possesses a sufficiently ex
tensive format, Wright's method is also very convenient in that 
it does not require any computations. 

Nevertheless, it would appear interesting and illuminating to find out which mat hem at i c a I 
expressions constitute me basis of Wright's method. Referring to an analogous prediction method 
yet to be developed in Section Xn.6, the present aumor has derived the following (isothermal) 
expression equivalent to Wright's graphical procedure of estimating mixture viscosities: 

(XII-13) 

where W stands again for the viscosity function (XII-lO) used in the ASTM chart and yw denotes 
me '''corrected'' Volume (ractlon of the second component. The latter quantity proves to be, given 
by me formula: 

:~ y 
yw " (XIl-14) 

1 + (:~ - 1) Y 

where ml and m2 represent me slopes of the viscosity-temperature lines, rectified in the ASTM 
chart, of me first and me second component, respectively, and where, by definition, ml )m2' 

Consequently, it has been derived analytically that Wright's method boils down to introducing 
me corrected volume fraction Yw' However, in contrast to the corresponding volume fraction Ya 
of me conventional method, me volume fraction Yw proves to be not invariably me same function 
of me straight volume fraction, y. According to Equation (Xn-14), Yw also depends on the ratio 
between the slopes of the components. 

The basic feature of Wright's method for predicting the Viscosities of mineral-oil mixtures con
sists in mat, in addition to the indispensable viscosity grade of me components, their slo pe 
rat lois taken into consideration, the latter quantity being characteristic of a given mineral-oil 
mixture. 

Strictly speaking, therefore, me slopes of the two components need not be known in d tv id u a 11 y 
as long as it is desired to estimate the viscosity of me mixture only at me standard reference tem
perature where the viscosity grades of the components are given. But if it is desired to estimate 
the viscosity-te m pera tu re relationship ofthe mixture, a knowledge of the two individual,slopes, 
ml and m2' provesto be essentially indispensable. This may readily be inferred from the schematic 
Fig.Xll-2; it is also apparent from the following equation relating the slope of the mixture, mm' 
to the slopes of the two components: 

(Xll-IS) 

Forthederivation of Equation (XII-1S) reference is made once again to Section xn.s. According 
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toEquation(XII-15), the reciprocal slopes,llm, of mineral oils are additive in terms of straight 
volume fractions. Indeed, the validity of Equation (XII-"15) would tally well with experimental 
findings. In this connection it may be useful to poInt out that the additivity of the slope m pro per 
has been studied more than once. The relevant studies have led to the conclusion that in ac
cordance with the new Equation (XII-15) the slopes m may be far from additive199 ,11), 

Wright's graphical prediction method has indeed been found to con
stitute a substantial improvement over the conventional method of 
using the ASTM chart as a blending chart 196). As a rule Wright's 
method proves to yield considerably better results than this con
ventional method. In addition, it may be termed "complete" in that 
it aims at predicting the complete viscosity-temperature relationship 
of the mixtures considered rather than the viscosity at only one 
representative temperature. Wright's way of using the ASTM chart 
is also definitely superior to using the afgpropriate chart of Wilson's 
set of three viscosity-blending charts 96). 

Nevertheless, in certain cases Wright's method also leaves much 
to be desired. Notably this holds for mixtures whose component 
oils combine a fairly small difference in their viscosity grade with 
a relatively great difference in their viscosity-temperature depend
ence 196). As will be further elucidated in Section XII. 8, such sys
tems may exhibit a pronounced minimum in their viscosity-concen
tration curve. In fact, it will there be shown that, in contrast to 
what has been widely assumed so far, the occurrence of a minimum 
in such systems would be the rule rather than the exception. Now, 
Wright's method is also afflicted with the basic shortcoming that it 
invariably yields mixture viscosities that are intermediate to those 
of the two components. 

C. THREE ADDITIONAL EQUATIONS 

Finally, three additional equations will be presented which prove 
to be particularly interesting in connection with the author's equations 
to be described in Sections XII. 5 through XII. 7. 

a. One of the earlier equations intended primarily for application 
to mineral oils is due to Cragoe 119) • Cragoe's formula, published 
in 1933, can be reduced to the following form [compare Equation 
(Xn-7) above]: 

(, n )-1 \Og 7J~ = ( 

7J )-1 
(1 - x) log n: + x ( 

n )-1 
log TI: (XII-16) 

In this equation the reference viscosity nc has one common value 
for all oils, namely Tic '" 0.0500 cPo 

According to Cragoe, Equation (XII-16) is more accurate than 
the aforementioned equations of Arrhenius (XII-2a), Bingham (XII-3) 
and Kendall-Monroe (Xn-4), particularly in that it fits the data 
on many mineral-oil mixtures much better. The claimed superiority 
for mineral-oil mixtures was later confirmed by Rahmes and 
Kelson 196); according to these investigators, Cragoe's Equation 
(XU-1B) even proves to be nearly on a par with the conventional 
ASTIVI meth~ J. 
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b. The second equation is a generalized version of the one casually 
indicated by Nederbragt (1952) in his discussion on Blott and Ver
ver's paper 200). Without reporting any quantitative figures Neder
bragt stated that the linear relationship between the volume 
fraction and the viscosity function log log 11, with kinematic viscosity 
11 in mS, would be useful for calculating mixture viscosities in 
many cases, especially when the viscosities of the components 
are widely different. Further, he mentioned that this viscosity 
function would suffer from the drawback of being dependent on the 
unit of measurement (mS). 

The latter feature, however, is only seemingly a drawback. In
deed, by rewriting the latter viscosity function in the generalized 
form log log (vI lis)' where Vs =: O. 100 cS, the viscosity may be 
expressed in any unit, provided of course that 11$ is expressed 
in the same unit. Accordingly, the generalized version of the 
equation indicated by Nederbragt reads: 

vrn v1 112 
log log - =: (1 - y) log log - + Y log log -. (XIl-17a) 

Vs 

With kinematic viscosIty, 11, expressed in cS it may be rewritten 
as: 

log (log 11m + 1. 000) =: (l-y) log (log 111 + 1. 000) + 

+ y' log (log 112 + 1. 000). (XIl-17b) 

The author has found that, as regards the accuracy of vis
cosities predicted for mineral-oil mixtures, Equation (XII-17a) is 
practically equivalent to the conventional ASTM method. 

c. As a third equation the author would like to introduce a mix
ture-viscosity relationship which is based on Souders's additive 
viscosity-density function, the so-called viscosity-constitutional 
constant, defined already by Expression (XI-6): 

I M log log (10 11) + 2.9 
d (XI-6) 

where viscosity, 11. is expressed in cP and where M and d denote 
the molecular weight and the density, respectively, of the liquid 
considered 119). On the assumptions that the additivity - in terms 
of molar fractions - of the viscosity-constitutional constant would 
hold good for mixtures and that no appreciable volume changes 
would ensue from mixing. the following mixture-viscosity relation
ship should apply with reasonable accuracy: 

log (log 11m + 1. 000) =: (l-y) log (log 111 + 1. 000) + 

-+ Y • log (log 112 + 1. 000), 

where viscosity, 11, has again been expressed in cPo 

(XII-IS) 

Remarkably enough, the latter equation differs from Equation 
(XII-17b) only in that it employs tlynamic instead of kinematic 
viscosity. As far as the author knows, the simple Equation (XII-IS) 



-370-

has never been proposed in the literature. But he could already show 
it to give results fully on a par with thosE' obtained by means of 
the conventional ASTM method. 

D. CONCl;U,SIONS 

The author's findings concerning the applicability of the afore
mentioned relationships for predicting the viscosities of mineral-oil 
mixtures may be summarized in a ·few conclusions. For convenience 
the prediction methods involving only the viscosity grades of the 
components and those using additional information will be considered 
separately, that is under points a and b, respectively. 

a. The following relationships are included in the first group: Equa
tion (Xn-12), underlying the conventional ASTM method; Cragoe's 
Equation (Xn-16); the generalized Nede'rbragt Equation (XII-17a) 
or (XII -1 7b); and the new equation based on Souders's viscosity
constitutional constant, that is Equation (XII-18). 
1. All these relationships' would seem to yield acceptable results 

in normal lubricating-oil practice. But in view of the large 
deviations observed in certain cases, they are insufficiently 
reliable for general application to mineral-oil mixtures. 

2. These various relationships are nearly equivalent with respect 
to the accuracy inherent in the predicted viscosities. 

3. The conventional method of using the ASTM viscosity-temper
ature chart as a blending chart constitutes the most attractive 
procedure. 

4. From the author's investigations (compare Section XII.5) the 
significant conclusion has emerged that - although, of course, 
the relevant question can never be settled in any rigorous man
ner - there is no sound reason at all to uphold the possibility 
of developing a method that would constitute a substantial im
provement over the methods under discussion. Therefore, it 
may safely be assumed that the highest achievable degree of 
correlational accuracy has indeed been reached with the methods 
now available. 

b. Herschel's, Wilson's and Wright's method have been treated as 
examples of the second group. 
1. Whilst Herschel's method is nowadays only of historical interest~ 

Wilson's is still in use. The Wilson charts are definitely 
superior to the relationships discussed in the preceding group 
a. However, the use of a set of three charts is rather incon
venient. 

2. Wright's method of using the ASTM chart doubtless constitutes 
the most reliable procedure available in the literature. Moreover, 
it is "complete" in that it aims at predicting the complete vis
cosity-temperature relationship of a given mineral-oil mixture 
rather than the viscosity at some arbitrary reference temper
ature. 

However, in certain cases - which have proved to be far 
from exceptional - Wright's method still leaves much to be 
desired. Just like all other relationships and methods consid-



-371-

ered in this entire section, it has the basic limitation that it 
invariably yields viscosities intermediate to those vf the com
ponents. 

XII. 3 •. OUTLINE OF THE PRESENT APPROACH 

A practical method for predicting the viscosity g1'ade as well as 
the viscosity-temperature relationship'~) of mineral-oil mixtures 
should involve only easily assessable properties of the component 
oils. Preferably it should require a knowledge solely of the vis
cosity-temperature relationship of the components. Moreover, such 
a method should be both convenient and sufficiently widely applicable. 
that is applicable even to mineral oils of widely different viscosity 
grade and/or chemical constitution. 

From the foregoing critical review of available prediction methods 
the conclusion has been obtained that none of these is really satis
factory in general. Therefore. an improved method would be highly 
desirable. 

It stands to reason that the present attempts to develop such an 
improved method 'will be founded on an essentially empirical basis. 

In the first instance attention is concentrated on the viscosity 
grade of mixtures of pure hydrocarbons (of high molecular weight) 
in order to obtain some information of a more basic kind (Section 
XII. 4). 

As a logical consequence of the results obtained in the preceding 
Chapter XI (see in particular Section XI. 5~ with the newly devel
oped additive viscosity-density function, the I viscochor", its applic
ability to pure-hydrocarbon mixtures has been tried out. 

Indeed, the viscochor has proved to be a convenient tool also for 
predicting the viscosities of such mixtures. Yet, this may not be 
taken to involve that the simple viscochor would permit satisfactory 
predictions throughout. In fact, as will be further eludicated in the 
relevant Section XII. 4, the latter feature might not fairly be ex
pected from any additive viscosity-density function conceivable. The 
basic reason is that, even though pure hydrocarbons are chemical
ly interrelated. they may still display very pronounced differences 
in their chemical constitution. Nevertheless, the viscochor does 
yield reasonable viscosity predictions, certainly so as a first ap
proximation. 

Considerably improved accuracy in the predicted mixture viscos
Hies would be achievable only by properly allowing for the inter
molecular viscosity effects between the components. It has appeared 
that this can be conveniently achieved by introducing solely the dif
ference between the Slope Indices (see § III. 1. 3) of the components 
as an additional correlational variable. 

By means of the consequent (tentative) correlation excellent vis
cosity predictions have been obtained for all the divergent mixtures 
of high-molecular-weight hydrocarbons tested. 

") As indicated by its title, this entire chapter is confined to at m 0 s ph e ric viscosities. 
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Sections XII. 5 through XII.8 are devoted to the main pur
pose of the present investigation: the development of convenient 
methods for predicting the (atmospheric) viscosity-temperature 
relationship of mineral-oil mixtures solely from that of the com
ponents. 

For evaluating the viscosity-temperature relationship of mineral 
oils the convenient Equation (III-6h) has again been resorted to. 
According to this equation, only the viscosity grade and the Slope 
Index of mineral-oil mixtures need to be predicted in order to know 
their complete viscosity-temperature relationship. 

It has now been derived analytically and verified by experimental 
data that for predicting the viscosities of mineral-oil mixtures 
the additivity of the simple viscosity function H occurring in the 
basic viscosity-temperature Equation (III-6h) is practically on a par 
with that of the specific viscochor. Moreover, the additivity of H 
has proved to hold reasonably good over a wide temperature range, 
which means that the Slope Indices, S, of the component oils are 
also approximately additive. 

Consequently, the basic viscosity-temperature Equation (III-6h) 
is very suitable indeed for.predicting the complete viscosity-tem
perature relationship of mineral-oil mixtures. The latter feature 
constitutes another weighty advantage of the latter equation over 
conventional equations and charts. 

It goes without saying that the establishment of improved predic
tion methods has been attempted on the basis of the latter equation. 
The consequent approach will now be outlined. 

1. The new method for predicting the viscosity-temperature rela
tionship of mineral-oil mixtures from the additivity of the vis
cosity function H - standing for the viscosity grade - and the 
Slope Index is denoted as the "Simplified Prediction Method" 
(see Section XII. 5). The mixture viscosities thus predicted will 
turn out sufficiently accurate for normal lubricating-oil prac
tice. 

These predictions can also be performed very conveniently by 
means of a viscosity-temperature chart constructed in accordance 
with Equation (III-6h). The use of such an H-f) chart obviates the 
necessity of making any computations. 

2. The latter chart may also be utilized in an alternative way, that 
is similarly to Wright's variant of using the ASTM chart {see 
part B of § XII. 2. 4}. The resulting "Graphical Prediction Method" 
aims at predicting the complete viscosity-temperature relation
ship of a given mineral-oil mixture solely from the rectified vis
cosity-temperature relationships of the two components (see Sec
tion XII. 6). 

The latter method proves to constitute a substantial impro
vement over the aforementioned simplified method, which is based 
on the straight additivity of the viscosity function H. Nevertheless, 
just like Wright's method the present variant still leaves much to 
be desired in various systems, notably when the component oils 
combine a fairly small difference in their viscosity grades with 
a relatively great difference in their Slope Indices. 

3. The ideas underlying the "Refined Prediction Method" (see Sec-
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tion XII. 7) finally established as a really satisfactory one are 
quite similar to those which are basic to the described refined 
method for pure-hydrocarbon mixtures. The only essential dif
ference is that the specific viscochor utilized in the latter meth
od has been replaced - for reasons of simplicity - by the vis
cosity function H. 

A<;!cordingly, the refined method for predicting the viscosity 
grade of mineral-oil mixtures starts from the approximate ad
ditivity of the viscosity function H. At any given temperature 
the additional "interaction viscosity" could be conveniently ac
counted for by introducing solely the differenc'e between the Slope 
Indices of the two component oils. 

Likewise, it has appeared that the accuracy inherent in the sim
plified method for predicting the Slope Index of mineral-oil mix
tures can be considerably improved simply by accounting for this 
difference between the Slope Indices of the two components. 

All in all, it may be stated that the author has indeed suc
ceeded in developing an improved, generally satisfactory method 
for conveni(mtly estimating the complete viscosity-temperature 
relationship of binary mineral-oil mixtures solely from that of 
both components. The refined prediction method even embodies 
the unique feature that it permits predicting qua n tit a t i vel y 
the occurrence of min i m a in the viscosity- concentration curves 
of mineral-oil systems. The latter aspect will be extensively 
discussed in Section XII. 8. 

Various additional applications of the relationships and correlations 
underlying the aforementioned prediction methods will be presented 
in the concluding Section XII. 9. 

Experimental Data on Mineral-Oil Mixtures 

The newly developed methods for predicting the viscosity-temper
ature relationship of mineral-oil mixtures have been based mainly on 
the extensive experimental data reported by Rahmes and Nelson 196). 
These methods have further been checked for the few additional 
mixtures on which sufficient data could be found in the literature. 

Rahmes and Nelson have presented viscosity data on 26 binary 
mineral-oil systems with widely varying properties. As a rule the 
viscosities of the various' systems have been determined - with an 
estimated accuracy of 0.5% - at three compositions and two temper
atures. These compositions correspond to volume fractions of 0.25, 
0.50 and 0.75, the two temperatures being 100 and 2l0 0 F (37.8 and 
98.9°C). 

_ Viscosities*) and viscosity-teInpe_rature criteria**) of the 17 com-

.) Rahmes and Nelson ha ve listed only kin e mat i c viscosities. The densities required for conver
ting these kinematic into d y n ami c viscosities have been calculated from the reported API 
Gravity. using the accurate method proposed by Lipkin and Kurtz51). The molecular weights, 
which are involved in the latter method, have been estimated from the kinematic viscosities 
reported for 100 and 2100 F according to Hirschler's procedure153) • 

.. ) For the present purpose three decimal places have been retained in the Slope Indices. In 
practice, however, only two decimal places are normally significant, particularly if a relatively 
wide temperature range is covered (compare § Ill. I. 3). 



-374-

TABLE XU-la 

Data on Component Mineral Oils 

Viscosity , Viscosity-Temper-
cP atute Criteria 

on Experiments' Designation 
Code 1000 F 2100 f S DVI VI 

B Solvent-Refined au 193.2 15.14 1.260 92 97 

C ditto 25.8 4.02 1.221 104 92 

D Raw Distillate from Naphthenic Crude 19.28 3.IlS 1.278 87 14 

I! ditto 363 14.49 .1.537 -21 -5 

F .. 28.8 3,80 1.327 72 7 

G 
" 

449 1~.51l 1.504 ·3 ).9 

H Solvent Extract 182,0 8.43 1,6).1 -66 -84 

J Solvent-Refined Oil 29. 1 4.57 1.187 112 113 

K Solvent Extract 490 15.03 1.627 -17 -62 

L Acid -Treated Paraffin Base Oil 87.3 9.08 1.240 98 100 

M from Mixed Base Crude 81.7 8.0~ 1.288 84 88 

N Acid -Treated Naphthenic Base Oil 107.4 8.51 1.375 64 53 

a Not Known 278 16.94 1.340 67 78 

P Solvent Extract Blended to 0 VI 84.J 6.56 1.450 23 4 

Q Raw Distillate from Naphthene Base Crude 12.08 2.32 1.243 98 13 

R Technical White Oil 27.5 4.24 1.215 105 99 

ponent mineral oils are specified in Table XII-1a. Apparently, these 
oils represent very' divergent sources and chemical constitutions; 
even a few aromatic ex.tracts are included, 

Accordingly, the various binary systems prepared from these oils 
constitute a really great variety of mineral-oil mixtures. In fact, 
several systems represent rather extreme cases in that their com
ponents differ unusually widely in chemical constitution. A few sys
tems even display the hitherto rarely observed feature of a minimum 
in their viscosity-concentration curve. 

All the pertinent data on the aforementioned 26 mineral-oil sys
tems have been compiled in Tables XII-lb and XII-1c. The volume 
fraction y invariably refers to the second component, defined as the 
oil with the lower Slope Index, 52. The viscosity ratio is defined 
simply as the ratio of the higher to the lower viscosity grade (at 
the standard reference temperature involved), irrespective whether 
the first or the second component is the more viscous one. It may 
be noted that the first 13 systems display relatively large, the re
maining 13 systems relatively small viscosity ratios. For both groups 
the differences between the Slope Indices of the component oils cover 
a wide range. 

All in all, this variety of 26 mineral-oil systems warrants a real
ly severe test of any. method for predicting the viscosities of such 
systems. It should be properly realized. however, that the results 
obtained with the present systems may not be taken representative 
of the results to be expected in normal lubricating-oil practice. 
Indeed, it may be assumed that the latter results would generally 
turn out even appreciably better. 
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TABLE Xn-1b 

Data on Mineral-Oil Mixtures 

System Viscosity Ratio AH "IH1-H21 
Sl-S2 DVI1-DVI2 VI1 -VI2 

No, Components 100°F 210°F lOOoF 210°F 

E-F 12,62 3,81 0,1505 0,1227 0,210 -93 -12 
2 E-J 12,47 3,17 0,1497 0,1036 0,350 -133 -118 

3 F-:8 6.71 3.98 0.ll76 0,1262 0,067 -20 -90 

4 B-J 6,64 3,31 0.ll68 0,1071 0,073 -20 -16 
D-L 4,53 2.95 0.1016 0,1066 0,038 -11 -86 
L-C 3.39 2.26 0.0802 0,0778 0.019 -6 8 
N-D 5.57 2.77 O,ll39 0,1010 0.097 -33 39 
N-C 4,17 2,12 0,0925 0,0722 0,154 -50 -39 
K-D 25.4 4,89 0,1945 0,1486 0,349 -164 -76 

10 K-Q 40.6 6.47 0,2316 0,1812 0,384 -175 -75 

11 O-R 10,09 4,00 0,1400 0.1236 0,125 -38 -21 

12 O-C 10,79 4,22 0.1448 0.1292 0.119 -37 -14 

13 Q-L 7,23 3,91 0,1387 0,1392 0,003 0 -87 

14 Q-C 2,13 1,730 0,0585 0,0614 0,022 -6 -79 

15 F-Q 2.38 1,636 0,0664 0,0556 0.084 -26 -6 

16 D-Q 1,596 1.324 0,0371 0,0326 0,025 -11 1 
17 Q-} 2,41 1,968 0,0672 0.0747 0,056 -14 -100 

18 0-:8 1.439 1.120 0,0193 0,0088 0,080 -25 -19 

19 E-D 1;306 1,170 0,0136 0,0123 0,197 -88 -83 
20 G-O 1,614 1,033 0,0241 0,0025 0,164 -70 -59 

21 K-O 1,762 1,127 0,0283 0,0094 0.287 -144 -140 

22 H-:8 1,062 0,0032 0,0490 0,351 -158 -181 

23 P-M 1,040 0,0023 0,0190 0,162 -61 -84 

24 PoL 1,028 0,0016 0.0293 0.210 -75 -96 

25 F-C 1,117 0,0079 0,0058 0,106 -32 -85 

26 F-J 1,012 0.0008 0,0191 0,140 -40 -106 

J 
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TABLE XII-lc 

Experimental ViscOS'\ties and Slope Indices of Mineral-Oil Mixtures 

System V iscosity at 100°1'. cP \ Viscosity at 2100\.cP Slope Index 
I 

No. yo:O.25 y=0.50 y=O. 75 \ y=O.25 y=O.50 Y'\'O.75 y=0.25 y=O.50 y=o.75: 
\ 

1 165.2 85.9 48.0 \ 9.82 6.98 5.67, 1.468 1.411 1.361 
2 149.6 75.1 45.1 ~0.05 7.31 5.12 1.411 1.320 1.246 
3 45.4 73.0 118.8 '1(.35 7.46 10.79 \ 1.300 1.289 1.266 
4 113.5 69.8 44.7 11;.Q4 8.04 6.04 1,231 1.219 1.200 

\ 

6.79 1.2~2 5 28.1 40.9 60.3 3.(3,5 5.28 1.255 1.266 
6 63.8 46.6 34.5 7.40\ 5.96 4.86 1.232, 1.230 1.230 
7 68.6 44.3 28.8 6.49 \ 5.00 3.90 1.359 \ 1.336 1.307 
8 71.4 48.9 34.8 6.90 5.70 4.78 1.335 '\1.289 1.253 
9 171.8 12.8 35.6 9.25 \ 6.05 4.26 1.524 1;,436 1.348 

10 142.2 54.1 23.7 B.43 \5.16 3.38 1.504 1.410 1.314 
11 140.6 77.8 45.2 11.46 ~\02 5.73 1.299 1.271, 1.246 
12 139.6 75.5 43.0 11.38 7.~1 5.60 1.301 1.267 , 1.238 
13 19.59 32.2 52.8 3.26 4. '8 6.40 1.23'1 1.239 '\: 244 

\ 

3.06 \ 
\ 

14 14.52 1'1.62. 21.1 2.65 3.52 1.240 1.228 1.2i'1 
15 22.8 1B.36 14. '19 3.35 2.9'1 \ 2.62 1.302 1.279 1.259' 
16 17.18 15.21 13.58 2.89 2.68 \ 2.49 1.263 1.258 1.252 
17 15.07 18.'19 23.5 2.75 3.33 \~.94 1.230 1.198 1.187 
18 254 230 209 16.33 16.00 1 .60 1.3~6 1.298 1.276 
19 322 304 290 15,14 15.52 16:\l2 1.464 1.426 1.382 
20 384 328 301 17.30 17.30 16.94 1.452 1.391 1.371 
21 399 342 307 15.38 15.67 16.33\ 1.537 1.,466 1.402 
22 168.3 \ 
23 81.5 80.0 BO.4 
24 83.4 83.2 84.3 
25 27.5 26.8 26.1 
26 28 • .1 28.3 28.8 
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XII. 4. THE VISCOCHOR AS A TOOL FOR PREDICTING THE VIS
COSITY GRADE OF PURE-HYDROCARBON MIXTURES 

XII. 4.1. Introduction 

The correlation between the viscosities of pure hydrocarbons and 
their mixtures has been extensively studied. The main object of the 
major part of the relevant work was to obtain some basic information 
concerning the viscosity of mineral lubricating oils. 

Particularly in the scope of API Research Project 42 very in
teresting investigations into the viscosity - and likewise other ph&sical 
properties - of pure -hydrocarbon mixtures have been carried out 2 1-203). 
A s part of these investigations various empirical functions have 
been tested for additivity, involving either viscosity alone, viscosity 
plus density, or even the combination of viscosity, density- and 
molecular weight. However, in contrast to such physical properties 
as density and refractive Index, viscosity could not be comprised by 
some satisfactory additive function. Even the function - containing 
viscosity, density and molecular weight - finally arrived at proved 
far from adequate: Nevertheless, this particular function was claimed 
far superior to any of 'the functions previously proposed 203). The 
latter statement may well go to illustrate the considerable difficulties 
connected with the prediction of the viscosities of such hydrocarbon 
mixtures. 

As stated already in Section XII. 3, the present approach to the 
problem of predicting the viscosities of pure-hydrocarbon mixtures 
has been based on a newly developed additive viscosity-density func
tion, the "viscochor". Indeed, in view of previous experiences with 
the viscochor (see Chapter XI) it may be expected to prove a val
uable tool also for predicting the viscosities of the mixtures under 
consideration. 

This has been investigated for various mixtures of high-molecular
weight hydrocarbons of fairly complicated and divergent chemical 
structure. The findings with such mixtures should be of special 
interest because of their bearing on the technologically important min
eral-oil mixtures. Accordingly, this section may be conceived as a 
kind of introductory exploration of the mineral-oil field to be entered 
hereafter. 

Expe'Yimental Data 

The pure hydrocarbons involved are designated in Table XII-2a, 
whilst various data on their mixtures are compiled in Table XII-2b. 

These very interesting mixtures have been prepared and studied 
by Schiessler et al. in the scope of the above-cited API Research 
Project 42201-203;139). For proper consideration it should be noted 
that some of the systems are non-ideal in the sense that an appre
ciable volume change ensues from mixing. Notably the mixtures con
taining compound No.89 are far from ideal ones. 

The present systems will permit a very severe test of any mix
ture-viscosityequation. For most of these systems the components 
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TABLE XII-2a 

Oat. on Component Hydrocarhcns 

Component Viscosity I Density. Specific Viscochor. 
cP g/em3 cm3/g 

S 

PSU No. Structural Formula M,cale 100°F 210°F 100°F 210°F 1000 p 210°F 

25 CS- y-Cs 352.7 7.04 1.86 0.7905 0.7507 1.3834 1.3973 1.099 

Cs 

89 
O-C2-r- C2-O 328.5 25.5 3.63 0.9952 0.9537 1.1327 1,1204 1.297 

C2 
I 

0 
90 0- CZ- ?-CZ-O 346.6 152") 8.58 0.8920'> 0,8526 l,305a 1.2896 1.519 

Cz 
I 

0 
113 D- Ca-? - C3-(] 

346.6 22,5 3,S7 0.S774 0,8379 1,2813 1,2834 1,174 

73 

i 0 

67 

C10- Y -C1G 
366.7 9,24 2.17 0.7915 0.7528 1.3914 1.4022 1,134 C 

I 
C-C-C 

I 
C 

Cs - C -Cll 
I 

78 0 364.7 13.33 2.76 0.8284 0,7863 1.3462 1,3530 1.152 

63 CS- Y-C11 394,7 9,55 2.34 0,7959 0,7564 1.3850 1.3985 1.085 _ 

Cs 

65 O-C-?-C-O 390,7 34.2 4.57 0.8518 0.8135 1.3312 1.3283 1.272 

C13 

3 
C6 -

y
-C15 

366.7 8.77 2,20 0.7926 0,7522 1.3S76 1.4035 1.087 
C4 

22 
C5-~-C4-~-C5 

366.7 9.36 2.06 0.7952 0.7549 1.3854 1,3951 1.190 
C5 Cs 

") Extrapolated Data 



TABLE XII-2b 

Data on Pure-Hydrocatbon Mixtures 

System Viscosity. cP Density, g/cm3 
Viscosity 

114o,cm3/g 

No. Camp. X x y 100°F 210°F lOOoF 2100 F Ratio, lOOoF Sl-S2 100°F 210°F 

la 89-25 0.667 0.682 0.730 8.28 2,0'1 0.8451 0.8051 3.61 0.198 0.250'1 0.2719 
1b ditto 0.333 0.349 0.403 12.00 2.54 0.9117 0.8712 .. .. .. .. 
2a 89-113 0.667 0.678 0.705 18.79 3.44 0.9100 0.8706 1.135 0.123 0.1486 0.1580 
2b ditto 0.333 0.345 0.375 19.32 3.36 0.9489 0.9086 .. .. .. " 
3a 90-25 0.667 0.670 0.696 12.36 2.60 0.8212 0.7816 21.5 0.420 0.0781 0.1077 
3b ditto 0.333 0.337 0.364 30.0 4.16 0.8542 0.8157 .. . . .. 
4a 113-25 0.667 0.670 0.693 9.44 2.28 0.8174 0.7779 3.18 0.075 0.1021 0.1139 
4b ditto 0.333 0.337 0.361 13.65 2.90 0.8463 0.8067 .. .. .. .. 
5a 90-'113 0.667 0.667 O~ 670 36.6 4.82 0,8817 0.8431 6.76 0,345 0.0240 0.0062 
5b ditto 0.333 0,333 0.337 67.9 6.30 0.8867 0.8481 .. .. " .. 
6a 78-67 0.747 0.748 0.756 10.14 2.31 0.7998 0.7608 1.442 0.018 0.0452 0.0490 
6b ditto 0.498 0.500 0.510 11.07 2.44 0.8082 0.7692 .. .. .. .. 
6c . 0.250 0.251 0.259 12.13 2.61 0.8168 0.7778 .. .. .. ... 
7a 65-63 0.746 0.748 0.760 12,02 2.68 0.8093 0.7703 3,58 0.187 0.0538 0.0~02 

7b ditto 0.496 0,498 0.515 15.85 3.13 0.8230 0.7842 .. .. .. . 
7c 

" 
0.248 0.248 0.261 22.3 3.73 0.8372 0,7988 .. .. .. .. 

8a 22-3 0.753 0.753 0.754 8,93 2.19 0.7933 0.7529 1.066 0,103 0,0022 0,0084 
8b ditto 0.500 0.500 0,501 9,06 2,14 0.7939 0,7535 .. .. .. .. 
8c .. 0.254 0.254 0.254 9.25 2.13 0.7946 0,7542 .. . .. .. 
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show relatively wide differences in their viscosity grades, Nloi'e
over, in systems Nos.2a and 2b the viscosity of the mixture is 
smaller than that of either component at both 100 and 210°F, 

XII. 4.2. A Simplified Prediction Method 

As outlined in the preceding Chapter XI, the specific viscochor, 
W, would be approximately additive (at constant temperature) in 
terms of the weight fractions of the components, that is: 

(I-x) WI + x W2' (XII-19) 

TABLE XU-3a 

Experimental and Predicted Specific Viscochors nf Pure-Hydrocarbon Mixtures 

System q,100oF,cm3 /g q,210oF,cm
3
/g 

No, Exp, Eq,(Xl1-19) Eqs,( Xll-20) Exp, Eq,(Xl1-19) Eqs,( XlI-20) 

and(XU-21a) and (Xll-21b) 

la 1,2997 1,3037 1,2990 1,3084 1.3109 1,3080 

Ib 1,2157 1,2202 1,2153 1,2177 1,2203 1,2173 

2a 1,2308 1,2334 1,2310 1,2307 1,2325 1.2310 

2b 1,1810 1.1839 1,1814 1,1782 1,1798 1,1783 

3a 1,3509 1,3577 1,3514 1,3584 1,3618 1.3574 

3b 1,3239 1,3316 1,3252 1. 3213 1,3258 1,3214 

4a 1,3483 1,34Jl8 1,3485 1,3588 1,3598 1,3590 

4b 1,3138 1,3156 1,3143 1,3209 1,3217 1,3209 

5a 1,2879 1.2893 1,2864 1,2837 1,2855 1,2845 

5b 1,2954 1,2973 1,2944 1,2859 1,2875 1,2865 

6a 1,3802 1,3800 1,3798 1,3899 1,3898 1,3897 

6b 1,3698 1,3688 1,3686 1,3776 1,3776 1,3774 

6c 1,3575 1,3576 1,3574 1,3651 1,3654 1,3653 

7a 1,3698 1,3714 1,3694 1,3796 1,3808 1,3794 

7b 1,3555 1,3580 1,3553 1,3622 1.3633 1,3615 

7c 1,3427 1,3445 1,3425 1,3448 1,3457 1,3443 

8a 1,3873 1,3871 1,3868 1,4017 1,4014 1,4011 

8b 1,3866 1,3865 1,3861 1,3996 1,3993 1,3989 

8c 1,3863 1,3860 1,3857 1,3980 1,3972 1,3969 

The data collected in Table XII -3a demonstrate the good applic
ability of Equation (XII-19) to the variety of. pure-hydrocarbon mix
tures considered, Even for the systems (Nos:--za-and 2b.l-~*hibiting 
a minimum in their viscosity-concentration curves the latter equa
tion yieldS quite reasonable predictions. It may further be noted that 
the discrepancies between experimental and predicted w-values de
crease rapidly with rising temperature, which may' be ascribed to 
the accompanying decrease of intermolecular effects,' In conclusion 
it may be stated that the simple Equation (XII-19) does permit val
uable estimates of the specific viscochors of the various mixtures 
under consideration, 
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TABLE Xn-3b 

Percentage Deviations Between Experimental and Predicted Viscosities of Pure-Hydrocarbon Mix
tures 

System 0/.311 100°1'°) 

No. Additivity Additivity 
of'll of log'll 

1a 45.2 20.5 
1b 50.7 26,5 
2a 24,4 29.7 
2b 26,2 20,8 
3a 314 44,9 
3b 230 65.6 
4a 21,1 6,4 
4b 22,8 8,2 
5a 77,8 15.1 
5b 59.6 17,2 

6a 0.9 -0,2 
6b 1,6 0.0 
6c 2,1 0,0 
'1a 28,8 7.9 
7b 35,5 11,9 

7c 24,7 10,2 

8a -0.2 -0,2 
Bb 0,0 0,0 
8c -0.5 -0.5 

Average 
Devia-
tion") 50.B 15,0 

Standard 
Devia-
tion"·) 97.4 23,2 

11pred - 'IIexp 
0) 0/.3'11 = 100 - ___ _ 

"") Defined by 2 
n 

-> Defined by 

11exp 

i"fl 

1": lo/v8 i l 
i=l 

I Eq.(XII-l9) 

13.0 
17.0 
10,2 
12.2 
24,2 
34.0 
4,5 
6.2 
5,7 
8,4 

-0, '1 
-0,5 
0,5 
5.2 
7,9 
B,6 

-0,7 
0,0 

-0.9 

B,3 

12,4 

0/.311210°1' I 
Eqs.( Xn-20) Eq.( XIl-19) Eqs.(XIl-2~) I 
pnd (XIl-21a) and (XII -21b) 

-2.1 5.4 -0.9 
-1.4 6.4 -0.9 
0.9 4,7 0.9 
1.9 4,2 0.2 
1.6 7.9 -2.1 
5.0 12.4 0,2 
0,7 1,9 0.5 
1.6 1.9 0.0 

-5,8 5,2 2,3 
-4,1 4.7 1,9 

-1,1 -0,2 -0,5 
'0.9 0.0 -0,2 
-0,2 O. '1 0,5 
-1,1 2.6 -0,5 
-0.9 2,6 -1.6 
-0,5 2,3 -1.1 
-1.4 -0,9 -l,B 
-1,1 -0,5 -1,4 
-1.8 -1.6 -2.1 

1.B 3,5 1,0 

2,4 4,7 1,3 
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The calculation of viscosities from the predicted W -values and the 
experimental densities, however, is seriously handicapped by the 
fact that viscosity proper is highly sensitive to variations in W. 
Nevertheless, as demonstrated by the data liste9 in Table XII-3b, 
reasonable values for the viscosities of the mixtures in question can 
thus be obtained. 

For comparison the viscosities calculated on the assumption that 
viscosity, T), and log T), respectively. are additive in terms of vol
ume fractions have also been included. The considerable deviations 
inherent in the latter viscosities may be taken indicative of the dif
ficulties encountered in establishing a satisfactory mixture-viscosity 
formula for the present systems. In this connection refereJ;lce may 
further be made to the aforementioned API -attempts 203, 20,173). 

A most remarkable feature of the new Equation (XII-19) consists 
in that it correctly predicts the occurrence of minima in systems 
Nos.2a and 2b. Presumably the considerable viscosity decrease 
observed in the latter systems will at least partly be due to the ap
preciable volume expansion ensuing from mixing; for instance, in 
system No.2a the volume expansion at 1000 F amounts to no less 
than O. 240/0. 

XII. 4. 3. A Refined Prediction Method 

In the foregoing § XII. 4.:1. the interaction effects of the component 
molecules have not specifically been taken into consideration. Par
ticularly with components of strongly different structure, however, 
such intermolecular effects have to be properly accounted for. Con
sequently, the basic Equation (XII-19) should be extended and refined 
by introducing some "interaction viscochor", W12. For the mixtures 
involved the following extended equation has proved very fruitful: 

(XII-20) 

where Wl'J. is characteristic of a given mixture. 
Analysis of the - apparently small - discrepancies between the 

w-values predicted from Equation (XII-19) and the experimental data 
(see Table XII-3a) leads to the conclusion that these are strikingly 
regular. In fact, for all systems considered the deviation (Wpred-Wexp) 
is slightly positive and, moreover, roughly proportional to the ab
solute difference between the Slope Indices of the component hydro
carbons, that is to the quantity .6.8 = (8 1 - 82 )*). 

Consequently, the same complexity of structural parameters that 
finds expression in.6.8 is largely responsible for the intermolecular 
effects giving rise to deviations from the additivity rule for 1/1, that 
is from Equation (XII-19). In this connection it is interesting to 
quote one of the suggestions made by 8chiessler et al. 203) with respect 
to the development of a suitable function for predicting the viscosities 
of pure-hydrocarbon mixtures: "Possibly a satisfactory viscosity 
function will have to contain some expression of the rate of cnange 
of viscosity with temperature". 

The present finding implies that the factor WI2 in Equation (XII-20) 

.} As stated in Section XII. 3. 51"" 52' 
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should likewise be roughly proportional to the quantity ~S. It has 
further appeared that an even more refined correlation for estimating 
WI2 can be obtained by introducing the absolute difference between 
the f/J-values of the components, denoted by ~f/J, as an additional 
correIa tional variable. 

For the standard reference temperature of 100°F the following 
tentative correlation has thus been established for t/J12: 

t/J12,100op = -0. 10' ~ [log (~f/JlOooF + 0.0300) + 1. 650]' (XII-21a) 

Accordingly, plotting W12,lOOoF against the main variable ~S and 
using ~t/JlOOoF as a parameter yields a family of straight lines 
emanating from the origin. Fig. XII-3 constitutes such a plot for 
the ranges of ~s and ~f/JloooF covered by the present data. 

0'°0f"ll~~=========::------------1 
------------ 0.00 

-0.01 

-0.02 

'f00 
005 

~0.04 0.10 

~' 
..;:l=0.05- ~~.~~ 

• t:.s 

FlG.XII-3. 

0.25 
0.30 

The Interaction Viscochor of Binary Pure-Hydrocarbon Systems According to 
the Tentative Correlation (XII-2la). 

With increasing temperature the interaction viscochor, t/J12, be
comes smaller. For the standard reference temperature of 210°1<' 
-the correlation has been found to read: 

f/JH~.2l00p = -0. 06- ~ [log (~f/J2100F + 0.0300) ,- 1. 650]' (XII-21b) 

The "refined prediction method" just described permits excellent 
estimates of the specific viscochor and even of the Viscosities of 
all the various mixtures under consideration. As demonstrated in 
Tables XII -3a and XII -3b, respectively. the predicted data come 
very close to the experimental values. 

For the sake of clearness, it should be stated explicitly that very 
small errors in the employed experimental densities may already 
interfere serioualy with the accuracy of the predicted mixture vis
cosities. For example for the mixtures considered the stated pos-
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sible errors in their experimental densities of only 0.0002 g/cm3 

may introduce deviations of no less than about 2% in the predicted 
viscosities. 

It has thus been shown that the viscosity (at some standard ref
erence temperature) of a given pure-hydrocarbon mixture depends 
not only on the (isothermal) viscosities of the two components but 
also on their Slope Indices. 

In fact, it may be concluded that, within i;he correlational accuracy 
of the refined prediction method, the complete viscosity-te mp e r
ature relationship of such a mixture would be determined solely 
by that of the two component oils. 

The potentialities and limitations of the latter method will not 
further be discussed here. Let it suffice to state that the present 
method has considerable bearing on the subsequent approach to the 
important problem of predicting the viscosity-temperature relation
ship of mineral-oil mixtures. 

XII. 5. A SIMPLIFIED METHOD FOR PREDICTING THE ATMOS
PHERIC VISCOSITY-TEMPERATURE RELATIONSHIP OF MINERAL

OIL MIXTURES 

XII. 5. 1. A Simplified Prediction Method 

The estimation of mixture viscosities on the basis of the additiv
ity of the specific viscochor, that is by means of Equation (XII-19). 
is handicapped by the requirement that the densities of both the com
ponents and their mixtures need to be known. and very accurately 
at that (within about 0.0002 g/cma). 

Fortunately, one may entirely dispense with density measurements 
if no volume changes ensue from mixing. The latter condition im
plies the additivity of the specific volumes of the components in 
terms of their weight fractions. With systems of mineral oils - and 
also with mixtures of pure hydrocarbons of not too strongly different 
structure - this condition is satisfactorily fulfilled. It readily fol
lows from Equation (XII -19) that for such systems the viscosity 
function h = (logr; + 1. 200)1/8 (see Section XI. 2) should be additive in 
terms of volume fractions (compare Section XI. 5), that. is: 

(Xn-22) 

If Equation (XII-22) is employed for estimating mixture vis
cosities' it should be realized that viscosity proper is very sensitive 
to variations in the basic volume -additive function h. Therefore, 
even very small deviations from Equation (XII-22) may cause already 
considerable errors in the predicted viscosities. This means that 
for numerically evaluating the viscosities of mixtures unusually 
severe requirements have to be imposed on" the additive behaviour 
of h. Nevertheless, as will be shown below, the new viscosity 
function h has proved to pass these requirements satisfactorily. 

The suitability of Equation (XII-22) for estimating viscosities of 
mineral-oil mixtures has been checked for the 26 systems designated 
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in Tables XII-lb and XII-lc. Particularly the mixtures with y= O. 50, 
considered at 100°F, will permit a very severe test of the new 
equation. 

The deviations between predicted and experimental viscosities of 
these mixtures are compiled in Table XII-4. For comparison the 
deviations observed by calculating the viscosities 'on the assumption 
that viscosity, 71, and log 71, respectively, would be additive - like
wise in terms of volume fractions - have also been included. 

Table XII-4 confirms the approximate additivity of h in terms of 
volume fractions. As regards the accuracy of the viscosities predic
ted from this additivity, a considerable improvement over the Arrhe
nius Equation (XII-2a) - involving the additivity of log 71 - has been 
achieved. On the whole the viscosities predicted by means of Equa
tion (XII-22) would be acceptable for many practical purposes. It 
should further be recalled that several of the 26 systems in ques
tion are rather extreme in that their components differ unusually 
widely in chemical constitution. Therefore, it may indeed be anti
cipated that in normal lul;>ricating-oil practice Equation (XII-22) 
would yield sufficiently accurate results. 

As derived analytic,ally in Appendix XII-2 at the end of this chap
ter, the additivity of the viscosity function H (= 8'log h) is practically 
on a par with that of the closely related function h. Accordingly, 
Equation (XII-22) may be transformed into:' 

(XII-23) 

Table XII-4 illustrates the approximate equivalence of Equations 
(XII-22) and (XII-23) for predicting mixture viscosities. In fact; the 
latter equation consistently yields essentially equal or only slightly 
lower viscosities. 

It may be stated that as regards the accuracy of the predicted 
mixture viscosities the simple viscosity function H is at least on 
a par with the most prominent functions developed so far (compare 
part D of § XII. 2.4). 

Equation (XII-23) is somewhat more convenient for numerical 
evaluation than Equation (XII-22). But its most attractive feature 
consists in that the employed viscosity function H is also contained 
in the basic viscosity-temperature Equation (III-6h). 

Moreover, the additivity of H has proved to hold reasonably good 
over a wide temperature range. This is demonstrated by Table XII-5, 
which lists - in the columns headed by SPM - the deviations between 
the viscosities predicted from Equation (XII-23) and the experimental 
data for the two temperatures involved, that is 100 and 210°F, 
and for the three mixture compositions indicated. As expected, the 
agreement is considerably better at the higher temperature where 
the viscosity ratio is much smaller. 

It can readily be shown from the basic viscosity-temperature Equa
tion (III-6h) that the approximate additivity of H over a wide tem
perature range implies that the Slope Indices, S, of the component 
oils are also nearly additive: 

(XII-24) 
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TABLE XlI-4 

Percentage Deviations Between Experimental and Predicted 
Viscosities of Mineral-Oil Mixtures With y = 0.50 

,,/03'1 1000F") 

System 
Predicted from Volume AdditiVity of .,. 

No. 

'I log 'I 

1 128.0 19.1 
2 158.8 35.8 
3 52.1 2.1 
4 59.2 '1.4 
5 30,13 0,2 
6 21,6 1.9 
'1 42.9 2,8 
8 36,5 '1.6 
9 250,0 33.'1 

10 362.4 42.2 
11 96.4 12.4 
12 101.4 12.2 
13 54.11 0.9 

14 '1.4 0.0 
15 11.11 1,4 
16 3.0 0.5 
1'1 9.6 -0.2 
18 2.8 0.9 
19 5.2 4.5 
20 10.9 '1.6 
21 12,2 '1.9 
22 11.4 11.4 
23 4.2 4.0 
24 3.5 3.5 
25 1.9 1.6 
26 2.3 2,3 

Average 
Deviation") 56.9 8.6 

Standard 
Deviation""") 104 14.6 

11 pred - 11 exp 
") 10 3'1 = 100 ---

llexp 

1 1"11 
.. ) Defined by - E 1,,/.81\ 

n 1=1 
r'i='-n--""\ 

-) Defined by ~1 ("/o8l 

n-l 

h H 

8.2 6.6 
23.6 21.9 
-3.4 -4,3 
1,6 0, '1 

-3.6 -4.1 
-0. '1 -1,1 

'-2.1 -2. '1 
4.0 3.5 

14.0 11.4 
14.8 11.2 
3,5 2.3 
2.8 1.4 

-5.8 -6.9 

-0. '1 -1.1 
0.0 -0.2 
0,0 -0.2 

-1.8 -1.8 
0.9 0,9 
4.5 4.5 
'1.2 '1.2 
'1.4 '1.4 

11.4 11.4 
4.2 4.0 
3.5 3.5 
1.6 

! 

1.6 
2.1 2.1 

5.1 4.8 

'1.6 6.9 
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TABLE XII-5 

Percentage Deviations Between Experimental and Predicted Viscositie.s of Minetal-Oil Mixture. 

H12.1000F 
o/.3'1'/100oF"> 

System 
Ace. to y.0.25 

~o. 

I!q.(XU-38) SPM") RPM") 

1 -0.0075 4.5 
2 -0.0285 7,9 
3 0,0096 .2.7 0.0 
4 0.00B7 1.2 3,8 
5 0.0112 -3.2 -0.2 
6 0.010b -1.4 1.9 
7 0.0050 -2.3 -0.9 
8 -0.0060 2,3 0.7 
9 -0, 0275 10.4 0.2 

10 -0.0333 12.4 0.7 
11 0,0042 3,3 4.7 
12 0.0056 1,9 4,0 
13 0,0218 -4.5 0.7 

14 0,0072 -0.5 1,4 
15 0,0008 ()C. 2 0.7 
16 0, 0033 -(i,5 -0.5 
17 0.0041 -0,9 -0.2 
1B -0.0047 0,0 -1.6 
19 -0.0165 5.4 -0.9 
20 -0.0126 3.5 -1.1 
21 -0,0245 5.9 -3,4 
22 -0,0315 
23 -0.0143 3,3 -1,4 
24 -0.0187 2,6 -3.4 
25 -0.0080 1,6 -0.5 
26 -0.0125 1.6 -1.6 

!Average Deviatio~ 3.9 1.9 

Standard Devialion-) 6.9 2.7 

'l'/pred -''I'/exp 

'l'/exp 

") SPM "Simplified Prediction Method 
RPM = Refined Prediction Method 

1 i"J:i I .., Defined by -, 1: % 8il 
n 1"1 , 

-> Defined by 
i=n 
E (o/.Bj)2 
i=l 

n-l 

Y = 0,50 

SPM RPM 

6.6 3.5 
21.9 8.4 
-4,3 -0.5 
0,7 4.5 

-4.1 0.0 
-1.1 3.0 
-2,7 -0.9 
3.6 1.6 

11.4 -0.5 
11.2 -2.3 
2,3 4,2 
1.4 3.8 

-6.9 0,5 

-1,1 1.2 
-0,2 0,0 
-0,2 0.9 
-l.B -0.7 
0,9 -1.4 
4.5 -3.6 
7.2 0.7 
7.4 -4.7 

11.4 -3,6 
4.0 -2,1 
3,5 -4,3 
1,6 -1.1 
2,1 -2,3 

4,8 2.3 

6.9 3,1 

o/.3'1'/210oF 

Y = 0.75 Y .0.25 y=~ 
SPM 'RPM SPM RPM SPM RPM SPM RPM 

4.2 2.1 1.9 2.3 1.4 1.6 0.9 1.4 
11.9 3.3 5.0 2.3 7.6 4.0 3.8 1.6 
-3.8 -0.9 -3.2 -1.1 -3.4 0.0 -4.7 -l.B 
-0,2 2.1 -1.1 1.4 -0,2 3.0 -0.7 1.6 
-4.1 -0,9 -0.5 1.9 -3.2 0.0 -0.7 2.1 
..0.9 2.1 -1.4 0.9 -0,5 2.6 -1.1 2.1 
-1.4 -0.2 -0,7 0.2 -0,7 3.3 -0.5 1.4 
3.0 1.6 0.9 1.2 0.9 1.4 0.9 1.4 
6.9 -0.9 3.B 1.2 6,2 1,9 2.1 0,2 
8.2 -0,7 3,3 0.2 3,B 0,0 2.1 -0,5 
1,4 2.B 0.9 3,0 0,7 3.3 1.2 2.8 
0.9 2.6 -0,2 2.3 -1.1 2,1 -1.1 1.2 

-5,4 0.9 -3,6 0,0 -5.2 0,0 -3.4 0.9 

0.2 2.1 -0.2 1,2 1-1,1 I 0.7 -1,1 0.2 
0,2 0,5 -0.5 0,5 -0.7 0,0 -0.5 0,5 

-0.5 0.2 -0.9 -1,1 -0.5 0,5 0.0 0,7 
-1.6 -0.7 -0.9 0.2 -3.4 -2.1 -3.2 -l,B 
0.9 -0,7 0.7 0.5 0.0 -0.2 -0.2 -0.5 
2.6 3.4 -0.7 -2.3 0.7 -1.4 0,5 -1.4 
4.0 -0.7 0.0 -1.1 -0.5 -2.3 0.7 -0.2 

15.1 5,2 0,5 -2,3 1.9 -l.B 0,7 -2,1 

• 
2.6 -l.B 
2.8 -3.2 
1.4 -0.7 
0.5 -2.5 

2.8 1,7 1.6 1.3 2.1 1.6 1.4 ~ 1,3 

5.1 2.1 2.1 1.6 3.0 2.0 2.0 1.5 
,'--
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TABLE Xll-6 

DeviationsBetween Experimental and Predicted Slope Indices of Mineral-Oil Mixtures 

as 
System 

y .. 0.25 
No. 

SPM,) RPM") SPM 

1 0.016 0,002 0,021 
2 0,039 0,016 0.042 
3 0.010 0,006 0,005 
4 0.011 0.006 0.005 
5 -0,014 -0.011 0.004 
6 0,003 0,002 0.000 
1 -0,008 -0,0.14 -0,010 
8 0,003 -0..00'1 0.009 
9 0.016 -0.001 0,016 

10 0.02'1 0.002 0.025 
11 0.010 0.002 0.007 
12 0.009 0,001 0,013 
13 0.005 0..006 0.003 

14 -0.002 -0.003 0..004 
15 0.0.0.4 -0.002 0..00.6 
16 0,009 0,00.7 0.0.0.2 
11 -0,00.1 -0.,005 0.01'1 
18 -0,006 -0.,0.11 0,0.02 
19 0.,024 0.011 0.012 
20 0,012 0.001 0.031 
21 0,018 -il,OOl 0.018 

Average 
DeViation., 0,012 0.,006 0.012 

Standard 
Deviation'" 0,015 0,008 0,0.16 

') SPM .. Simplified 'Prediction Method 
RPM • Refined Prediction Method 
GPM • Graphical Prediction Method 

1 1"1l ' 
.... Defined by - 1: lad 

n 1 .. 1 

.., Dof .... by ~:! .. ,' 
n-1 

"(Spred - Sexp> 

y" 0,50 Y D 0,16 

GPM') RPM SPM RPM 

0.014 0,003 0,013 -0,001 
0,019 0,011 0,028 0,005 
0,004 -0.001 0,011 0,001 
0,003 -0.,00.1 0,00.5 0,00.0. 
0.003 0,001 -0,016 -0,019 
0,000 -0.002 -0.004 -0,005 

-O,OU -0,018 -0.005 -0.011 
0,005 -0.004 0.001 -0.003 

-0,004 -0.015 0.011 -0.006 
-0,001 -0.009 0,025 0,000 
0,003 -0.004 0.000 -0,008 
0.010- 0.003 0.013 0.0.05 
Q.003 0,003 -0.003 -0,0.03 

0,004 0,002 0.00.9 0,00.8 ! 

0..005 -0.,001 0.005 -0.001 
0.,0.0.2 0,0.00 -0.0.0.3 -0,0.06 
0.,016 0.0.12 0,014 0.0.10. 
0.0.00. -0,0.0.5 0.,004 -0,0.01 
0,006 -0,005 0,00.'1 -0,00.6 
0.026 0.017 0.,010. -0,001 
0,004 -0,007 0.010. -0,009 

0.,00.7 0.,006 0.010 0.005 

0.,010 0,008 0,0.12 J 0,0.07 
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From the relevant data in Table XII-6, that is in the columns 
headed by SPM, it may be concluded that as a rule Equation (XII-24) 
does apply satisfactorily, even when oils of wideli different Slope 
Indices fl.nd/or viscosity grades C'thickll and Ilthin' oils) are being 
blended*}. 

Since both the viscosity junction H and the Slope Index, S, have 
proved approximately additive, the basic viscosity-temperature Equa
tion (III-6h) is very suitable indeed for predicting the complete vis
cosity-temperature relationshiP of mineral-oil mixtures. The latter 
feature, in fact, constitutes another weighty advantage of Equation 
(III-6h) over converl-ional equations and charts. 

It goes without saying that the establishment of further improved 
prediction methods - to be described in the subsequent Sections XII. 6 
and XII.7 - has been attempted on the basis of this newecuation. 

Although the computations involved in the present "chnpl~fied pre
diction methodll are very simple, yet these can be completely 
avoided by using a chart constructed in accordance with Equation 
(III-6h). that is an H-e chart. In the consequent graphical proced
ure mixture viscosities are obtained simply by linearly interpo
lating (according to volume fractions) between the :isothermal) vis
cosities of the components. It may be added that there would be no 
sense in using some adjusted, that is a non-linear, volume-frac
tion scale as employed in the conventional ASTM method, 

XII. 5.2. Additional Applications 

A. APPLICATION TO TERNARY AND HIGHER MIXTURES 

It stands to rElason that the described simplified method for predic
ting the viscosity-temperature relationship of binary mineral-oil 
mixtures SOlely from that of the two components also lends itself 
very well for application to multi-component mixtures, In fact, the 
above procedure for binary mixtures simply has to be repeated as 
many times as necessary. 

Turning more particularly to ternary mixtures. the approximate 
additivity of the viscosity function H may be utilized for depicting 
the viscosity of such mixtures as a function of their composition. 
This can be done in a triangular composition diagram provided with 
linear volume-percentage scales and with (three) viscosity scales 
- alongside the latter scales - proportional to the viscosity func
tion H, the latter three scales being essentially identical to those 
for the three corresponding binary mixtures individually. Assuming 
strict additivity of the viscosity function H in all the various pos
sible ternary mixtures, straight lines of constant viscosity can then 
be constructed in such a triangular diagram. The resulting diagram 
conveys a comprehensive picture of the possibilities for preparing 
ternary mixtures of the desired viscosity grade. As an illustration 

0) As regards the practical significance of the deviations inherent in tile predicted Slope Indices 
reference may further be made to § VIII. 2.2. 
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a numerical example of the application of such a diagram is provided 
by Fig. XII-4. The component oils A, Band C have viscosities -

1000 C 1000 

10 100 
A~--~--~r---~r-~--~r-~--~~--~~~--~B 

10 15 20 30 50 75 100 

---....... - Viscosity. cP 

FJG.XII-4. 
The Viscosities of a Particular Te,nary Mineral-Oil System According to the Simplified Prediction 

Method. 

at the same standard reference temperature - of 10, 100 and 1,000 cP, 
respectively. A few straight lines denoting distinct viscosities have 
been constructed*). 

Further, a similar triangular diagram can readily be devised for 
the Slope Indices of all the various possible mixtures of the three 
given component oils. 

B. APPLICATION TO POLYMER-BLENDED MINERAL OlLS 

Presumably the present method - established for natural mineral 
oils - may likewise be applied to polymer-blended samples; that is 
for predicting the viscosity-temperature relationship of mixtures 
whose component oils contain equal amounts of a given polymer. 

0) A similar diagram using viscosity scales proponional to the (kinematic) viscosity function W 
of the ASTM chan (see part B of 6 XIl.2.4) was recently presented by Okon204). 



-391-

s o. 

I 0.6 

0.2 0.3 0.4 .. H100 'F 

FIG.XlI-5. 
The Applicabili.ty of the Simplified Prediction Method to Mixtures of Polymer-Blended Mineral Oils. 

This has been verified in Fig. XII-5 for two base oils (A and F) and 
their mixtures (B.C.D and E). using polymethacrylate as a so-cal
led VI -improver 70, 71). 

Fig.XII-5 shows that, to a good appro~,imation, the Slope Indices 
and corresponding viscosity grades HIOOoF *) of the various mixtures 
whose component oils contain equal percentages by weight of polyme
thacrylate are linearly interrelated. In addition, as outlined above 
for natural mineral oils (compare base oils A and F of Fig. XII-5), 
the Slope Indices and viscosity grades H 1000 p of the latter mixtures 
can also be obtained by linearly interpolating (according to volume 
fractions) between the values of the components. 

All in all, a diagram such as Fig. XII-5 is very convenient in that 
it gives a panoramic view of the various possibilities in preparing 
mixtures from the component oils available. 

It may further be recalled that, at least when amounts of polymer 
higher than about 2% (by weight) are involved, the Slope Indices and 
viscosity grades Hr of the various blends prepared from a given 
base oil can be approximated very closely by a straight-line relation
ship (see part C of § VIII. 4. 6). 

0) It can readily be demonstrated that for referenc. 
the same figure would be obtained. 

lperatures different from 100°!' essentially 
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XII. 5.3. Concluding Remarks 

A. SCHEMATIC VISCOSITY-CONCENTRATION DIAGRAM 

In conclusion it may be useful to present a schematic picture 
for illustrating the additivity of a few viscosity functions here em
ployed for mineral-oil and pure-hydrocarbon mixtures. 

o 

- y 

FIG.Xll-S. 
Schematic Illustration of the Additivity of a Few Viscosity Functions in Binary Liquid Systems. 

In Fig. XII-6 the straight line labelled "1'/" would represent the vis
cosities of the various possible mixtures if viscosity itself were 
additive. But in all known systems the more fluid oil '(1'/2\ has proved 
to contribute considerably more to the resulting viscosity of the 
mixture (compare Section XII. 1). 

The curve marked "log 1'/" represents th~ mixture viscosities for 
systems where the Arrhenius Equation (XII-2a) applies. In accord
ance with the latter remark the viscosities estimated from the 
Arrhenius equation have invariably been found more satisfactory than 
those obtained from the additivity of viscosity itself. Particularly 
when large viscosity ratios are involved, the improvement may be
come enormous. Yet, in practically all mineral-oil systems tested 
- and likewise in all pure-hydrocarbon mixtures considered in Sec-
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tion XII. 4 - the viscosities predicted from the additivity of log fI 
are still more or less too high, the deviations being roughly pro
portional to the viscosity ratio of the particular system. 

A further substantial improvement can be achieved by the new 
Relationship (XII-23) implying the additivity of the viscosity func
tion H. As shown by the lower curve ("H") in Fig.XlI-6, this rela
tionship allows for an even stronger effect of the lower-viscosity 
component than indicated by the curve "log fI". 

Oil 0 OilR 

<> Experimental Data 500 

2.5 

20 

'"" 01 a.. 
1.1 

.2 1 
~ 

! 
0.5 

0.0 1.0 

• Y 

FlG.XU-7. 
Comparison of Predicted _Viscosity -Concentration Isotherms With Experimental Viscosity Data for a 

Representative Mineral-Oil System. 
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It stands to reason that the distances between the three lines de
picted in Fig. XII-6 - and of course also the differences between 
the viscosities predicted from their basic equations - become smal
ler as the viscosity ratio decreases. 

In Fig. XII-7 the latter three lines have been depicted for a re
presentative system, namely system No. 11 of Tables XII-lb and 
XII-lc. 

B. THE SLOPE INDEX AND THE VISCOSITY INDEX OF MINERAL-OlL MIXTURES 

Owing to the very divergent nature of the bils encountered the 
degree of additivity that might be incorporated into any index for 
the viscosity-temperature dependence of mineral oils will anyhow 
leave something to be desired. But as demonstrated above, the 
present index, the Slope Index, S, may be considered satisfactorily 
additive at least for normal practical purposes. 

In fact, the degree of additivity reached with S would seem even 
considerably higher than deemed possible at all by various previous 
investigators. In this connection reference may be made to the 
relevant statements made by, amongst others, Blott and VerverI31). 

It should not be overlooked, however, that these and many sim
ilar statements have been based on the wide experience gained with 
the familiar Viscosity Index, VI, or closely related indices. Indeed, 
the equation: 

VIm = (l-y) VII + Y VIz (XII-25) 

has frequently been tried. 
However, the VI's of mineral-oil mixtures predicted from the lat

ter equation may be seriously in error; in general the resulting 
VI's are too low. Especially when one of the components is very 
fluid. the deviations may become quite considerable. 

Equation (XII-25) has also been applied to the systems designated 
in Tables XII-lb and XII-lc, that is to the mixtures with a volume 
fraction y= O. 50. As shown by Table XII-7, the deviations between 
calculated and experimentally determined VI's prove to be very large 
in various systems. Yet, this table might give a flattering impres
sion of the accuracy of Equation (XII-25). Indeed, the deviations en
countered in practice may easily amount to over some 50 points 
in the VI-values, even with oil components of similar chemical con
stitution (see also below). 

The poor applicability of Equation (XII-25) may conveniently be 
elucidated on the basis of Fig. XII-B, where the lines of constant VI 
have been replotted from Fig. VIII-lO. According to the simplified 
prediction method, the Slope Indices and the viscosity grades Hr of 
the various mixtures prepared from two given oils are situated in an 
S-H r diagram (such as Fig. XII-B) on the straight line connecting the 
points of both components. Indeed, it can then readily be seen from 
Fig. XII-8 that the VI's calculated from Equation (XII-25) would usually 
be too low, particularly so when low-viscosity oils are involved. 

An illustrative example of the unrealistic trend of the VI in min
eral-oil mixtures has been included in the latter figure. The depicted 
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TABLE XII-7 

Experimental and Predicted VI' 5 of 
Minetal-Oil Mixtures With y=0.50 

System V iscoslty Index 

No. 
El'p. Eq.(XII-25) 

1 32 1 
2 74 54 
3 85 52 
4 108 105 
5 88 57 
6 101 96 
7 46 34 
B 77 72 
9 6 -24 

10 5 -24 
11 93 88 
12 94 85 
13 89 56 

14 53 52 
15 10 10 
16 16 14 
17 83 63 
18 88 88 
19 47 36 
20 62 48 
21 31 8 

oils Nos. 1 and 2 have a common Viscosity Index, namely VI'" 0, but 
their viscosity ratio amounts to 10, the respective viscosities at 
1 00 °C being 22 and 2. 2 cP. The Slope Indices of their mixtures are 
Located, at least to a good approximation. on the straight dashed 
line connecting both components. Thus. these Slope Indices would 
vary linearly with the volume fraction y from 81 = 1. 497 to S2 = 1. 234, 
corresponding to a variation in their DVI's from 0 to 100. Now. 
Equation (XII-25) implies that all mixtures in question would have 
invariably the same VI of 0, although, as shown by Fig.XlI-B. their 
actual VIIs may reach values of about 60. 

Fig.XII-B is very suitable also for illuminating one of the basic 
shortcomings of the VI as a viscosity-temperature criterion: its un
realistic - not to say erroneous - definition in the low-viscosity 
range. This misleading feature may already be grasped from the 
highly irregular trends of the three constant-VI lines depicted in 
Fig.XII-B. As regards the consequences of such unrealistic VI's for 
the practice of mineral-oil blending, the following example may go 
to illustrate the kind of erratic results that may be obtained. 

Returning to the various mixtures that may be prepared from the 
two oils depicted in Fig.XlI-B. it is seen that with increasing vol
ume fraction y the VI first rises gradually, then passes through a 
maximum of about VI = 60 (in the vicinity of y 0.5) and finally falls 
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... l')100'C .cp 

1.5 

1.4 

1.3 

1.2 

S Oil 1'1100't:·cP S pVI VI 

1 

1.1 

1.0 

0.90.0 

No.1 22 1.497 0 0 

No.2 22 1234 100 0 

0.5 

... H IOO't: 

FIG. XII-B. 
Illusttation of the Unrealistic Trend of the Viscosity Index in Mineral-Oil Mixtures. 

regularly towards the initial level, that is. VI = D. Consequently, 
since the VI has been claimed to rate the viscosity-temperature qual
ities of oils, the viscosity-temperature qualities of the latter mix
tures would invariably be better than those of the two base stocks; 
moreover, with varying composition they would pass through a very 
pronounced maximum. 

The new rational viscosity-temperature criterion, the Slope Index, 
readily removes such highly misleading impressions created by the 
conventional VI. 

XII. 6. A GRAPHICAL METHOD FOR PREDICTING THE ATMOS
PHERIC VISCOSITY-TEMPERATURE RELATIONSHIP OF MINERAL

OIL MIXTURES 

As outlined in § xn. 5. 1, the simplified prediction method per
mits both numerical and graphical estimates of the viscosity-tem
perature relationship of mineral-oil mixtures. The graphical proced
ure amounts to linearly interpolating (according to volume fractions) 
between the (isothermal) viscosities of the components plotted in an 
H-8 chart. Now, it has been found that this chart can be utilized 
even more advantageously in an alternative way, that is similarly 
to Wright's ab.ove-discussed variant of using the ASTM chart (see 
part B of § xn. 2.4). 

Just like Wright's method the "graphical prediction method" to 
be described below does not involve any computations. The present 
H-8 chart, however, displays several important advantages over 
the conventional ASTM chart serving as a basis to Wright's method. 

It will be shown that this graphical prediction method constitutes 
a substantial improvement over the Simplified prediction method des
cribed in § XII. 5. 1. 
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Referring to the description of Wright's method and to the sche
matic Fig. XII-9, the present graphical prediction method may be 
delineated as follows. 

Oil No.1 

H 

t 
----4_ ... - - (1 (Increasing Temperature) 

FIG.XII-9. 
Schematic Representation of the Graphical Prediction Method. 

At an arbitrary viscosity level a certain PVJ.Ut - for instance 
point C in Fig. XlI-9 - of the viscosity-temperature line of the mix
ture (with a given y-value) is estimated by linearly interpolating be
tween the two rectified viscosity-temperature lines of the components. 
As soon as only two sufficiently widely spaced points of the vis
cosity-temperature line of the mixture have thus been estimated, its 
complete straight line can be drawn. 

Although the above procedure is indeed intended to be executed 
graphically, it would appear useful yet to find out which mathemat
ical expressions constitute the basis of the graphical prediction meth
od. This may be performed as follows. 

A mathematical consequence of the above concept is that the vis
cosity-temperature lines of the two components and their mixtures 
pass through one single point, so that they form a fan. This point, 
in Fig. XlI-9 denoted by D, may be located in the conventional tem
perature range, but .usually it will be located far bey()nd it, either 
at some very high or some very low temperature. For the following 
analytical treatment, however, the location of point D is immaterial. 

From Fig. XlI-9 it readily follows that: 

SI C'D AC 
Sm 'D = 1 + A'D (XII-2Sa) 



-398-

and 

(XlI-26b) 

Byeliminatingthe distance A'D from Equations (XII-26a) and (XII-26b) 
the following expression can be arrived at: 

(XII-27) 
8 1 AB 

8 2 
- 1 

Replacing the right-hand side of the latter expression by the volume 
fraction y, the following equation is readily obtained: 

1 1 - Y Y 
-=-- +-
8 m 8 1 82 

(XII-28a) 

or 

8m 
• 1 +G: -1) y . (XII-28b) 

According to Equation (XII-28a) or also (XII-28b), the present 
graphical method implies the additivity of the reciprocal Slope In
dices. This means that the second component - having by definition 
the smaller Slope Index, S2 - would show a somewhat greater ef
fect on the resulting 8m -value than predicted from the straight 
additivity of the Slope Indices, that is from Equation (XlI-24). For 
the considered mixtures with y 0.50 Table XII-6 lists - in the 
column headed by GPM - the deviations between the Slope Indices 
predicted from Equation (XII-28a) or (XII-28b) and the experimen
tal values. Whilst, as a rule, the simple Equation (XII-24) does yield 
good predictions for Sm, the Sm -values obtained from Equation 
(XII-28a) or (XII-28b) prove to be in excellent agreement with the ex
perimental values, the deviations being almost within the experimen
tal accuracy. 

An expressioh for the viscosity grade of a given mixture can now 
be derived as follows. Applying the basic viscosity-temperature 
Equation (III-6h) to the two components and their mixture readily 
leads to the formula: 

(XII-29) 

Elimination of Sm from Equations (XII-28b) and (XII-29) yields: 



-399-

SI 

HI - Hm S2 Y 

H t - H2 1 +(~ -1) Y 
S2 

(Xll-30a) 

Equation (XII-30a) can be rearranged to: 

Hm = (l-Yg) HI + yg H2,. (Xll-30b) 

where, by definition: 

Y 

Yg (XII-31) 

Furthermore. this corrected volume fraction Yg may likewise be 
introduced into Equation (XIl-28b). giving: 

(Xll-28c) 

Accm-ding to the analogous Equations (XlI -30b) and (XII-28c) , res
pectively, . the graphical prediction method simply amounts to the 
additivity of both th~ viscosity function H and the Slope Index in 
terms of a corrected~') volume fraction, yg. According to Definition 
(XII-31)., the relationship between the quantity Yg and the straight 
volume fraction, y, is defined for any given system by its S lop e
lnde x ratio. 

For a constant Slope-Index ratio, that is for any given system, 
the quantities Yg and y prove to display a hyperbolic; interrelation
ship, this being of such a form that the volume fraction yg is in
variably greater than y. For the sake of completeness, it may be 
remarked that in the limiting case where Sl=S2 - so that the vis
cosity-temperature lines of the two components are parallel - the 
corrected volume fraction yg becomes identical with y. In that case 
the lines of the mixtures would be parallel to those of the components 
and the viscosity functions H of the latter would be additive in terms 
of the straight volume fraction y. It may be added that the Slope 
Indices Sl and S2 of a great many of the systems encountered in 
practice are not very different. For such mixtures it does not make 
much difference if the viscosity function H and/or the Slope Index 
are taken additive in terms of either y or y g' 

OJ It is interesting to note that Definition (Xn-31) has a strilling formal resemblance to Lederer's 
Definition (XII-S). In fact. as mentioned above, Lederer', mixture-viscosity Equation (XII-o) 
equally applies when in Definition (XII -6) the volume fraction. y, is used instead of the weight 
fraction, x. It can tben readily be shown that the Slope-Index mLio, Sl/S2. in the present Def
initiol! (XII-31) takes the place of the reCiprocal of the a pr ior i unknown parameter q in Le
derer's Definition (XIl-S), 
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TABLE Xli-8 

Application of the Graphical Prediction Method 
to Mineral-Oil Mixtures With ylC().50 

System Yg 

~ 
Ace. to 

No. Eq.{XU-31) 

1 1.158 0.537 
2 1,295 0,664 
3 1,063 0,513 
4 1,062 0,514 
5 1,031 0.508 
6 1,016 0,604 
7 1,076 0.518 
8 1,126 0.629 
9 1,273 0.1i61 

10 1.309 0,66'1 
11 1.103 0,625 
12 1.098 0,624 
13 1,002 0,600 

14 1,018 0,505 
~15 1.068 0./i16 
16 1,028 0.507 
11 1,047 O,/ill 
18 1,064 0,616 
19 1,14'1 O,/i34 
20 1,122 O,/i28 
21 1,214 0./i48 
22 1,2'18 0,562 
28 1.125 0,529 
24 1,170 0,539 
25 1,087 0,621 
26 1.118 0./i28 

Average Deviation") 

Standard Deviation~) 

"I pred - "Iexp 
") "/08"1 "' 100 -::..---..:. 

'lJ exp 

i"n 
.., Defined by 2.. 1: 1o/.8i l 

n i .. l 

..., Defined by 

"/03"1") 

lOOoF 210°F 

-2.7 -3.8 
4,0 0,0 

-1.8 -1.8 
-2,1 -2.3 
-8,0 -2.3 
-1,6 -0.9 
-5.6 -2,5 
-0.5 -1,1 
-7.7 -4,5 

-12,5 -8,0 
-3,2 -2.'1 
-4,1 -4.5 
-6, '1 -5.2 

-0,9 
-1,4 
-0, '1 -0,7 
-1,1 -2,7 
0,2 0,0 
3,5 1,4 
5,7 -0,5 
4. '1 2,6 

11.9 
4.0 
3,5 
1,4 
2,1 

3, '1 2,4 

4,9 3,1 
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In Table XII-8 are listed the Slope-Index ratios of the 26 mineral
oil systems under consideration, together with the above-defined yg
values of their mixtures with y= O. 50. The same table contains the 
deviations between the viscosities predicted by means of Equation 
(XII-30b) and the experimental values, both for 100 and for 2100 F. 
As compared with the results of the Simplified prediction method 
(see Table Xn-5) the present graphical prediction method proves 
to yield appreciably better*) predictions at the lower reference tem
perature. But at the higher reference temperature the difference 
between the accuracies inherent in these two prediction methods has 
become so small that it is no longer statistically significant, 

Like the simplified method the present graphical method implies 
that in an S-Hr chart (such as Fig.XII-8), where Hr refers to the 
viscosity grade of the oils, the quantities Hm and Sm of the various 
mixtures that may be prepared from two given components are lo
cated on the straight line connecting these. components. The only 
difference consists in that the method under discussion employs an 
adjusted volume-fraction scale, namely a scale proportional to yg. 
Such an S-Hr chart is very convenient for rapidly gaining an im
pression of the Hm- and Sm-values that would be obtainable by pre
paring binary blends from a variety of mineral oils available. 

Sum ma r i z in g, it has been shown that the "graphical prediction 
method" constitutes a substantial improvement over the "simplified 
prediction method", which is based on the straight additivity of the 
viscosity function H. 

Nevertheless, like Wright's analogous method based on the ASTM 
chart the present graphical prediction method based on the new H-t) 
chart leaves much to be desired in certain cases, notably when the 
component oils combine a fairly small viscosity ratio with a rel
atively great difference in their Slope Index. 

Therefore, it will be attempted in the next section to develop a 
further improved prediction method. 

XII. 7. A REFINED METHOD FOR PREDICTING THE ATMOSPHERIC 
VISCOSITY -TEMPERATURE RELA TIONSHIP OF MINERAL -OIL MIX

TuREs 

XII. 7. 1. Introduction 

The ideas underlying the present "refined prediction method" are 
quite similar to those which are basic to the indicated refined meth
od for pure-hydrocarbon mixtures (see § XII. 4. 3). The only es
sential difference consists in that the specific viscochor utilized in 
the latter method has been replaced - for reasons of simplicity -
by the viscosity function H (compare § XII. 5. 1). 

Accordingly, the refined method for predicting the viscosities of 
mineral. oil mixtures starts from the approximate additivity of the 
viscosity function H. At any given temperature the additional /lin-

'} According to the F-rest. the statistical confidence level amounts to about 9fP/ •• 
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teraction viscosity" could be conveniently accounted for by intro
ducing solely the difference between the Slope Indices of the two 
component oils. 

Likewise, it has appeared that the accuracy inherent in the sim
plified method for predicting the Slope Index of mineral-oil mixtures 
(see § XII. 5.1) can be considerably improved simply by accounting 
for the aforementioned difference between the Slope Indices of the 
two components. 

For convenience the improved prediction of the Slope Index of 
mineral-oil mixtures will be expounded first. 

It is interesting to note that - as elucidated already in Chapter 
VI - the difference between the Slope Indices of the component oils, 
which is utilized as an additional parameter in the present refined 
prediction method, may be conceived as a viscometric yard-stick of 
the difference in their chemical constitution. 

XII. 7.2. The Slope Index oj Mineral-Oil Mixtw'es 

For the present purpose the simplified Equation (XII-24) is ex
tended as follows: 

(Xn-32) 

where the "interaction Slope Index" S 12 is characteristic of a given 
mixture. It has been found for the great variety of mineral-oil mixtures 
designated in Tables Xn-1b and XII-1c that the additional factor 
S 12 is simply proportional to the absolute difference between the 
Slope Indices of the two components, that is to .:::.S = (Sl -S2)' The 
resulting correlation reads: 

~2 = -0.35·':::'S . (XII-33) 

Substituting the latter expression for S 12 into Equation (XII-32) 
leads to the following refined equation, which does not involve any 
unknown parameters: 

Sm ,. O-y) 81 + yS2 - 0.35 y(1-y) ':::'8. (XII-34a) 

As shown in Table XII-6, that is in the columns headed by RPM, 
the agreement between the810pe Indices predicted from Equation 
(XII-34a) and the experimental values may be deemed excellent. In 
fact, even for systems whose components exhibit widely different 
Slope Indices the deviations remain nearly within the experimental 
accuracy. 

Equation (XIF34a) may further be rearranged to: 

Sm = {l-y[l + 0,35 (l-y)]l 81 + Y[l + 0.35 (l-y)] S2 (XII-34b) 

or also: 

(XII-34c) 
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where, by definition: 

y' = y [1 + 0.35 (1-y)]. (Xn-35) 

Consequently, it has been derived that the Slope Index is additive 
in terms of the corrected volume fraction y' rather than in terms of 
the straight volume fraction y. Since y' is greater than y for all 
possible mixture compositions, the second component has a greater 
effect on the resulting S m -value than indicated by the simplified 
Equation (XII-24). For example, for y = O. 500 the corrected volume 
fraction amounts to y' = O. 588. 

According to Equation (XII-35), the corrected volume fraction y' 
has the very attractive feature that it is invariably the same function 
of the straight volume fraction y. Thus, an S-y diagram can be 
constructed, with a volume-fraction scale proportional to y', which 
permits a convenient and accurate estimate of the Slope Index of 
any mineral-oil mixture. Fig. XII-10 represents such a diagram. As 

,. I 
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FIG. XlI-lO. 

The Slope Indices of Mineral-Oil Mixtures According to the Refined Prediction Method. 

an example the appropriate straight line has been drawn for sys
tern No. 10, whose components display an extremely wide variation 
in their Slope Indices, namely.c:..S = O. 384 (corresponding to a dif
ference of 175 points in their Dynamic Viscosity Indices). 
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XII. 7.3. The Viscosity Grade of Mineral-Oil Mixtures 

The accuracy inherent in the additivity of the viscosity function 
H can be considerably improved br, introducing a factor that would 
allow for the "interaction viscosity'. This may be done as follows: 

Hm = (l-y) HI + yH2 + Y (l-y) H12, (XII-36a) 

where the "interaction viscosity junction" H12 is characteristic of 
a given mixture. If one suitable mixture -viscosity value is known -
preferably for a blend containing approximately equal volumes of 
.both components -, an appropriate value for H 12 can readily be 
derived. 

For the 26 systems under consideration the H12 -values at 100°F 
have thus been calculated, using the experimental viscosities of the 
mixtures with y= O. 50. Substitution of these H l2 -values into Equation 
(XII-36a) yields the deviations listed in Table XII-9a for the mix
tures with y = O. 2·5 and y = O. 75. In addition, Table XII-9b contains the 
deviations resulting for the various compositions of system No. 22"), 
which is peculiar amongst the systems considered in that it ex
hibits a pronounced minimum in its viscosity-concentration isotherm 
for 100°F. 

Indeed, the extended Equation (XII-36a) is seen to represent the 
experimental data very well. This holds even for the aforementioned 
system No.22 (over its entire concentration range). As a rule the 
agreement for all these various systems is within the experimental 
accuracy. 

It may further be noted that besides for calculating the viscosities 
of mixtures with a given y-value Equation (XIl-36a) is very suitable 
for the inverse procedure, that is for estimating the volume frac
tion, y, at which a mixture of two given components would assume 
the desired viscosity. For the latter purpose the volume fraction y 
is readily solved from the following quadratic equation, which ac
tually constitutes a rearrangement of Equation (XII-36a): 

(XII-36b) 

As indicated above, it has indeed been found that the interaction 
viscosity function H12 of binary mineral-oil mixtures can be con
veniently estimated solely from the viscosity-temperature relation
ship of the two components. In fact, only the difference between the 
Slope Indices of the components, L:!.S, is needed in addition to their 
viscosity grades. Adopting, in accordance with previous chapters, 
a standard reference temperature of 40°C (104°F), the following cor
relation has finally been established as a really satisfactory one: 

(XII-37) 

with the proviso: L:!.S ~ 0.400. In this equation L:!.H 400C stands for the 
absolute difference between the viscosity function H 400C of both 
components. 

0) Further particulars on this system can be found in the subsequent Section XII. 8. 
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T ABLE XII -9a 

Application of E4uation (XII-36a) to MIneral-On 
Mixtures 

System Hl2 ,1000F "/0 8 'II 1000F') 
No, 

Exp. 
y " 0,25 

1 -0,0156 1,6 
2 -0,0480 0,9 
3 0,0104 0,2 
4- -0,0016 0,5 
5 0,0112 -0,2 
6 0,0028 -0,5 
7 0,0072 -0,2 
8 -0,0088 -0.5 
9 -0,0264 0, '1 

10 -0,0272 2.8 
11 -0,0060 1.4 
12 -0,0036 0.7 
13 0,0204 0,5 

14 0,0036 0.5 
15 0,0004- 0,5 
16 0,0008 -0,2 

17 0,0060 -0,5 
18 -0.0020 -0.7 
19 -0,0088 2.1 
20 -0,0144 -1,8 
21 -0,0144 0,5 
23 -0,0096 0.0 
24 -0,0080 0,0 
25 -0,0044 0,5 
26 -0,0064- 0,0 

Average Dev latiou") 0, '7 

Standard Deviation-) 1,0 

1IpIed - 1Iexp 
") ,,/08'11 " 100 ------

'IIexp 

1 1"11 
., Defined by - 1: I "/0 3d 

n i"l 

.., Defined by 

Y = 0,75 

-0,2 
-2,3 
-0,5 
-0.7 
-0,9 
-0,2 
0,5 
D,S 

-0,7 
0, '7 

-0,2 
-0,2 
0,0 

1,2 
0,5 

-0,2 
-0,5 
0,2 

-0. '1 
-1,4 
-1,1 
-0,2 
0,2 
0,2 

-1,1 

0,6 

0,8 

TABLE XU-9b 

A pplication of Equation 
(Xll-36a) to System No, 22 

Volume 
Fraction "/03'11 1000F') 

y 

0,1 1.4 
0,2 0,7 
0.3 0,2 
0,4 -0.5 
0,5 0,0 
0,6 -0,2 
0,7 -0,7 
0.8 -0,2 
0.9 -0.7 

11 pred -1Iex p 
') '7oB'll " 100 y' 

"Iexp 
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According to Correlation (XII-37). H 12 40°C is linearly related to 
both AS and 6H 400C' A plot of H 12 40°C' against the main variable 
68. using AH400C as a parameter. 'yields a family of straight lines 
converging towards the point whe:r:~ H lZ 400C = -0.0352 and AS 0.400. 
This is illustrated in Fig.XII-ll"), ' 

-0,01 

0,02 

t 
-0,03 

-0,04 

-0,05·~ __ ~ ____ ~ ____ ~ __ ~~ __ ~ __ ~~ __ ~ ____ ~.-__ ~ __ ~ 
0,0 0,3 0,5 

III 

fIG. XII -11. 
The Interaction Viscosity Function of Binary Mineral-Oil Systems Accotding to Correlation (XII-37). 

On the basis of the foregoing expressions in this section the fol
lowing generalized correlation, which would hold at any arbitrary 
temperature e, has been derived in Appendix XII-3 (at the end of 
this chapter): 

HI2 = (0, 160-0.4. 6S) 1 (HI-Hz) - 6S (0.1127+ e) 1-
- AS [0.088+0.35 (0,1127+8)]. (XII-38) 

Notwithstanding its longish form the latter correlation permits real
ly simple estimates of H lZ in a wide temperature range, 

XII. 7.4. Applicability oj the Refined Prediction Method 

It should be stated explicitly that, as shown in Appendix XII-3, 
Equation (XII-38) implies the validity of the refined Equation (Xn-34a) 

") Since no systems were available with 41S-values above 0.400, the line extending in the latter 
figure from the point of convergence towards higher 4s-values should be regarded as tentative; 
actually it constitutes the produced part of the line relating to 41H4QOc = O. 10. 
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for predicting the Slope Index of mineral-oil mixtures, Therefore, 
the following two procedures for estimating the viscosity-temperature 
relationship of a given mineral-oil mixture are fully equivalent: 

1. Predicting its viscosity at one representative temperature by 
means by Equation (XII-36a) and Correlation (XII-38), and its 
Slope Index by means of Equation (XII-34a). 

2. Predicting its viscosities at any of the desired temperatures 
by means of Equation (XII-36a) and Correlation (XII-38). 

The excellent concurrence with experimental Slope Indices achieved 
by the present Equation (Xn-34a) has been demonstrated already in 
§ XII. 7 ,2. 

The refined prediction mt. thod has further been applied for estim
ating the viscosities at 100 and 210°F of all the 26 systems de
signated in Tables XII-1b and XII-1c. Together with the values of 
H 12. 100°F calculated from Correlation (XII-38), the deviations be
tween experimental and predicted viscosities have been compiled in 
Table XII-5, that is in tne columns headed by RPM, 

On the whole these deviations are seen to be really small, not
withstanding the fact that, as said before, various systems repre
sent rather extreme cases in that their components differ unusually 
widely in chemical constitution, Moreover, it should not be overlook
ed that in several very great viscosity variations are in
volved and that the experimental viscosities employed for the com
ponent oils may contain already appreciable errors, 

The agreement between experimental and predicted mixture vis
cosities is good e'. en for system No, 22, which exhibits a pronounced 
minimum in its viscosity-concentration isotherm for 100° F. In fact, 
this refined prediction method is the only known method that per
mits predicting quantitatively the occurrence of such minima, solely 
from the viscosity-temperature relationship of the component oils, 
This unique feature of the present method will be elaborated in the 
following Section XII. 8, 

The very good general agreement between experimental and predict
ed viscosities indicated in Table XII-5 for the great variety of sys
tems there considered, is substantiated by the data on three additional 
systE~m.s designated in Tables XII-lOa and XII-lOb 7l}, System No,29 

an exceptionally severe test of the new prediction method in 
that it combines a great LlS-value with a fantastically high viscosity 
ratio of nearly 7, ODD, Nevertheless, for this system too, the agree-

TABLE XU-lOa 

Data on Component Mineral Oils 

011 '1'lloooF' cP S 
Experimenters' 
Dasignation 71) 

S 10,14 1.149 Pennsylvania Neutral 
T 18.41 1.186 Midcontinent Neutral 
U 20.0 1,289 Coastal Neutral 
V 385 1.241 PCllnsylvallla 140 Bright Stocl{ 
W 10,100 1.408 Pennsylvania !leavy Oil 
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TABLE XU-lOb 

Data on Mineral-Oil Mixtures With y=O,50 

System '11000F' cP 
Viscosity 

~Hl00oF ~S 
No. Components Ratio, 1000 F Exp, RPIvl") 

21 U-V 19.28 0,1801 0.042 84.1 82,4 
28 V-T 20,9 0.1864 0.061 15.9 77.4 
29 w..s 6,920 0.4379 0.259 293 286 

") RPM = Refined Prediction Method 

ment is practically within the experimental accuracy. To emphasize 
the significance of the latter achievement of the refined prediction 
method it may be mentioned that the viscosity which would be pre
dicted for system NO,29 from the additivity of log 1'/ (Arrhenius) 
exceeds the experimental value by nearly 2000/0; the viscosity pre
dicted by simply averaging the viscosities of the components exceeds 
the experimental value by no less than a factor of 120. 

Further evidence of the very good applicability of the refined pre
diction method is offered by the calculations performed for system 
No. 30, which is designated in Table XII_11194). For the latter sys-

TABLE Xil-ll 

Data on System No.aoI94) 

Components: "Western Bright Stock" (SI = 1.408) 
"Mineral Colza" (S2 = 1.0'16) 

Experimental Data 

Temp., V bcoSlty ,cP Viscosity 
f-' 

<>c Comp.l Comp.2 Ratio ~H 

20 3142 1.68 409 0.3527 
50 217 3.21 84. '1 0.3273 

100 25.9 1.36 19,01 0.2919 

tern mixture viscosities have been determined for five compositions 
at each of the three temperatures 20, 50 and 100°C (68, 122 and 
212°F). Besides a very great .6S-value of 0.332, this system ex
hibits very high viscosity ratios at all three reference temperatures 
- much higher than those covered by the systems of Tables XII-lb 
and XII-lc. For this system too, however, experimental and pre
dicted viscosities prove to agree very well over the entire con
centration range and at each of the three temperatures involved. 
This is demonstrated in Fig. XII-12, where the experimental viscos
ities are seen to be located very close to the ~hree predicted vis
cosity-concentration curves. Application of the Arrhenius Equation 
(XII-2a) would again lead to enormous errors, as can readily be 
judged from the deviations of the experimental mixture-viscosity 
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fIG. XlI-11l. 
The Applicability of the Refined Prediction Method to a Typical Mineral-Oil System. 

points from the corresponding straight lines (broken) in the latter 
figure. 

Altogether a number of 30 representative systems have been con
sidered. Unfortunately, not any additional mixtures could be found 
in the literature which are specified sufficiently for verifying the present 
method. For this reason, the latter method could hitherto not be 
checked directly beyond the temperature range from 20 to lOOoe 
(fi8-212°F). Nevertheless, in view of the excellent predictions 
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achieved for the Slope Indices of the great variety of systems tested, 
it may safely be assumed that the refined prediction method will 
yield acceptable results over almost the entire temperature range 
of general practical interest with mineral oils, extending, say, from 
o to 200°C (-17.8 to 392°F). 

Summarizing, it is concluded that as regards its correl(ltiollal 
accuracy the present refined nzethod for predicting the 1'iscosity
temperature relationships of mineral-oil mixtu'Yes solely f1'0111 those 
of the component oils would leave hardly anything to be reasonably 
desired. 

XII. 7. 5. Concluding Remarks 

A. MIXTURES OF MINERAL OILS WITH A GOMMON SLOPE INDEX 

The refined prediction method becomes very simple indeed if 
confined to mixtures of mineral oils characterized by a common 
Slope Index. It may be recalled that, as outlined in Chapter VI, 
mineral oils belonging to a given naturally homologous group - ex
cepting the more fluid members - do display substantially the same 
Slope Index. 

According to Equation (XII-34a), the Slope Index of such oils would 
not appreciably be changed by mixing. Thus, in the basic H-@ chart 
the viscosity-temperature relationships of the two components and 
their various mixtures would be depicted as a Sheaf. 

As regards the estimation of the viscosity grade of mixtures of 
iso-S oils, it is readily seen from Correlation (XII-38) that at any 
temperature involved their interaction viscosity functions H 12 are 
given by H12" 0.160·L!.H, where L!.H is constant over the entire tem
perature range considered. For such oils the basic Equation (XII-36a) 
therefore takes the form: 

HI" = (1 y) 111 + yH z + 0.160 Y (1 .y) L!.H. (XII-39a) 

Taking H 1 ~ H~. the latter expression can be rewritten as: 

II" {I-y [1 - U.I60 (1-y)J} Ill' .y [1 - 0.160 (1-y)J 1I~ (XII-39b) 

or also: 

(XII -3Hc) 

where, by definition: 

Ys Y [1 - 0.160 (1-y)J. (XlI-40) 

Consequently, for iso-S oils the viscosity function H would be ad
ditive in t!' t'ms of the corrected volume fraction ys rather than in 
terms of the straight volume fraction y. It is seen that for all pos
sible mixture compositions Ys is smaller than y. For example for 
Y" O. 500 the corrected volume fraction amounts to Ys 0.460, 
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B. TilE COMPATlBlLITY Of PURE-HYDROCARBON MIXTURES WITH THE SIMPLIFIED AND REFINED 

METHOD FOR PREDICTING THE VISCOSITy GRADE OF MINERAL MOlL MIXTURES 

Since mineral oils constitute complex mixtures of a great variety 
of (essentially) hydrocarbon compounds, the specific effect of any 
of these individual compounds on the physical properties of such mix
tUres will be hardly detectable. Therefore, it may be conceived that 
certain "averaging" effects are obtaining in mineral oils. The latter 
feature is of indispensable help in, for instance, the development 
of quantitative rules for predicting the changes in physical properties 
brought about by blending mineral oils. 

H may be stated that in general the applicability of such blending 
rules becomes poorer as the differences between the (average) chem
ical constitution of the component oils become more pronounced. 
Considerable deviations from blending ru1es established for mineral 
oils may therefore be anticipated when these are applied to mixtures 
of individual, pure hydrocarbons. In this respect it is interesting 
to investigate the compatibility of pure-hydrocarbon mixt1~res with 
the simplified and refined method for predicting the viscosity grade 
of mineral-oil mixtures. 

For all the various pure-hg:drocarbon mixtures designated in Table 
XII -2b the viscosities at 100 F have thus been estimated, the resu1ts 
being compiled in Table XII-12. Indeed, the deviations appear to be 
considerably higher than found for mineral-oil mixtures. In addition, 
the apparent improvement*) achieved with the refined method is not 
quite so considerable as in the case of mineral-oil mixtures. 

Finall,Y, an interesting example for illustrating the indicated "av
eraging' effect in multi-component mixtures may be derived from 
the quoted investigations by Schiessler et al. 202) • 

Two complex mixtures, each prepared from a great variety of 
pure hydrocarbons, were blended. The first mixture comprised 22 
specified hydrocarbons with VI-values above 100, its viscosity at 
20°C (68°F) being 21.5 cP; the second mixture consisted of 17 
specified hydrocarbons with lower VI's, its viscosity at 20°C amounting 
to 28.9 cP. The blend (with y 0.428) prepared from these two mix
tures showed a viscosity 1120oC= 24. 1 cP. From the simple additivity 
of the viscosity function H a viscosity 11200c = 24.4 cP wou1d be 
found for this particular blend. 

AccordinglYr the simplified method established for mineral-oil 
mixtures does apply very well to the considered multi-component 
mixture of pure hydrocarbons. This finding may indeed be taken 
indicative of the aforementioned "averaging" effect. 

C. THE VISCOSITY -PRESSURE INDICES OF MINERAL-OlL MIXTURES 

Little attention has been devoted so far to the effect of pressure 
on the viscosity of liquid mixtures, Whilst the viscosity-pressure 
dependence of several mixtures of pure liquids has been determined 
by Dow 112). by Kuss and Schultze 15) and by Griest et al. 11), not 

.) This improvement is not even fully Significant, the statistical confidenc" level, according 10 the 
F-test. ,m,ouiltillg to about S"·",, 
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TABLE XIl-12 

The Compatibility of the Pure-Hydro
carbon Mixtures Designated in Table 
XII-2b \\lith the Simplified (SPl-.l) and 
Refined (RPM) Prediction Method for 

MIneral-Oil Mixtures 

System 

No, 

1a 
1b 
2a 
2b 
3a 

3b 
4a 
4b 
5a 

5b 

6a 
6b 
6e 
7a 
7b 
7e 
8a 
8b 
Be 

0,1051 

0,0093 

0,2181 

0,0958 

0,1223 

0,0308 

0,0984 

0,0056 

Average 
Deviation") 

Standara 
Deviation-) 

SPM 

16,4 
21,6 
23,9 

25,6 
23,3 
37,7 
3,5 
5,0 
8,4 

10,4 

-0.5 
-0,5 
-0,2 
5,2 
7.9 
6.9 

-0.2 
0,0 

-0,5 

10,4 

14,2 

"Ilpred - "Il exp 
*) ~~ 311 = 100 

1Iexp 

1 i=n 
"") Defined by n 1: I a/o 3 i I 

i=l 

-) Defined by 

RPM 

14,3 
18,3 

0,0 
0,5 
0,5 
3,3 
5,0 
4,7 

-2,1 
-2,5 
-2,3 

7,4 

11.0 
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any experimental information seems to be available on the high-pres
sure viscosity of mineral-oil mixtures. 

However, it may safely be assumed that, as regards the effect 
of temperature and pressure on their viscosity, mixtures of mineral 
oils would behave not substantially differently from so-called natural 
mineral-oil fractions. This would imply that the correlation of Fig. 
X -1 for predicting the Viscosity-Pressure Index of mineral oils 
would equally apply to their mixtures. Accordingly, once the viscosity 
grade and the atmospheric Slope Index of mineral-oil mixtures have 
been measured or estimated - preferably by means of the present 
refined prediction method -, their Viscosity-Pressure Indices would 
readily be predictable. 

Further, it may be assumed that, like their atmospheric Slope 
Indices (see § XII. 5. 1), the Viscosity-Pressure Indices, Z, of the 
component mineral oils would be approximately additive. Therefore, 
the following interrelationship would apply, at least to a fair ap
proximation, at any constant temperature: 

(Xn-41) 

In fact, if the approximate additivity of the viscosity function H 
established for atmospheric pressure would prove to hold also at 
elevated pressures - which seems quite probable -, the validity of 
Correlation (XII-41) would follow at once. Moreover, starting from 
the additivity of the viscosity function H at atmospheric pressure 
and of the atmospheric Slope Index, the approximate validity of the 
latter correlation may be inferred from the shape of the various 
curves depicted in the aforementioned Fig. X-I. 

XII. 8. THE OCCURRENCE OF MINIMA IN THE VISCOSITY -CON
cENTRATION CURVES OF MINERAL-OIL MIXTURES 

XII. 8. 1. Introduction 

One of the most outstanding - apparently even unique - features 
of the present refined method for predicting the viscosity-temper
ature relationship of mineral-oil mixtures consists in that it applies 
equally well to systems exhibiting a minimum in their viscosity-con
centration curves. 

A mongst the 26 mineral-oil systems designated in Tables XII -1 b 
and XII-Ie the systems Nos, 22, 23, 24 and 26 display such a min
imum, although at only one of the two reference temperatures involved, 
namely at_100°F. Whilst for the latter three systems the minimum 
is hardly appreCiable, it is rather pronounced for system No. 22. 
For this system Rahmes and Nelson 196) measured the viscosities 
at a few more compositions than the usual three in order to 
obtain a fairly complete viscosity-concentration curve. According
ly, the viscosity data on system No. 22 are very feasible for illustrating 
the suitability of the new prediction method for minimum-viscosity 
mixtures. 

Table XII-13 demonstrates that at the reference temperature where 
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TABLE XU-13 

Application of the Refined Prediction Method (RPM) to System 
No.22 

Volume "llOOoF,cP "l2100F'cP Slope Index 

Fraction 

y Exp. RPM Exp. RP11 Exp. RPM 

0,0 182,0 182.0 8,43 8.43 1.611 1.611 
0.1 173.8 173.8 
0.2 170.6 167.9 9.35 9.18 1.513 1.521 

0.3 168.6 164.4 

0.4 168.6 162.2 10.45 10.14 1.435 1.442 

0.5 168.3 162.2 
0,6 170.2 164.1 ll.75 ll.3a 1.364 1.371 

0.7 174.2 167.9 
0.8 178,6 174.2 13.37 13.00 1.303 1.310 

0.9 186.2 182.4 

1.0 193.2 193.2 15.14 U;.14 1.260 1.260 

the mInImUm occurs, that is at 100°F. the predicted and exper
imental viscosities do agree very well. A t the second reference tem
perature, 210°F, where the minimum has disappeared, the agree
ment is equally good. 

The satisfactory agreement between predicted and experimental vis
cosities at the latter two, fairly widely spaced, reference temper
atures implies that the Slope Indices of the considered system No.22 
should conform to Equation (XII-34a) of the refined prediction method. 
Table XII-13 also shows this to be true, and with an excellent de
gree of accuracy at that. 

It is interesting to remark that, in contrast to the corresponding 
viscosities at 100°F, the various Slope Indices of system No.22 do 
not show a minimum value. In fact, in all known mineral-oil sys
tems the Slope Indices invariably appear to remain intermediate to 
those of the components. 

Both the experimental and predicted viscosities listed in Table 
XII-12 have been plotted in Fig. XII-13 against the corresponding 
volume fractions of the involved system No,22. The same figure 
depicts three additional viscosity-concentration isotherms estimated 
by the refined prediction method. 

Fig. XII-13 indicates that a minimum in the viscosity-concentration 
isotherms of system No. 22 would occur over a fairly wide tempera
ture range. 

A t the temperature where the component oils Hand Bare iso
viscous - for the present system amou"nting to 34°C (94°F) - the 
minimum point would be produced by the mixture containing equal 
volumes of both components, that is with'Y': O. 50, With increasing 
temperature the minimum would not only become less marked, but 
it would also shift towards the side of th.e more fluid component (at 
the temperature involved). Finally, a temperature is reached where 
the minimum-viscosity point would coincide with the viscosity of the 



r::' 
m 
.2 

I 

-415-

OilH OilB 

o Experimental Data I 

3.0 / -l1000 

/ 
I 

I 
I 20"(: 

1500 

200 

2.01- I Shifting -l100 
/Minimum-Viscosity 

/// Point 

1.5 

10 

5 

0.5 
0,0 1.0 

.......... Y 

FIG.XU-13. 

0.. .., 
C 

t 
Viscosity-Concentration Isotherms of a Typical Minimum-Viscosity System According to the Refined 

Prediction Method. 

more fluid component (y=O); for the present system the latter tem
perature would amount to 63°e (146°}l'). At still higher temperatures 
the difference between the viscosities of the two components would 
become so great that a minimum can no longer be realized. 

A similar consideration applies to the opposite case where the 
temperature is decreased downwards from the temperature of iso
viscosity, that is from 34°e. In this case, however, the other oil 
will be the more fluid component. According to the refined predic
tion method, a minimum does no longer occur at temperatures below 
-13°e (+9°F). 
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XII. 8. 2. Practical Importance 

For the system depicted in Fig. XU-13 the relative viscosity de
crease - as compared with the viscosity of the more fluid compo
nent - would reach its maximum value at the temperature where 
the component oils are isoviscous, that is in the mixture containing 
equal volumes of them. As will be shown below, the same would 
apply to any other system, 

The experimental data indicate that at 100°F the maximum vis
cosity decrease in system No.22 amounts to 7.5%, The latter per
centage, however, may hardly be taken representative of the vis
cosity decreases which, according to the refined prediction method, 
should be observed for oils with viscosity grades and Slope Indices 
encountered in lubrication practice. 

In order to emphasize the practical importance which such viscosity 
decreases may well as·sume in certain cases, Table XII-14 has been 
prepared. 

TABLE xn-14 

Percentage Viscosity Decreases Ensuing from Mixing Equal Volumes of Two 
Mineral Oils Being lsoviscous at 40°C (104°F) 

Percentage V iscosity Decrease 

li400C At ooc (3ZoF) At 40°C (104°F) 

of Both Oils, 
L\.s = O,ZOO L\.s "0,400 L\.S = 0, ZOO L\.s "0,400 

cP 

1 3,6 7,7 2,7 5,4 
10 6,7 13,7 4,9 9,6 

100 9,6 19,5 7,3 13.7 
1,000 12,3 24,7 9,4 17,8 

10,000 14.9 29,4 11,3 21.3 
100,000 17.6 33.9 13,5 24,8 

This table contains the percentage viscosity decreases that would 
ensue from mixing equal volumes of two isoviscous mineral oils 
whose Slope Indices differ by 0.200 and 0,400 units, respectively 
(corresponding to DVI -differences of about 100 and 200 points, res -
pectively). The relevant calculations have been carried out for two 
reference temperatures, that is 0 and 40°C (32 and 104°F). 

Table XTI-14 may suffice to illustrate that the predicted viscosity 
decreases may be far from negligible. On the contrary, particularly 
with component oils of high viscosity grades and widely different 
Slope Indices such viscosity decreases may become quite appreciable. 

XII, 8. 3. Qualitative and Quantitative Aspects 

Coming to· the question as to which .kinds of mineral-oil systems 
may exhibit a minimum in their viscosity-concentration curves, it 
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may already be conceived from Fig. XII-13 that the occurrence of 
such a minimum is dependent not so much on the system proper as 
on the particular temperature at which it is being considered, 

This would appear to be the basic reason why only a few examples 
of mineral-oil systems with such a minimum have been reported in the 
literature 196). In fact, the aforementioned systems Nos. 22, 23, 24 
and 26, prepared and investigated by Rahmes and Nelson 196), still 
constitute the only actual examples known to the present author. 
Moreover, for the sake of clearness, it should be added that Rahmes 
and Nelson have purposefully attempted to obtain such mixtures. 

Therefore, it may sound not so unreasonable that Rahmes and 
Nelson, in their discussion on minimum-viscosity systems 196), de
noted these as "unusual" in the mineral-oil field, In the opinion of 
the present author, however, the latter qualification would be at 
least somewhat misleading, as will become clear from the consid
erations now to follow. 

The problem as to which conditions have to be fulfilled in order 
that a minimum may occur in the viscosity-concentration isotherms 
of mineral-oil mixtures can be approached very well by means of 
the refined prediction method. This is demonstrated in Appendix 
XU-4 (at the end of this chapter), where the latter problem has been 
treated in a more general sense. that is the possibility for the oc
currence of a maximum has likewise been investigated, 

The conclusions reached in Appendix XII-4 may be summarized 
as follows: 

Starting from the validity of the refined method f01' predicting the 
viscosity-temperature 1'elationship of mineral-oil mixtures, it has 
been shown that in any such mixture ami n i mum in its vis
cosity-concentration isotherms would occur within a more or less 
restricted temperature range in the vicinity of the tempe1'ature 
where the component oils display the same viscosity, provided 
that this temperature is not higher than about 125°C (260°F). 

If the iso-viscosity temperature exceeds this level of about 125°C, 
the minimum may be vanishing; or it might even turn into a 
maximum, which, however, would be hardly detectable, let 
alone of practical significance. 

The indicated effect of the iso-viscosity temperature - which assumes 
a characteristic value for a given system - is reflected in Fig. XII-14. 
Any system located on the depicted curve of "transition temper
atures" would invariably display the same viscosity as either com
ponent. so that neither a minimum nor a maximum would be en
countered (see Appendix XII-4). 

The new concept of the occurrence of minima in the viscosity
concentration isotherms of mineral-oil mixtures will now be further 
elucidated on the basis of the schematic picture of Fig.XII-15. For 
an elaborate treatment of the underlying equations, however, ref
erence is made again to Appendix XII-4. 

A, According to Fig. XII-15, solely the viscosity functions L:.H and 
H12 should decide on the occurrence of a minimum in a given min
eral-oil system, 

Denoting the temperature where the two component oils are iso-
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viscous by 9 iv (or tiv. with t in deg C), the temperature de
pendence of the viscosity function AH can be defined as follows: 

(XII-42) 

Substitution of the latter expression into Correlation (XU-38) yields 
for the temperature dependence of the viscosity function H12 : 

H12 (0.160-0.4' AS)I-AS(0.1l27+9iV>I-AS [0. 088+0. 35 (0.1127+9)]. 

(XU-43) 

InFig,XU-15 the quantities AH and -H12 have been plotted against 
-9. In accordance with Equation (XII-42) two straight lines for 
AH emanate from the temperature tiv. where AH O. For temper
atures below tivthe slope of theAH-line amounts to -AS; for 
higher temperatures it has the opposite value, +AS. It is readily 
seen from the underlying Equation (XII-43) that the straight line 
obtained on plotting -H12 against -9 possesses a slope of -0.35' AS, 

B. As defined by the basic Equation (XU-59b) of Appendix XII-4, 
a minimum viscosity should be observed over the entire temper
a ture range where -H 12 ;?: AH. This range is indicated by the shaded 
part of Fig.XII-15. 

'T'hp lmN'r temperature limit, in Fig. XII-15 denoted by tl.' can 
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be solved after substituting the appropriate temperature expres
sions into the basic condition: -H12 = (HI - Hz). 

The upper temperature limit, in Fig. XII-15 denoted by ttl' can 
be derived after substituting the appropriate temperature expres
sions into the basic condition: -H12 = -(HI -Hz). 

These lower and upper temperature limits have thus been cal
culated for systems whose components are isoviscous at some 
standard reference temperature. Three standard reference tem
peratures have been considered, namely 0, 40 and 100°C (32, 
104 and 212°F). The differences between the Slope Indices of the 
components have been varied from llS" O. 100 to llS = 0.400. The 
results of these calculations are compiled in Table XU-15. 

I 
i 

TABLE XII-IS 

Temperature Ranges Where a Minimum May Occur in the Vlscosity..concentration Curves 
of Binary Mineral*Oil Mixtures 

Temperature Range of Minimum Viscosity 

dS OOC (320F) tlv = 40°C (104°1') tiv = 100°C (21Z°I') tiv 

0.100 -45/290C (-49/840p) -7 16SoC (19 / I540p) 78 / 111°C (172 / 23Zop) 
0,200 -46/30OG (-51 / 86°F) ditto 74/1140C (165 / 237°F) 
0.300 -48 /320C (-54/90°F) 

" 
70/1160C (158 /241°1') 

0.400 -49 133°C (-56 / 91°1') 
" 

67/ l1SoC (153 / 244°1') 

It is seen from this table that for tiv = 40°C the temperature 
range where a minimum viscosity may occur would be independent 
of the llS-value of the system considered. For the other two tem
peratures the width of this range would increase somewhat with 
higher llS-values; but, remarkably enough, the effect of llS on 
the width and the location of this range remains very small. 

Table XII-15 indicates that for the standard reference temper
atures of 0 and 40°C the extent of the temperature range where a 
minimum viscosity may occur would be fairly wide and practical
ly the same, namely about 75 to 80°C (about 170°F). For tiv 100°C 
this extent would be much smaller; this is not so surprising, since 
the latter temperature comes fairly close to the "transition tem
peratures" depicted in Fig.XII-14. 

It stands to reason that, anyhow, solidification sets a definite 
boundary to the lower temperature limits actually observed. 

C. Another poil).t of practical interest is to find out which viscosity 
differences the two components may display in order that a min
imum viscosity would still be possible. 

At the temperature tiv both components have the same vis
cosity, so that their viscosity ratio amounts to unity, This ratio 
increases regularly both with increasing and with decreasing tem
peratuI1e. As shown by Equation (XII-42) - and also indicated in 
Fig. XIl-15 -, the absolute difference, llH, between the viscosity 
functions HI and H2 increases proportionally to le-elvl. the quan
tity llS being the proportionality constant. 

Now. a minimum would occur only at those temperatures where 
the difference llH is smaller than the function -H 12 • Obviously, 
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.6.H becomes equal to -H12 at the two aforementioned temperature 
limits denoted by tL and t H • Considering separately the temper
ature range from tL to ts and that from ts to t H , it is evident 
that in either range a maximum viscosity ratio is reached at the 
respective temperature limit. Further, as indicated in Fig.XII-15, 
the difference .6.H, and therefore also the corresponding viscosity 
'ratio, will be greater at the lower than at the upper temperature 
limit. 

In order to convey a good impression of the maximum admis
sible viscosity ratios in minimum-viscosity systems the viscosity 
ratios at the two temperature limits have been calculated for a 
variety of mineral-oil systems whose components are isoviscous 
at 40°C; various viscosity grades as well as .6.S-values have been 
taken into consideration. The results of these calculations are 
compiled in Table XII-16. 

TABLE xn-16 

Viscosity Ratios at Lower and Upper Temperature Limit of Minimum-Viscosity Range 
for Binaty Mixtures of Mineral Oils Being !soviscous at 40"c (104uF) 

Viscosity Ratios at Lower and Upper Temperature Limit 
'Il40OC Lower Temp, Limit (_?0G) Upper Temp. Limit (68°G) 

of Both Oils, 
~s ~s 

cP 0,100 0.200 0.300 0.400 0.100 0.200 0,300 0.400 

1 1.14 1.30 1.49 1.71 1.04 1.07 1.11 1.14 
10 1,26 1.61 2,07 2,69 1.07 1.13 1.20 1.28 

100 1.41 2.02 2.89 4.22 1,09 1.20 1.31 1.43 
1,000 1.57 2.49 4.03 6.59 1.13 1.27 1.43 1.60 

10,000 1.75 3,10 5.60 10.4 1.16 1.34 1.55 1.79 
100,000 1.94 3.85 7.80 16.2 1.19 1.42 1,69 2.00 

This table demonstrates that it would be far from correct to 
state that a minimum viscosity may occur only in systems whose 
components have nearly the same viscosity grade. Indeed, even 
in the rather conventional temperature range covered by Table 
XII-15 the viscosities of the components may differ quite con
siderably, particularly at higher viscosity grades and/or .6.S-values. 

D. As regards the particular composition for which a minimum
viscosity point would be observed in a given system, it has al
ready been indicated in Fig. XII-13 - though only for system No.22 
- that this composition varies with the prevailing temperature. As 
illustrated also in Fig. XII-15, the consequent shifting of the min
imum-viscosity point would be invariably such that at any tem
perature involved the minimum is located on the side of the more 
fluid component. The latter finding will hardly be surprising, since 
a similar shifting has been observed in the vast majority, if not all, 
of the pure-compound mixtures mentioned in the literature 177,178b). 

Denoting the volume fraction for which a minimum would occur 
in a given viscosity-concentration isotherm by Ymin' the following 



-422-

mathematical expression readily emerges from Equation (XII-56) 
in Appendix XII-4: 

Yrnin:::' 0.50 - ---- (XII-44) 

By means of this simple expression the location of the min
imum in a particular viscosity-concentration isotherm of a suf.
ficiently defined system can easily be predicted. At the temper
ature tiv (where III = H2) the value of Yrnin would amount to 0.50. 
At the aforementioned lower and upper temperature limit the 
minimum would be located at Yrnin = 1 and Ymin = 0, respectively. 

E. It has further been stated in § XII. 8. 2 that the relative vis
cosity decrease - as compared with the viscosity of the more fluid 
component - would invariably reach its maximum value at the iso
viscosity temperature, that is in the mixture containing equal 
volumes of both components (Ymin = O. 50). 

Without entering into the relevant mathematical details it can 
be conceived from the schematic Fig. XII-15 that the minimum would 
reach its greatest depth - as expressed in terms of the difference 
between the viscosity functions H of the minimum-viscosity mixture 
and the more fluid component - at this very iso-viscosity temper
ature, that is in accordance with Equation (XII-44) in the mix
ture with y= O. 50. Further, it can be shown that this greatest depth 
of the minimum does correspond with the maximum relative vis
cosity decrease as defined above. 

XII. 8. 4. Concluding Remarks 

A. One should not lose sight of the fact that, according to the fore
going discussion, minima in the viscosity-concentration curves of 
mineral-oil mixtures may occur only in a rather restricted tem
perature range where the ratio between the viscosities of the com
ponents remains fairly small. 

For many systems, therefore, no minima would be encountered 
in the temperature range of practical interest or even in the 
entire range where the oils may occur in the liquid state. Thus, 
it would become comprehensible why very few examples of mineral
oil systems exhibiting such a minimum can be traced in the lit
erature: the great majority of previous investigations has been 
confined to a small temperature range - if not to only one arbit
rary temperature -, the components of many systems displaying 
rather great viscosity ratios at that. 

In the light of the present findings, however, it will be clear 
why in the author's opinion the above-cited statement that min
imum-viscosity systems are "unusual" in the mineral-oil field 196) 
cannot properly be upheld (compare the introductory notes to 
I§ XII. B. 3). Infact, when two arbitrary mineral oils with comparable 
viscosity grades are mixed together - in various proportions -, 
the occurrence of a minimum-viscosity point in the resulting vis
cosity-concentration curve would be the rule rather than the ex-
ception. . 
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B. Rahmes and Nelson 196) would seem the only investigators who 
have attempted so far to specify the conditions necessary for the 
occurrence of minima in the viscosity-concentration curves of 
mineral-oil mixtures. They concluded that, apart from other pos
sibly necessary conditions, the oils should vary "considerably" in 
Viscosity Index and their viscosity ratio should be "relatively 
small". ' 

It appears that the latter - admittedly somewhat tentative - con
clusion can only partly be substantiated by the present findings. 

Although the rather obvious condition that the viscosity ratio of 
the component oils should be "relatively small" might be upheld, 
some more precise statement as to its admissible order of mag'
nitude would be desirable. According to the present results (com
pare Table XII-16), minima might still occur at viscosity ratios 
cOllsiderably above unity; even viscosity ratios beyond 5 or even 
10 would not be impossible amongst minimum-viscosity systems. 

However, the other necessary condition postulated by Rahmes 
and Nelson - that the ,component oils should vary "considerably" 
in Viscosity Index - is in plain conflict with the present results. 
According to these results, it should suffice that the component 
oils display - be.sides a fairly small viscosity ratio - simply dif
ferellt Slope Indices, the quantitative magnitude of the difference 
being immaterial in this respect. Consequently, it would not 
be necessary either that the Viscosity Indices of the component 
oils should vary "considerably". 

C. Whilst the minima in the viscosity-concentration curves of cer
tain mineral-oil mixtures may be very pronounced, it has been 
shown in Appendix XII-4 that the maxima predicted by the present 
method would assume hardly any practical significance. Moreover, 
such maxima would be encountered only at very high temperatures. 

As far as the author knows, such maxima have not been re
ported hitherto. Presumably the proper experiments for establish
ing whether a maximum viscosity can actually be realized have 
never been performed at all. Apart from the selection of suitable 
systems, such experiments would be rather difficult as they should 
be executed with extreme accuracy, notwithstanding the very high 
temperatures involved. 

For the time being, however, the author favours the view that 
it should be deemed rather bold to uphold the possibility for the 
occurrence of maxima in the viscosity-concentration curves of 
mineral-oil systems (compare also the following remarks). 

D. Finally, it may be useful to point out that, admittedly, some 
rese'yvation should be made with respect to certain results reached 
above for minimum-viscosity mixtures, that is in so far as these 
results are based on extrapolations beyond the range explored by 
proper experiments. Accordingly, at some future data it may 
well prove desirable, or even necessary, to introduce some re
finements and/or minor revisions into the consequent views here 
propounded. 

A bove all, however, the weighty fact should be emphasized that 
the expounded results represent simple outcomes of the refined 
method for predicting the viscosity-temperature relationship of 
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mineral-oil mixtures, which method has proved to permit really 
good predictions for the wide variety of mixtures tested (see Sec
tion XII. 7). 

XII. 9. FURTHER APPLICATIONS OF THE NEW MIXTURE-VISCOS
ITY RELA TIONSHIPS 

XII. 9.1. The Applicability of the Basic Equations to Non-Hydrocar
bon Mixtures 

The basic equation for the viscosity grade of mineral-oil mixtures 
reads: 

Hm = (l-y) H1 + yH2 + Y (l-y) H12. (XII-36a) 

This one-parameter equation has proved to possess a very wide 
applicability: it remains valid even for many mixtures of liquids 
that differ strongly in chemical type. In fact, it may be stated that, 
by suitable adjustment of the parameter H 12 , Equation (XII-36a) can 
be made to give a reasonable description ~f the viscosity-concen
tration curves of any binary system, provided only that no point of 
inflection occurs. Systems exhibiting such a point of inflection have 
been very rarely encountered, however (compare Section XII. 1). 

Consequently, all the various liquid systems employed in normal 
practice may indeed be expected to conform reasonably well to Equa
tion (XII -36a). 

The basic equation for the Slope Index of mineral-oil mixtures has 
been defined as: 

8m = (l-y) S1 + yS2 + Y (l-y)S12. (XII-32) 

Presumably Equation (XU-32) is even more generally applicable 
than the basic Equation (XII-36a) for the viscosity grade of mix
tures. 

In addition to the many examples already provided for mixtures 
m the hydrocarbon field - including mixtures with a minimum in 
their viscosity-concentration curve - the applicability of Equation 
(XII-36a) will now be exemplified for two rather extreme systems of 
non-hydrocarbon compounds. 

'The firs~ system, ethylalcohol/water 79b) , it remarkable in that 
it shows a pronounced maximum -viscosity point. The second system, 
glycerol/water 205) , has an extremely high viscosity ratio of about 
1,000, so that it covers an extensive viscosity range; incidentally, 
the latter system is frequently employed in viscometry for preparing 
calibrating liquids of the desired viscosity level. 

For both systems one experimentally determined viscosity-con
centration isotherm, in the normal temperature range, has been 
taken into consideration. An appropriate value for the interaction 
viscosity function H 12 has been evaluated from the experimental blend 
containing approximately equal volumes of both components. The vis-
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FIG.XII-16. 
The Applicability of Equation (Xll-36a) to Non-Hydrocarbon Systems. 

cosity,-concentratioll curves predicted from Equation (XII -36a) are 
depicted in Fig. XII-16, together with the various experimental vis
cosity data. 

Predicted and experimental viscosities are in good agreement, 
especially in the ethylalcohol/water system. In judging the accuracy 
achieved for the glycerol/water system it should be well realized 
that this system covers an extremely wide viscosity range. It might 
be added that, notably in the ethylalcohol/water system, the accuracy 
of the predictions could be even improved by using the best-
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fitting H12 -value instead of that evaluated arbitrarily from the mix
ture containing about equal volumes of both components. 

Finally, it is worthy of note that the basic equations under con
side ration can also serve as convenient tools for studying the vis
cosity of polymer solutions. It would lead too far, however, to enter 
into the details of this promising application. 

XII, 9, 2. A Refined Method for P1'edicting the Atmospheric Viscosity
Temperature Relationship of Dimeth'ylsiloxGne Mixtures 

As regards the numerical value of the interaction quantities H 1~ 
and S12 in some arbitrary system, no general statement can as yet 
be made. Obviously, this will remain very difficult, if not comple
tely impossible, since a complexity of phenomena - such as as
sociation and dissociation - giving rise to pronounced changes in th<' 
physical structure of the liquids would have to be taken into con
sideration. 

Confining oneself to mixtures of chemically interrelated liquids, 
however, reasonable estimates for the parameters H12 and S12 
may well be achieved. In the foregoing Section XII. 7 it has indeed 
been demonstrated how for mineral-oil mixtures comprising a really 
great variety of component oils these parameters can be predicted 
satisfactorily, solely from the viscosity-temperature relationship of 
the component oils. Presumably, similar prediction methods may be 
set up for mixtures of different types of liquids whose basic struc
tures are likewise interrelated. 

As a corroboration of the latter presumption the results obtained 
for mixtures of the very interesting homologous group of the di
methylsiloxanes will now be described. Members of both the linear 
and c'yclic series of dimethylsiloxanes have been included, The per-

TABLE Xll-17a 

Data on Component Dimethylsiloxanes 

Dimethylsiloxane 7j40oC, S 
Compound cP 

Linear Series 

M\P2 1,050 0.944 
~ M~3 l,43fl O,I:(!}U 

M'P4 l,B75 O,H55 

M2DS 2.30 0.825 

M2DS 2,77 0,792 

Cyclic Series 

D5 2.~3 O,m)8 

D6 4.~4 0,950 

D7 7.19 0,895 
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TABLE XII-17b 

Data on Dimethylsilo~ane Mixtures 

System "l40oC' S 
Viscosity 

AH400C "1-:>2 

No. Componems x y eP Ratio.40oC 

1 l>12D2 -lv12DB 0.553 0,546 1.244 0,931 1.371 0,0461 0.045 

2 MZD 3 -M21)4 0.544 0.540 1.656 0.867 1.303 0,0353 0.044 

3 D5 -MZD3 0.509 0.532 1.875 0.926 1.964 0.0849 0.099 

4" D5 -M::P4 0.706 0.720 2.05 0.873 1.507 0.0496 0.143 

4b ditto 0.508 0,526 2.20 0,912 
" " " 

4c 
" 

0,307 0.322 '2.41 0.934 
" " " 

Sa D5 -MzDs 0,706 o.ns 2,40 0.866 1.230 0,0244 0,173 

fib ditto 0.305 0.318 2,60 0.929 .. " .. 
6 D5 -D6 0.545 0.543 3,69 0.976 1.n4 0.0576 0.048 

7a D6-M2D S 0.706 0.720 2.68 0.842 2.11 0.0820 0.125 

7b ditto 0.305 0.320 3,56 0.894 
" " " 

8 De-M2D6 0.506 0.520 3.49 0.861 1.750 0.0601 0.158 

9a D7 -M2D 6 0.70" 0.719 3.42 0.814 2.60 0,0980 0.103 

9b ditto 0.506 0.522 4.00 0,837 
" 

.. .. 
ge 

" 
0.305 0,318 4.84 

• 

0.855 .. .. " 

tinent data on the pure dimethylsiloxanes':') and' their mixtures - de
rived from reliable data reported by Waterman et al. 146) - are 
compiled in Tables XII-17a and XII-17b, respectively. 

Following the line of approach adopted for mineral-oil mixtures 
(see Section XII. 7), the Slope Indices of the dimethylsiloxane mix
tures have been considered first. As shown in Table XII-18a, the 
S-values of the latter mixtures conform satisfactorily to the sim
plified equation: 

(XII-24) 

Improved accuracy can again be achieved by applying the extended 
Equation (XII-32). Curiously enough, the correlation established for 
the S 12 -values of dimethylsiloxane mixtures happens to be iden
tical to that previously given for mineral-oil mixtures, that is: 

8 12 '" -0,35 ' t;S, (XII -33) 

By substituting the S12 -values predicted from Equation (XII-33) 
into the basic Equation (Xn-32) excellent predictions are obtained. 
As demonstrated by Table XII-1Sa, the deviations between the Sm
values thus predicted and those obtained from the experimental vis
cosities remain practically within the experimental viscometric ac
curacy. 

It may be noted that, in view of the validity of Equations (XII-32) 
and (XII-33). the S-y diagram of Fig.XII-10 constructed for mineral
oil mixtures would equally apply to mixtures of dimethylsiloxanes • 

• ) Compare Section XI.2. 
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TABLE XH-1ea 

Deviations Between Experimental and Pre
dicted Slope Indices of Dimethylsiloxanc 

Mlxtures 

8s '" (Spred . s p> eX 
System 

No. 
Eq.(XU-24) Eqs.(XlI-32) 

and (XII -33) 

1 -0.012 '0,016 
2 0.008 0,004 
3 0.019 0.010 
4a 0.022 0,012 
4b 0.011 -0,001 
4c 0.018 0,007 
5a 0.008 -0,004 
fib 0.014 0.001 
6 -0.004 -0,008 
7a 0,018 0.009 
7b 0,016 0,006 
8 0.004 -0.005 
9a 0.007 0,000 
9b 0.004 -0.005 
9c 0.007 -0.001 

Average 
Deviation·) 0.012 0.006 

Standard 
Deviation") 0.013 0.008 

i=n 
.) Defined by 2:. 1: 13 d 

n i=I 

.. ) Defined by 

I 

It has appeared that the problem of estimating the interaction vis
cosity function BI2 in the basic Equation (XII-36a) for predicting 
the viscosity grade of dimethylsiloxane mixtures can conveniently 
be solved by utilizing again the quantities .Q8 and .QH as correlational 
variables. The following correlation has been arrived at: 

(XII-45) 

According to Equation (XII-45), a plot of H 12,40oC against .6.S, 
with .6.H 400C as a parameter, yields a family of straight lines' 
emanating from the origin. Fig. XIl-17 represents such a plot 
for the ranges of the correlational variables .6.8 and .6.H 400 C covered 
by the basic data. In the latter ranges the quantity.6.S has by far 
the greater effect on the magnitude of H12,40oC' 
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TABLE XII-1Sb 

Percentage Deviations Between Experimental and Predicted 
Viscosities of Dimethylsiloxane Mixtures 

%8'1'l400C') 

System 
Volume Additivity of ••• 

No. 

'I'l log'll 

1 1.4 0.2 
2 1.2 0,2 

3 11,4 5.2 
4a 4,2 2,6 
4b 5.7 3.3 
4c 4,5 2,8 

5a 2,1 1,4 

5b 2,3 1,6 

6 6,2 2,6 

7a 12,4 [,.7 
7b 13,2 6,4 

8 7,6 3.8 

9a 17,2 5,9 

9b 21,9 9,2 

9c 19.7 9,6 

Average 
Deviation., 8.7 4,0 

Standard 
Deviation-) 11,3 5.1 

1) pred - 'IIexp 
") 0,.8'11 '" 100 -:..----=-

'IIexp 
1 l=n 

.. ) Defined by n :E 10"'8 i I 
1=1 

.., Defined by 
i=n 
:E (,,/0Ili)2 

i=l 
n-1 

H 

-0,2 
0.0 
3,5 
2,1 
2,8 
2,3 
1.4 
1,6 
1.9 
4,2 

5.7 
2,8 
2,8 
6,4 
6,9 

3,0 

3,7 

Eqs.(Xli -36a) 

and (XII-45) 

-0.9 
-0,7 
0.2 

-0,2 
-0.2 
-0,5 
0,0 
0,0 
0.5 
0,5 
1,4 

-1,6 
-0,9 
1,4 
2,1 

0,7 

1.0 
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The Interaction Viscosity Function of Binary Dimethylsiloxane SystemsAccordingto Correlation (XIl-45), 

Referring to Appendix XII-3, the following expression can be derived 
for HI2 at an arbitrary temperature denoted by 0: 

HI2 := -2.00' c.s 1 (HI -H2) - c.s(0. 1127 + 0)1-0. 35 'L!.S (0. 1127 + 0), (XII-46) 

In the last column of Table XII-18b are compiled, for a standard 
reference temperature of 40°C, the deviations between the exper
imental mixture viscosities and those predicted from Equations 
(XII-36a) and (XII-45). Indeed, the agreement may be stated to be 
excellent. 

For comparison the deviations between the experimental viscosity 
values and those calculated from the straight additivity of viscosity, 
11, of log 11 and of H, respectively, have also been included in Table 
XII-18b. Since only moderate viscosity ratios are involved, the dif
ferences between the various predictions are much less pronounced 
than found for the mineral-oil systems tested in the preceding parts 
(s(;e in rarticular Tables XII-4 and XII-5). 

0/r.'v(:rtheless, the relative improvement achieved by the new pre
diction method using Equations (XII-3fia) and (XII-45) - again proves 
to he quite consid(:rable. 

APPENDICES 

/\ppenrli:-: XII-l. The Relati011ship Between Molar, Weight and Vol
ume Fractions 

Since mass is strictly additive, the relationship between the molar 
fraction, X, and the weight fraction, x,· (both fractions relating to 
the RP""nrl component) is defined by: 



-431-

x (Xn-47) 

where M 1 and M2 denote the molecular weight of the first and the 
second component, respectively. 

For expressing the volume fraction y (likewise relating to the 
second component) in terms of the weight fraction. x. the densities 
of both components are required as parameters. The resulting re
lationship leads: 

y (XII-48) 

where d 1 and d2 represent the densities of the first and the second 
component, respectively. 

Strictly speaking, the volume fraction, y, may vary somewhat 
with the reference temperature, since the density ratio, dIid 2 , is 
not entirely independent of temperature. For the interrelated hy
drocarbon liquids under investigation. however. the variations of y 
with temperature are fully insignificant. Consequently. there is no 
real objection at all against the common practice of using volume 
fractions when dealing with mineral-oil mixtures. 

Appendix XII-2. The Additivity oj the Viscosity Functions hand H 

The interrelationship between the viscosity functions hand H may 
be written as: 

h 

or 

H 
108 (XII-49a) 

(XII-49b) 

The right-hand side of the latter equation may be expanded into 
a series as follows: 

Substituting the latter expression for the h-values into Equation 
(XII-22). the following formula can be obtained after some rearran
gement: 

Hm = (1-y)H1 + yH2 + 0.144 [(1-y)HY + yH~ - H;,J + 
+ 0.014 [(1-y)HI + y H~ - H~J + ............. (XII-50a) 

The terms containing second and higher powers of H give only a 
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very small contribution to the right-hand side of Equation (X 50a). 
Consequently, it is admissible to substitute for the Hm -vah 3 oc
curring in the latter terms their first approximation as defil :i by: 

P 1-23) 

Thus, Equation (XII-50a) may be reduced to: 

Hm :; (l-y)H I + yH2 + 0.144 y(1-y) (HI 

where the terms with the viscosity function H raised to third and 
higher powers have been omitted, since these are fully insignificant 
in practical cases. 

A nearer consideration of Equation (XII-50b) shows that in many 
cases its last term may safely be neglected. Only for mixtures 
where the components have a very high viscosity ratio may the lat
ter term have some significance. Consequently, it has been shown 
that the additivity of H according to Equation (XII-23) is practically 
on a par with the additivity of h according to Equation (XII-22). 

It may be added that, as shown by the extended Equation (XII-50b), 
the mixture-viscosity values calculated from Equation (XII-23) will 
be more or less below those obtained from Equation (XII-22). 

Appendix XII-3. The Temperature I)ependence of the Function H12 

According to the basic viscosity-temperature Equation (XII-6h). one 
may write for any given mixture: 

(XII-51) 

Substituting the appropriate expressions according to Equations 
(XII-36a) and (XII-32) for Hm and Sm. respectively, one obtains: 

(l-y) (H1-H1,40od+ y(H2 - H2•40°c) + y(1-y) (H12- H12.400C):; 

[(1-y)Sl + yS2 + y(1-y)S12] (0.1127 + e). 

This expression may be simplified into: 

H 12 :; H12.40oC + S12 (0.1127 + e), 

or, by combinatIon with Correlation (XII-33): 

(XII-52a) 

(XII-52b) 

(XII-53) 

By substituting Correlation (Xn-37) for H 12 400C' the latter equa-
tion may be transformed into: ' 

H12 ~ (0. IUO - u. 4·.6.8) Lm400C -.6.8 [0.088 + 0.35 (0.1127 + e)l (XII-54) 

Further, the quantity LlH400C in Formula (XII-54) may be replaced 
by' the right-hand side of the following equation, which readily fol
lows from the basic viscosity-temperature Equation (III-6h): 
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Thus, one ultimately arrives at the expression: 

H12 '" (0.160 o. 4·~) I(H1 - Hz) - .t:.S (0.1127 + e)1 -
- .t:.s [0.088 + 0.35 (0.1127 + e)] . 

(XII-55) 

(XII-38) 

Appendix XII-4. Extremes in the Viscosity-Conc.entration Curves of 
Mineral-Oil Mixtures 

The basic mixture-viscosity equation reads: 

Hm ::: (1-y)H1 + yH2 + y(1-y)HI2 , (XU-36a) 

where the volume fraction y may assume values from 0 to 1. 
To investigate the occurrence of a maximum or a minimum in the 

viscosity-concentration curve or, say, in the Hm -values at some 
distinct y-value, the first and second derivative of Hm with respect 
to y have to be considered. From Equation (XII-36a) the subsequent 
expressions are readily derived: 

(XII-56) 
dy 

and 

dy2 
(XII-57) 

Putting the right-hand side of Equation (XII-56) equal to zero, it 
follows that the first condition for the occurrence of an extreme 
may be reduced to: 

(XII-58 ) 

where, by definition .t:.H=IH1-Hzl. 
According to Equation (XII-57), the sign of the interaction vis

cosity function H 12 decides whether the extreme will be a maximum 
or a minimum*). From Equations (XII-57) and (XII-58) the follo
wing conditions are finally obtained: 

for a maximum: (Xn-59a) 

and 

for a minimum: (XII-59b) 

Consequently, solely the viscosity functions H 12 and .t:.H would 
decide on the occurrence of a maximum or a minimum in a given 
mineral-oil system • 

• ) Obviously. Equation (XII-36a) cannot give rise to the occurrence of a point of inflection 
in the viscosity -concentration curves. 
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Equation (XII-58) implies that an extreme may occur only within 
a more or less restricted temperature range around the temperature 
where the component oils become isoviscous. Consequently, for sett
ling the question whether a maximum or a minimum should be anti
cipated it is sufficient*) to confine oneself to a consideration of 
the B12 -values that may be encountered at this very iso-viscosity 
temperature, denoted by e iv (or tiv with t in deg C). 

Substituting the latter temperature into Correlation (XII-38) for 
B12 leads to: 

(0.160 - 0.4·.c:.S) 1- .c:.S(O. 1127 + eiY)/ -

- .c:.S [0. 08H -+- O. 35 (0.1127 + eiY )] (XII-60) 

For evaluating Equation (XII-SO) it is necessary to distinguish 
between two cases: the first one relating to elv ~ -0.1127, that is 
to tiv ,,40 oC (104°F); and the second one relating to e lv ~ -0. 1127, 
that is to t iv ~ 40°C. 

1. In the case where t iy "40°C, Equation (XII-SO) may be rewrit
ten as: 

BI2 o. = -.c:.S [(0. 190 + 0.4·.c:.S) (0.1127 + ely) + 0.088]. (XII-Sla} 
t\71V 

In the tewperature range under consideration the right-hand side 
of the latter equation is negative for all possible values of .c:.s. 
Therefore, according to Equation (XII-59b), a minimum occurs in 
the viscosity-concentration curves of mineral-oil mixtures at tem
peratures in the vicinity of the temperature where the cOl:nponents 
become isoviscous, provided that the latter temperature does not 
exceed 40°C. 

2. In the second case, where tiY ~ 40°C, Equation (XII-SO) may be 
rewritten as: 

B12,etv =-.c:.S [(0.510 - 0 .. 4· .c:.S) (0.1127 + elv ) + 0.088]. (XII-SIb) 

The right-hand side of Equation (XII-SIb) may be either positive, 
or zero or negative. In fact, for any possible value of .c:.S a "tran
sition" value may be calculated for the iso-viscosity temperature 
where the function H12 @'v' as defined by Equation (XII-SIb), be
comes zero. Whilst the function H 12,@iY becomes negative for tem
peratures below the latter transition values, it assumes positive 
values for higher temperatures, 

The relevant "transition temperatures 11, denoted by eiv,tr or tiv,tr, 
can be obtained from Equation (XII-SIb) simply by putting its right
hand side equal to zero. The resulting expression reads: 

.) When a given system does not exhibit an iso -viscosity temperature, that is when the rectified 
viscosity -temperature lines of its components are par a II e I, the function AH is constant over 

. the entire temperature range and As = O. It readily foll~ws from Equation (XU-52) in the pre
ceding Appendix XU-3 that in the latter case the function H12 is likewise constant over the 
entire temperature range, namely HI2 :O,160·AH .. , Thus, the basic Condition (XII-58) excludes 
the occurrence of an extreme. 

In the following analy<is the valueAS =0 will therefore be consistently left out of consideration. 
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0.088 
0.4.~S _ 0.510 - 0.1127 (XII -62) 

For a few distinct values of ~S the transition temperatures tiv,tr 
have been listed in Table XII-19. 

TABLE Xll-19 

"Transition Temperatures" 
tiv.tr for a Few Distinct 

Values of ~s 

~s 
tiv f tr 

deg C deg F 

0.000") 125 260 
0.100 135 275 
0.200 145 295 
0.300 160 320 
0.400 180 350 

") The listed transition tem
perature represents the 
limiting value for as ap
proaching zero. 

It is concluded that in this second case a minimum would in
variably occur if the iso-viscosity temperature does not exceed 125°C 
(260°F). But for the higher temperatures specified in Table XII-19 
the surprising and rather bold conclusion emerges that a maximum 
might occur on mixing isoviscous oils. 

It should be well realized, however, that the indicated maxima 
would be encountered only at very high temperatures, 

Moreover, at these very high temperatures the involved viscosities 
usually are very small. Accordingly, the practical importance of the 
predicted viscosity increases might off-hand be anticipated to be 
quite moderate. Indeed, quantitative calculations have proved to con
firm this conjecture. 

As examples some oils having a common Slope Index S = 1.234 
(corresponding to a DVI of 100) and covering a wide range of vis
cosities have successively been taken as second components of 
binary oil mixtures. As the respective first components two sets 
of oils have been used which would display the same viscosity as 
the aforementioned second components at a temperature of 200°C 
(392°F). The oils of the one set of first components have Slope In
dices O. 200 units above the aforementioned value, so that they yield 
mixtures with ~S = 0.200; for the other set of first components ~S = 
= 0.400. The percentage viscosity increases which would ensue at the 
iso-viscosity temperature of 200°C from mixing equal volumes of 
the specified oils are collected in Table XII-20, 

This table conveys a good picture of the quantitative significance 
of the predicted viscosity increases. 
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T ABLE XII -20 

Percentage Viscosity Increases Ensuing from Mixing Equal Vol
umes of Two Mineral Oils (S2 = 1.234) Being Isoviscous at 

200°C (392°F) . 

'lJ40OC 'lJ200oC 
Percentage Viscosity 
Increase at 200°C 

of Second Oil, of Both Oils, 
cP cP dS = 0.200 dS = 0.400 

1 0.22 0.2 0.2 
10 0.61 0.9 0.7 

100 1.72 1.2 0.9 
1,000 4.83 1.6 1.2 

10,000 13,6 2,1 1.4 
100,000 38.2 2.3 1.6 

From these and additional calculations it is indeed concluded 
that - disregarding yet the unusually high temperature range invol
ved - the predicted viscosity increases would assume hardly any 
practical significance, 

1 

1.1 
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CHAPTER XIII 

SOME APPLICATIONS IN HYDRODYNAMIC LUBRICATION 

XIII. 1. INTRODUCTION 

The preceding chapters of this thesis have aimed primarily at 
achieving a rational and convenient characterization of the viscosity
temperature-pressure relationships of lubricating .oils - notably min
eral oils - and at predicting these relationships from their chemical 
constitution or from easily assessable physical constants. 

The resulting equations and correlations may be claimed to have 
some most significant technological and economical implications. As 
an introduction to this concluding chapter it is thought useful to restate 
these implications as inherent in the subject of the present thesis. 

From the view-point of the oil technologist not only are there the 
important aspects of conveniently rating and/or predicting the vis
cosity characteristics of his products but also those of preparing 
oils with viscometrical properties specified or desired by the lubric
ation engineer, either through efficient refining or conversion of 
naturally available oils or through purposeful synthesis. Since in 
lubrication engineering increasingly keener demands are made on 
the viscometricalproperties of the oils, the latter aspect in particular 
may be considered to assume steadily growmg importance. 

The prinCipal aspect from the view-point of the lubrication engineer 
consists in the evaluation, and ultimately the correlation and predic
tion of the hydrodynamic lubrication performance of nils. In fact, 
once satisfactory correlations have thus been established, these can 
be advantageously applied in the selection of suitable oils and in 
predicting the consequent performance characteristics of machine 
elements working under specified oj.lerating conditions. 

Finally, as indicated in Chapter I, the designer of machine el
ements which are to act under hydrodynamic lubrication conditions 
should treat the oil as a real constructional material. Now, the con
structional value of such an oil has been shown to be essentially 
determined by its viscosity-temperature-pressure relationship. 

In connection with the description, in the preceding chapters, of 
the newly developed equations and correlations various morE: or less 
general applications of these have there been expounded. Further, 
it would appear fairly simple to elaborate several additional ap
plications. All in all, these equations and correlations have proved 
straightforward and reliable tools for efficien~ly tackling a great 
variety of visco<;ity problems. 

This concluding chapter intends to delineate some simple applications 
of the aforementioned findings more specifically in the theory and 
practice of hydrodynamic lubrication. 
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XIII. 2. CORRELATION BETWEEN THE HYDRODYNAMIC LUBRIC
ATION PERFORMANCE OF OILS AND THEIR VISCOSITY -TEM

PERATURE-PRESSURE RELATIONSHIP 

XIII. 2. 1. Introduction 

As elucidated in Section' I. 3, the hydrodynamic lubrication per
formance of oils is, in general, essentially determined by their vis
cosity-temperature-pressure relationship. Accordingly, an important 
basic problem in lubrication research consists in accounting for the 
latter relationship by means of convenient, yet sufficiently represen
tative, viscosity characteristics which may be feasibly correlated 

,with the hydrodynamic lubrication performance of the oil concerned. 

Some investigators have suggested that this basic problem could 
be solved simply by introducing the concept of a suitably chosen 
"representative" viscosity. Thus, for the correlational purpose in
tended such a representative viscosity might well allow sufficiently 
not only for the effects of the oil's viscosity grade but also for those 
of the viscosity variations ensuing throughout the oil film from the 
non-uniformity of temperature and/or pressure. 

One might, for instance, conceive some viscosity value defined 
and determined by "averaging" over the entire oil film as such a 
representative one. Actually, in various problems the solution would 
appear even much simpler. In fact, it has proved permissible in 
such problems to take simply the viscosity of the oil under the con
ditions prevailing at the inlet to its film as a representative one, 
without accounting explicitly for the viscosity variations encountered 
throughout this film. 

But on closer consideration it would appear that, as demonstrated 
by Blok206), the latter solution would in general be oversimplified. 
Indeed, it can be stated that generally it would amount to stretching 
imagination too far to uphold the concept of a "representative" vis
cosity as a really valuable one in attempts to provide some accep
table solution to the basic lubrication problem under discussion. 

XIII. 2. 2. The Conventional Procedure 

The conventional procedure for correlating the hydrodynamic lu
brication performance of oils with their viscosity-temperature-pres
sure relationship is based on the use of three straightforward quan
tities for this relationship. Besides the viscosity grade, I'/o,!' of the 
oil, the conventional procedure involves its viscosity-temperature 
coefficient f3o,r (see § VI. 3. 1) and its viscosity-pressure coefficient 
O'O,r (see Section VII.4), both coefficients taken at the same con
ditions as the viscosity grade, that is at atmospheric pressure and 
at the same (standard) reference temperature, t r • 

Now, lhe conditions prevailing at the inlet to the oil film are fre
YU("lllI.v "dopted as suitable reference conditions for the three afore
mentiuned viscosity characteristics. But, whilst the inlet pressure 
can simply be considered as atmospheric, the inlet temperature 
cannot so easily be assessed. Fortunately, owing to the very ef-
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fective transfer of heat between the rubbing surfaces and the minute 
amount of oil flowing into the film, the temperature of the oil at the 
inlet to this film may be taken to have assumed practically the same 
level as that of the rubbing surfaces themselves, irrespective of 
the temperature at which the oil is being supplied. 

Although it is not necessary to tal{e the inlet temperature proper 
as the reference temperature, this choice has the advantage that the 
viscosity-temperature coefficient fjo,r can be dispensed with entirely 
in cases where the temperature variations. over 'the oil film remain 
quite moderate. On the other hand, by using invariably the same 
standard reference temperature - irrespective of the particular inlet 
temperature - one achieves that the consequent correlations can be 
put on a more uniform basis. 

XIII. 2. 3. The Present Procedure 

The newly developed procedure for correlating the hydrodynamic 
lubrication performance of oils with their viscosity- temperature-pres
sure relationship has the weighty advantage over the conventional 
one that it involves a more adequate and more convenient combination 
of three parameters for the latter relationship. In fact, the present 
procedure employs the two dimensionless parameters So and Zr in 
addition to the viscosity grade, l1o,r' of the oil considered; once 
again the index r relates to a particular reference temperature, 
which may be either some suitably chosen standard reference tem
perature or the inlet temperature concerned. 

Thus, the new procedure is based on the validity of the simplified 
viscosity-temperature-pressure equation presented in Chapter V; 

H = So€) + Zr II + log Go . (V-9b) 

It may be recalled that this equation applies better according as 
the parameter C in the basic Equation (V -la) approximates closer 
to zero. In general, Equation (V -9b) may be regarded to give a satis
factory description of the complete viscoslty-temperature-pressure 
relationship of oils within fairly wide ranges of temperature and 
pressure, that is from about 20 to 120°C (68-248~) and up to pres
sures of about 2, 000 kgf/cm (28, 000 psi). But for the correlational 
purposes normally intended in lubrication research, the accuracy 
inherent in Equation (V -9b) may be taken satisfactory even in con
siderably wider ranges of temperature and pressure. In fact, these 
ranges may then be regarded as sufficiently wide to comprise the 
temperature and pressure variations encountered in practically all 
lubrication problems. 

This leads up to the significant conclusiol1 that for correlational 
purposes in hydrodynamic lubrication the indices So alld Zr ill COJ/

junction with the oilts viscosity grade, I1Q r> may as a rule be 
regarded as representative, to a good appro xli nation , of its complete 
viscosity-temperature-pressure relationship. 

The delineated analytical background explains the definite supe
riority of the presPJlt proce(lu.·e over the cOllvClltioual oJ/e. 1\1ore
Oller, ill contr(lst to the coefficients /3 0 ,r and 0'0, r used iJi tile ('01/-
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ventional procedure, the indices So and Z[ display the significant 
feature that they are substantially constant in wide ranges of tem
perature and pressure, so that they permit a simpler and more 
•. dequate analytical e v a lu a t i on of the complete viscosity-temper
atureMpressure relationship of the oil considered. Further, these 
indices have proved more convenient also in the viscometrical s e 1 -
e c t ion of lubricating oils (see Section XIII. 3). 

It is true that, in contrast to the viscosity-temperature and the 
viscosity-pressure coefficients used in the conventional procedure, 
the two dimensionless indices So and Zr cannot be employed directly 
as influential quantities in correlational attempts based on dimensional 
analysis. This might seem a serious drawback of the present pro
cedure since dimensional analysis constitutes a powerful tool in the 
theory of lubrication, be it fully or only partially hydrodynamic. In 
fact, in lubrication problems where several effects have to be con
sidered at the same time dimensional analysis would even remain 
as the only really workable expedient206 ,207). 

On nearer consideration, however, the indicated drawback inherent 
in the present procedure proves to be of minor importance. This 
accrues from the existence of simple interrelationships between the 
two indices So and Zr used in this procedure and the corresponding 
viscosity-temperature and viscosity-pressure coefficients, respec
tively. Referring to Equations (VI-5) and (VII-5), the relevant in
terrelationships can be written as: 

and 

11 
S 1 

O,r 
ql' o· og--

11 .. 

110, r log __ 

11 .. 

(VI-5a) 

(VII-5a) 

where the constants ql and q2 are functions only of the standard 
reference temperature, t r' , 

Consequently, in establishing correlations through dimensional 
analysis the right-hand sides of the latter two expressions can be 
used simply instead of the coefficients f30 r and QO,r>~)' Moreover, 
a similar substitution applies to any correiation already available. 
This is important because the applicability range of some newly 
established or properly revised correlation will thus become mar
kedly wider than that of the corresponding correlation developed on 
the basis of the coefficients f3o,r and QO,r' In addition, with various 
correlations which have thus been put into a more general and more 
convenient form, some further simplification may well be possible. 

The indicated generalization method may be elucidated for the case of a tentative correlation 
propounded by Dlok 206). 

In an attempt to correlate disk frimion results obtaIned by MisharIn, Dlok devised through the 
technique of dilllellsional analysis - a tentative correlation for the coefficient of friction which in
volves not only Llle Viscosity grade of the oil but also Its atmospheric viscosity -temperature and 

.) As a matter of facr, this atmospheric viscosity-pressure coefficient «O,r should first be replaced 
by the mOle appropriate in i t i'a 1 Viscosity-pressure coefficIent «I, r (see Section VII. 4). 
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Viscosity -pressure coefficient. Representing the coefficient of friction by f and combining the re
maining influential quantities into one single variable K1• Slok' s relevant Correlation (29b) can be 
rewritten as: 

(XIII-la) 

where the exponents sl.s2 and s3 denote constants. Substituting the foregoing Expressions (Vl-5a) 
and (VII-5a), Siok's correlation·) can now be put into the generalized form: 

(XIII-lbl 

where the quantity K2 represents the product of the variable Kl and the constants ql and q2 of 
Equations (VI-fia) and (VII-5a), raised to the powers s2 and s3_ respectively. Further, since the 
exponent sl happens to be equal") to the sum of the exponents s2 and s3' Equation (Xlll-lb) may 
be reduced to: 

( 

'IlO,r)51 '2 s3 
f = K2 'IlO,r' log;:- SO' Zr (XIII-lc) 

or 

(Xlll-ld) 

XIII. 3. VISCOMETRICAL SELECTION OF LUBRICATING OILS 

The viscometrical selection of lubricating oils can be conveniently 
performed on the basis of the new characterization method elucidated 
in the preceding section. Indeed, the sole use of the indices So and 
Zr has proved to permit a rational comparison of the atmospheric 
temperature and the pressure variation, respectively, of oils meeting 
some specified viscosity grade. FUrther, the relative importance of 
the effects of temperature and pressure variations on the viscosity 
of different oils can be judged simply from the 'ratio between both 
indices. 

A. ATMOSPHERIC VISCOSITY -TEMPERATURE EFFECT 

In many hydrodynamic lubrication problems some suitable oil has 

.) It may be noted that powet-type functions similar to Slok's correlation have proved useful in 
a variery of lubrication problems • 

.. ) This equality results from the reasonable assumption that the exponent "q" in Slok's Correlation 
(29b) arnounts to zero. 
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to be selected primarily on the basis of the ternpeyature variation 
of its atmospheric viscosity. As indicated in Section L 3, for proper 
functioning of a given machine element it is generally nece ssary that 
the viscosity of the lubricating oil employed is kept within a more 
or less restricted range under the varying temperatures encountered. 
In fact, at the lowest temperature encountered the viscosity should 
not exceed a certain upper limit, whilst at the highest temperature 
involved the oil should remain sufficiently viscous. 

The consequent limits to be imposed on the atmospheric viscosity
temperature relationships of suitable oils can be represented very 
conveniently in some rectifying viscosity-temperature chart, notably 
in the new HQ -e chart. Thus, the shaded rectangle - which may ap~ 
propriately be termed a viscosity-temperature" window" - in the sche ~ 
maHc Fig. XUI-l comprises the range of atmospheric viscosities -

----1----8 ( Increasing Temperature) 

fIG.XIU-I. 
Selection of Lubricating Oils According to Their Atmospheric Viscosity-Temperature Relationship by 

Means of the New Viscosity-Temperature Chart. 

varying from (Holmln to (Holmax - that are admissible between the 
minimum and maximum temperature encountered, denoted by tmin and 
tmax, respectively. It is seen that the depicted viscosity-temperature 
line with a viscosity (Ho )lilt at the arbitrarily selected standard ref
erence temperature tr represents the steepest atmospheric isobar 
permissible; its atmospheric Slope Index has accordingly been denoted 
by (SQ)max' For oils with different viscosity grades Ho r (at the 
same standard reference temperature trl the atmospheric 'Slope In
dex, So, should be smaller according as their viscosity grades ap
proximate closer to either the minimum or the maximum atmospheric 
viscosity prescribed. In fact, the range of atmospheriC Slope Indices, 
So, admissible with each particular viscosity grade Ho can be read 
at once from the shaded triangle of Fig. XIII-I. ,r 

SummaYizing, from the specifi(;;d minimum and maximum atmos-
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pheric viscosities that are still admissible at the given highest and 
lowest temperature a triangular diagram as reproduced io the sche
matic Fig. XIII-i can readily be constructed which permits a convenient 
selection of oils only on the basis of their viscosity grade Ho rand 
their atmospheric Slope Index. So. ' 

It may be added that by adopting some appropriate standard ref
erence temperature, for instance 400C (104°F), viscosity-temperature 
specifications can thus also be put on a more uniform basis. 

In the selection of oils according to their atmospheric viscosity-temperature relationship several 
figures included in Chapters VI and VIII may be very helpful. For a great variety of synthetic lu
bricating oils and miscellaneous liqllids Figs. VI-3 and VI-5 represent the atmospheric Slope Indices 
as a function of their viscosity grades. Further, for all the vlrious Itinds of tTl in era lolls tested 
so far, Chapter VUI contains several figures correlating their atmospheric Slope Index with their 
viscosity grade on the basis of either their chemical constitution or easily assessable physical con
stants. 

B. VISCOSITY -PHESSURE EFFECT 

Iri hydrodynamic lubrication problems where some suitable oil has 
to be selected primarily on the basis of the pressure variation of 
its viscosity this can conveniently be performed on the basis of its 
Viscosity-Pressure Index, Zr' 

The consequent selection applies to all those problems where a certain 
viscosity grade has been prescribed and pressure varies considerably 
throughout the oil film, notably in isothermal elasto-hydrodynamic 
lubrication problems (see the subsequent Section XIII. 4). 

It may be recalled that the Viscosity-Pressure Indices of a great variety of synthetic lubricating 
olls and miscellaneous liquids have been represented In Fig. VIl-2 as a function of their viscosity 
grades. For all the various kinds of mineral oils tested so far, Chapter IX contains several figures 
correlatillg their VisCOSity-Pressure Index with their Viscosity grade on the basis of either their chem
ical constitution or easily assessable physical constants; further, Fig.X-l and related figures of Cl<ap
ter X represent the Viscosity-Pressure Index of mineral oils as a function of their viscosity grade 
and their atmospheric S lope, Index. 

C. COl'vlBINED EFFECTS OF TEMPERATURE AND PRESSURE 

In hydrodynamic lubrication problems whei'e both temperature and 
pressure vary considerably throughout the oil film simply the ratio 
Zr/SO may be useful in the selection of oils meeting the specified 
viscosity grade s. 

Fig, X-15 represents the ratio Z40~G/SO of a great variety of both 
mineral oils, synthetic lubricating oils and miscellaneous liquids as 
a function of their viscosity grade, thus conveying a comparative pic
ture of the combined effects of temperature and pressure variations 
on their viscosity grade. It is seen that mineral oils occupy an inter
mediate position with respect to their ratio Z400C/SO' The included 
polymethylsiloxanes are outstanding in that they exhibit relatively 
high ratios, their values of Z400C being hearly equal to those of So 
(see also § XIII. 5. 3) . 
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XIII. 4. THE VISCOSITY-PRESSURE EFFECT IN HYDRODYNAMIC 
LUBRICATION 

XIII. 4. 1. Introduction 

As indicated in Section I. 3, the effect of the viscosity-pressure 
variation of oils on their hydrodynamic lubrication performance may 
usually be neglected when so-called conformal rubbing surfaces -
which, by definition, fit wholly, or nearly so, on or into each other 
- are involved. Disregarding this viscosity-pressure effect may still 
be justifiable with counterformal surfaces, provided that at least one 
of them is comparatively flexible. But when both counterformal sur
faces are made of rather rigid materials, such as steels, the vis
cosity-pressure effect does come to the fore. In fact, between such 
rigid counterformal surfaces pressures may well rise, even under 
moderate loads, to something like a few thousand kgf/cm2 . 

For proper understanding, the subsequent treatment of the effect 
of the viscosity-pressur.e variation of oils on their hydrodynamic 
lubrication performance is to be preceded by a concise review of 
three basic theories which have ,proved their value in solving dif
ferent kinds of hydrodynamic lubrication problems. The possibility 
of classifying hydrodynamic lubrication problems according to their 
attackability by one of these three theories has recently been intro
duced and elaborated by Blok5,6). 

A. THE CLASSICAL THEORY 

The classical theory of hydrodynamic lubrication is based on Rey
nolds's famous equation. This equation interrelates the film-pres
sure distribution and the film profile and shows the influence of the 
tangential velocities of the rubbing surfaces (relative to the film as 
a whole) and the viscosity - at the operating conditions - of the oil. 

Notwithstandingthealmostuniversal validity of the classical theory, 
its practical importance in solving hydrodynamic lubrication problems 
proves to be confined to those problems where the elastic defor
mations of the rubbing surfaces are relativel;y so small that these 
may reasonably be assumed to be perfectly rzgid. 

In such "classical" problems the film profile is thus given or pres
cribed, the film-pressure distribution being required. Once this 
film-pressure distribution has been obtained by integrating Reynolds's 
basic differential equation, the important criteria for rating the hy
drodynamic lubrication performance of the oil film, notably its load
carrying capacity and the resulting frictional losses, can be asses
sed in a fairly simple manner. 

Such classical problems constitute the subject of the great majority 
of publications on hydrodynamic lubrication. 

B. THE ELASTO-HYDRODYNAMIC THEORY 

Particularly in problems where the viscosity-pressure variation 
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of the oil affects considerably its hydrodynamic lubrication perform
ance the elastic deformations of the rubbing surfaces - notably 
when these are highly-loaded counterformal surfaces - also tend to 
become relatively great, that is of the same order of magnitude as 
the - minute - thickness of the oil film. In such problems the as
sumption of rigid surfaces may no longer be upheld and the so-cal
led elasto-hydrodynamic theory has to be resorted to. 

Thus, the elasto-hydrodynamic theory is more general than the 
classical theory in that it accounts - by means of the modulus of 
elasticity of both rubbing surfaces - for the elastic deformations 
caused by the pressures hydrodynamically generated throughout the 
oil film. It has appeared that the effect of these elastic deformations, 
acting in conjunction with the viscosity-pressure variation of the oil, 
gives rise to considerably higher load-carrying capacities than the 
viscosity-pressure variation would do all by itself with perfectly 
rigid surfaces. 

It stands to reason that, .in general, "elasto-hydrodynamic" prob
lems will be much more difficult to attack than classical ones. In 
fact, in Reynolds's eqliation the film thickness is now affected by 
the elastic deformations, that is by the unknown pressure distribution, 
so that this eqtlation has to be combined with that describing the 
elastic deformations as a function of the unknown pressure distribu
tion. 

C. THE INVERSE THEORY 

In recent years a frequently convenient counterpart to the classical 
theory was elaborated by Blok6). His so-called inverse theory ap
plies primarily to flexible rubbing surfaces, which easily yield -
even under quite moderate loads - elastic deformations much greater 
than the thickness of the oil film interposed. 

It can be shown that with such surfaces the pressure distribution 
in the oil film must be practically identical with the distribution of 
contact pressures that would obtain - under the given load - for no 
oil at all. As the latter distribution can be calculated by the sole 
use of the theory of elasticity, the corresponding film-pressure dis
tribution may be considered to be known a priori. The film profile 
hydrodynamically compatible with this elastically imposed film-pres
sure distribution can then be determined in a simple manner from 
Reynolds's basic equation. 

Thus, like the classical theory, Blok's theory is ultimately based 
on the validity of Reynolds's equation. But the latter theory may in
deed be termed "inverse II with respect to the "classical" theory, 
that is as regards the given and required quantities. As a consequence, 
the inverse theory displays the important feature that the mathematics 
involved prove to be essentially simpler than those of the classical 
theory. 

As indicated above, those hydrodynamic lubrication problems where 
the viscosity-pressure effect of the oils becomes really significant 
will generally belong to the category of so-called elasto-hydrodynamic 
problems. Blok has shown, however, that in many cases his inverse 
theory enables a substantially simpler attack of such complicated 
pFoblems than the genuine elasto-hydrodynamic theory (see the sub-
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sequent § XIII. 4. 2). 

The following treatment will be confined to isothermal but non
isoviscous hydrodynamic problems, that is to problems. where the 
effect of temperature variations is negligible but where film pres
sures become so high that the viscosity-pressure effect comes to 
the fore. 

For proper understanding, it should be pointed out that in hydrodynamic lubrication problems \~here 
the combined effects of temperature and pre&sure on the viscosity of the oil have to be taken 
into consideration the resulting film profile may be very different from that establishing itself. 
under the given load. in the corresponding isothermal problem where only the pressure variation of 
viscosity has to be accounted for. In fact. the high pressures created in the oil film tend to increase 
not only the viscosity of the oil but also the viscous-frictional he a t developed in this film. If this 
heat cannot be transferred rapidly enough to the rubbing surfaces. the temperature in the oil film 
is bound to rise, especially in the film portion where the pressures are highest. In certain cases the 
consequent temperature .rise may become so considerable as to balance, or even outbalance, the 
viscosity -pressure effect proper. 

However, with rather rigid, counterformal surfaces - such as 
balls or rollers on their races in rolling bearings and meshing tooth 
faces - the transfer of viscous-frictional heat developed in the oil 
film normally proves to be so effective that' the temperature varia
tions throughout the oil film remain within tolerable limits"'). This 
is generally the case when nearly pure rolling of the rubbing sur
faces prevails - so that their sliding tendency is sufficiently sup
pressed - and film thiclaless is not too small. 

Consequently, solutions achieved for strictly isothermal but non
isoviscous hydrodynamic problems have a really wide applicability 
range in that they constitute fair approximations also to many prac
tical problems with non- isothermal flow. 

XIII. 4.2. Accounting for the Viscosity-Pressure Effect in Isothermal 
Hydrodynamic Lubrication 

Under isothermal conditions, the influence of the viscosity-pres
sure variation of oils on their hydrodynamic lubrication performance 
is such that both the load-carrying capacity and the frictional losses 
are increased. However. at least as long as full hydrodynamic lu
brication obtains, the increase in frictional losses usually proves to 
be of minor practical significance as compared with the gain achiev
able in load-carrying capacity. 

The aforementioned two-fold influence of the isothermal viscosity
pressure effect of a given oil on its hydrodynamic lubrication per
formance can be assessed from the changes brought about in the 
distribution of pressures throughout the created oil film. The rel
evant problem was solved ingeniously by the famous Swedish inves
tigator Weibull 208) His straightforward and convenient theory - put 
forward as early as 1925 - has the attractive feature that it can be 

*) It may be remarked that additional heat effects arise from the adiabatic compression and 
decompression of the oil in passing through the maximum in its film-pressure distribution. 
As a result, in certain cases the temperature at the outlet may become even lower than that 
at the inlet to the oil film. 
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applied to any given profile of the oil film and to any form of the 
involved viscosity-pressure relationship of the oil. Quite recently, 
Blok presented a lucid elaboration of Weibull's basic theory. The 
SUbsequent expos~ essentially derives from Blok's extensive study. 

Weibull's theory amounts to reducing isothf?,rmal but non-isovis
cous hydrodynamic lubrication problems to the corresponding iso
viscous ones. This is performed by introducing a new pressure var
iable, Piv, the "fictitiously isoviscous film pressure" or, for short
ness, the "isoviscous pressure", This isoviscous pressure, Piv, is 
related to the actual film pressure, P. by the integral; 

p rJo 
p. =' f - dP , 

lV rJ 
o 

(XIII-2) 

where rJo represents again the viscosity of a given oil at atmospheric*) 
pressure and at the temperature prevailing at the inlet to the film 
and where rJ denotes its viscosity at (gauge) pressure p and at the 
same temperature; further, the integration variable P has the mean
ing of a pressure varying over the integration range, 0 "p ~p. 

By working ou1 Integral (XIII-2) for an oil whose viscosity-pres
sure relationship is known at the temperature concerned one can 
write the actual pressure, p, explicitly in terms of the isoviscous 
pressure, Piv' and vice versa (see below). Consequently, on the 
basis of Weibull's Transform (XIII-2) the film-pressure distribution 
in an isothermal but non-isoviscous hydrodynamic lubrication prob
lem can be assessed, for any particular film profile and for any 
particular oil, from that in the corresponding isoviscous problem, 
and vice versa. 

For many isoviscous problems the distribution of isoviscous pres
sures, Piv' is given in the literature; or. if not there given, this 
distribution can be assessed from the classical theory of hydrody
namic lubrication, that is from Reynolds's basic equation. Then, 
from the known distribution of isoviscous pressures, Piv' the cor
responding distribution of actual pressures, p, can be determined 
simply by evaluating Weibull's Transform (XIII-2) for the lubricating 
oil concerned, that is from its viscosity-pressure relationship at the 
inlet temperature. 

On the other hand, as indicated by Blok, Weibull's transform is 
very useful also in inverse problems with isothermal but non-iso
viscous flow. In such problems it, is the distribution of actual film 
pressures, p, that is known - being elastically imposed upon the 
film - and the film profile that is required. Now, the film profile 
sought can be asse ssed from Reynolds's basic relationship once the 
corresponding distribution of isoviscous pressures, Piv' has been 
determined by means of Weibull's Transform (XIII-2). 

The integral represented by Weibull's Transform (XIII-2) can be 
worked out for any oil whose viscosity-pressure dependence is given 
at the temperature concerned, either by some analytical or some 

.) Strictly speaking, the latter, Viscosity relates to the pressure at the inlet to the film; usually. 
however. tIllS pressure may be regarded as atmospheric. 
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graphical procedure, In order to show the overall trend of the re
lationship between the a<:tual pressure, p, and the corresponding 
isoviscous pressure, Ply.' 
first of all for the usually 
relationship: 

Weibull's transform will be worked out 
employed exponential viscosity-pressure 

(IV-Ia) 

This leads to the following relationships between Plv and p: 

p. = 1:. (l - e -.P) (XIII-3a) 
lV a 

or 
I ·1 

P = Ii" In (1 - a PIV) , (XllI-3b) 

Equation (XIII-3a) implies that the isoviscous pressure, Plv, ap
proximates asymptotically to a finite upper limit, Pj,v as' when the 
actual pressure, p, approaches infinity (assuming tne oil has not 
yet solidified). This limiting pressure, Piv as' the so-called asymp
totic (fictitiously) isoviscous pressure, is' therefore defined by: 

f
'" 110 

P = ~dP. IV,as " 
{XIll-4} 

By substituting Equati0n (IV -la) it can readily be verified that, ac
cording to Definition (XIII-4), the limiting value Plv as should be 
identical to the reciprocal value of the viscosity-pressure coefficient 
a of a given oil at the temperature in question, From Barus's vis
cosity-pressure Equation (IV -la) it can further be derived that for 
a given oil and at the temperature considered the asymptotic iso
viscous pressure, p. ,should be numerically equal to the real 
pressure that has tg'~e applied in order to increase its relative 
viscosity, 11/110' to the value of e (=2.718), the base number of the 
natural logarithm. 

Taking Plv, as = 1 /0', Equation (XIII-3a) may be rewritten in the form: 

P 
- Plv,as 

1 - e (XIII-5) 

Further, combination of the latter expression with Barus's Equation 
(IV -la) leads to the identity: 

(XIll-6) 

On the basis of Equations (XIIl-5) and (XIII-6) both the ratio 110/11 
in Weibull's Transform (XIIl-2) and the ratio PIV/PIV as have been 
depicted as a function of the actual pressure, p. From 'the resulting 
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Fig. XIII-2 the important feature emerges that with increasing actual 
pressure, p, the corresponding isoviscous pressure, Ply' approaches 

0.5 

~---,;:,,L----,,-;;i-====:::;;=;;t==do.o 
.3 iv,os 

• P 

fIG.XIII-2. 

Piv 

Piv,os 

I 
The Ratios Plv/Plv, as and '110/'11 as a function of Pressure According to Equations (Xm-S) and (XIII-6)~ 

its asymptotic value, Piv as' quite rapidly. In fact, already at ac
tual pressures above something like 3 Plv as or 4 Piv as the iso
viscous pressure is seen to reach its limiting value within a few 
per cent; some of the pertinent numerical data are included in Table 
XIII-I. 

TABLE Xlll-1 

The Ratios Plv/PIY,as and '110/'11 
for a Few Distinct Values of the 
Ratio P/PIY. as According to 
Equations (XIII-5) and (Xlll-6) 

p/plY. as 

0 1 0 
0.5 0.606 0,394 
1 0.368 0.632 
2 0.135 0.865 
3 0.050 0.950 
4 0.018 0.982 

On the other hand, Fig. XIII-2 shows that the isovisco-us pressure, 
Ply' comes close to the actual pressure, p, when the latter is con
siderably lower than the corresponding asymptotic isoviscous pres
sure, Ply as' 

Fig. XllI-2 thus also demonstrates that the ratio P/PIV as may be 
regarded as a simple criterion for roughly appreciating,' in a par
ticular lubrication problem and at the temperature concerned, the 
importance of the effect of the viscosity-pressure dependence of a 
given oil on its hydrodynamic lubrication performance. 

Finally, it should be mentioned that,. whilst Fig. XUI-2 and Table 
XIIJ-I are based on an exponential variation of viscosity with pres
sure, a similar trend of the relationship between p and Ply is ob
served with all other analytical viscosity-pressure equations, at least 
in so far as these may indeed be deemed sufficiently accurate {com-
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pare § XIII.4.4). 

As regards the magnitude of the asymptotic isoviscous pressures, 
Piv as' of lubricating oils, it can be stated that in the conventional 
temperature range these pressures amount to something like 500 kgf/cm2 

(about 7,000 psi), For example, for all the various kinds of 
mineral oils tested so far the asymptotic isoviscous pressures 
at 40°C range from 150 to 1,000 kgf/cm2 (about 2,000-14, 000 psi»~). 

From the preceding findings it may be concluded that for most 
lubricating oils and up to fairly high temperatures the actual pres
sure, p, at which the isoviscous pressure, Piv' approaches its cor
responding limiting value, Plv as' within a few per cent is of the 
order of some 1,500 to 2,000 'kgf/cm2 (21,000-28,000 psi). 

Now, especially in problems where the influence of the pressure 
variation of viscosity on the oil's hydrodynamic lubrication perform
ance becomes really important, the actual film pressures, p, can 
easily assume the latter, or even higher, values. 

As elucidated by Blok, the latter result is particularly useful in 
applying his inverse theory to solving a physically significant part 
of the problem of the isothermal lubrication of heavily-loaded counter
formal surfaces, such as gears and rolling bearings. In fact, the 
relevant problems become substantially simplified in that over· the 
entire portion of the film where the prescribed pressures, p, are 
suffiCiently high the isoviscous pressures, Ply' may simply be taken 
equal to their asymptotic value, Piv,aS' at the film temperature 
concerned. In assessing the required film profile - by means of 
ReynoldS I s basic equation - it then follows that through that entire 
portion the film thickness must be practically constant or, say, the 
film profile must be nearly parallel. 

In the introduction to this section it has already been pointed out 
that, in general, hydrodynamic problems where the. Viscosity-pres
sure effect becomes really significant may be considered to belong 
to the category of so-called elasto-hydrodynamic problems, The many 
solutions provided so far for such problems have usually been based 
on the assumption that the lubricating oil employed would obey the 
exponential Equation (IV-la). Thus, in these solutions the viscosity
pressure effect has been accounted for simply by means of the vis
cosity-pressure coefficient, a. However, more general solutions 
would be possible through accounting for the viscosity-pressure de
pendence of a given oil by means of its asymptotic isoviscous pres
sure, P jv a.'l' 

In fact,' l:jlok has arrived at the very important conclusion that all 
elasto-hydrodynamic results achieved hitherto for an exponential vis
COSity-pressure dependence can, to a fair approximation, be ge n
era liz e d for any given, non-exponential, dependence simply by 
substituting the reciprocal of the asymptotic isoviscous pressure, 
l/Piv.as. for the viscosity-pressure coefficient, a, occurring in 
these results. 

Such a generaliZation has been elaborated by Blok specifically· for 

OJ Further particulars can be foundjn Fig.XIII-4. which· wiIl be discussed in the subsequent· Section 
XIII. 5, 
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the Ertel-Grubin approximative treatment of the isothermal elasto
hydrodynamic problem of heavily-loaded counterformal surfaces which 
are not flexibly coated. For this important problem, which is re
presentative of the lubrication of heavily-loaded gears and rolling 
bearings, Blok's generalization has been achieved mainly on the 
basis of his inverse theory. 

It may be mentioned that in such generalized elasto-hydrodynamic 
results the ratio 'flO/PiV as frequently occurs as a single oil charac
teristic. In accordance 'with WeibuU's Transform (XIlI-2) this ratio 
may be rewritten as: 

(XIlI-7) 

where <p denotes the reciprocal of viscosity, the so-called fluidity. 

All in all, the asymptotic isoviscous pressure, PiV as> should be 
regarded of paramount importance in all isothermal 'hydrodynamic 
lubrication problems where the pressure variation of the viscosity 
of the oil becomes really significant. Although reasonable values for 
this quantityPiv,as can be derived by assuming that the oil con
forms to an exponential viscosity-pressure dependence, a more ac
curate, yet convenient, estimating method would be desirable. 

In the subsequent § XIII. 4.3 it will be shown that this can readily 
be achieved on the basis of the newly developed viscosity-pressure 

. Equation (IV-5a). 

XIII. 4. 3. Application of the New Viscosity-Pressure Equation 

According to the present viscosity-pressure Equation (IV -5a), the 
asymptotic isoviscous pre~sure, Piv,as' of a given oil and at a given 
temperature can be rewrItten as: 

T10 fOO(T1o ) - (1 + 2,~o0Z 
= - - dP , 

'fl.. 0 T100 
(XIII-Sa) 

where the fictitious viscosity T100 would again amount to 0.0631 cP 
and be common to all liquids. By appropriate SUbstitution the latter 
expression can be reduced to: 

-4 
3.170.10 

-u e u(i- ~ du, (XIII-Bb) 

where the new integration variable u is defined by: 
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_ ( --E-\z 
u - 1 + 2,000; ln~ (XIII-9) 

TJ .. 

and where atmospheric viscosity, 170 , has again been expressed in 
cP and pressure (p and Plv.as ) in kgf/cm2 • 

The integral of Expression (XIII-8b) represents a so-called in
complete gamma junction. The numerical evaluation of this function 
can be performed by means of Pearson's well-known tables209). How
ever, in order to obviate the still rather tedious calculations in
volved the asymptotic isoviscous pressures, Piv as' have been com
puted for extensive ranges of the two variables: that is the atmos
pheric viscosity, 170' and the Viscosity-Pressure Index, Z. In fact. 
the results compiled in Table XIII-2 cover nearly all oils encoun
tered in actual lubrication prac tice. 

For convenience, the logarithms (loglO) of the values of Piv,as have 
been listed in the latter table for distinct values of the Viscosity
Pressure Index, Z, and of the atmospheric viscosity function Ho; in 
addition, the logarithms of the values of Z have been included. The 
reason is that in its present form this table permits accurate deter
minations of asymptotic isoviscous pressures also for intermed'iate 
values of the Viscosity-Pressure Index and the atmospheric viscosity. 
This can be performed simply by linearly interpolating, since for 
any constant value of the Viscosity-Pressure Index and over a fairly 
wide range of atmospheric viscol?ities the corresponding values of 
log Piv as and Ho prove to be linearly interrelated, at least to a 
very good approximation; similarly, at any constant value of the at
mospheric viscosity and over a restricted range of Viscosity-Pres
sure Indices the corresponding values of log Piv,as and log Z are 
linearly interrelated, again to a very good approximation. 

Table Xlll-2 lists asymptotic isoviscous pressures for every 0.1 unit of the at m os ph et ic v I s
cosity function HO' from HO = -0.2 up to HO = 0.9 (corresponding to atmospheric Viscosities, 
"10' ranging from about 0.21 to 5.5.106 cPl. As regards the asymptotic isoviscous pressures obtained 
by linearly interpolating according to HO' it can be stated that at any constant Z-value from about 
1.50 down to 0.50 these will be accurate within about 0.5,,/0. At Z -values from 0.50 down to about 
0.20 the estimates will be accurate within about 1"/0. At still smaller Z -values the accuracy in
herent in the estimated values of Plv,as will remain tolerable, that is at least as good as that in
herent in the experimentally derived Z-values themselves; otherwise, at such small Z-values the 
accuracy of the latter estimates can be considerably improved by Interpolating according to a smooth 
relationship between log Piv. as and Ho rather than the assumed linear one. 

Table XIII-2 contains Viscosity -P·ressure Indices for every 0.01 unit over the range from 
0.50 to 1.10, this range covering the great majority of lubricating oils encountered. Linear inter
polations according to log Z between the listed Z -values (differing by 0.05 units) from 1.10 to 
1. 50 will yield asymptotic isoviscous pressures accurate within about O. 'll/o. At Z -values (also dif
fering by 0.05 units) from 0.50 down to 0.30 the estimates will be accurate within about 1"/0. At still 
smaller Z-values (likewise differing by 0,05 units) the accuracy inherent in the estimated values 
of Piv.as will remain good in comparison with that·inlierent in the experimentally derived i.-values; 
however, particularly with highly fluid oils the accuracy of tne latter estimates call be conSiderably 
irliproveu by interpolating according to a smooth relationship between log Plv, as and log Z rather 
than tl". assllmed linear one. 

The existence of the aforementioned linear interr~lationships between log Plv,as and HO (at 
constant Z) and between log Piv,as and log Z (at constant 1}0) may be elucidated as follows. In 
Section VII.4 the in i t i a I viscosity -pressure coefficient, ~i, has been introdllced and defined by 



TABLE XIlI-2 

Asymptotic ISO\'iscous Pressures, Piv, as, for Distinct Values of the Atmospheric Viscosity Function HO and the Viscosit)'-Pressure 
Index, Z 

Viscosity- Values of log Piv. as; Piv. as in kgf/cm2 

Pre;su:e Index 
Atmospheric Viscosity Function HO 

L. log Z -0.::; -0.1 0.0 0.1 0.2 0.3 0 ... 0.5 0.0 0.7 O.S 0.9 

ll.O5 0.6990-2 19.01 .. 17.237 15 ..... 3 13.702 12. 0~8 10.438 8.955 7.605 6.423 5.448 4.707 4.18~ 

0.10 0.0000-1 8.870 8.033 7.239 6.497 5. 82~ 5.225 4.719 4.305 3.972 3.706 3.487 3.300 
0.15 0.1761-1 6.271 5.763 5.295 4.875 4.507 4.191 3.920 3.686 3.488 3.313 :1.157 3.0J:! 

J.20 0.3010-1 5.192 4.845 4.530 4.248 3.997 3.775 3.579 3.403 3.246 3.100 2.904 2.838 
0.:::5 0.3979-1 4.63~ 4.374 4.135 3.918 3.721 3.542 3.379 3.229 3.089 2.959 2.835 2.712 
0.30 0.4,71-1 4.300 4.087 3.888 3.711 3.541 3.388 3.242 3.105 2.978 2.854 2.734 2.621 

0.35 0.5441-1 4.068 3.887 3.717 3.559 3.407 3.263 3.132 3.004 2.884 2.767 2.650 2.541 
0.40 0.6021-1 3.901 3.739 3.585 3.440 3.301 3.169 3.044 2.923 06 2.692 2.680 2.470 
0.45 0.6532-1 3.770 3.623 3.481 3.344 3,218 3.091 2.975 2.856 2.743 32 22 1 .. 

0.50 0.6990-1 3.668 3.630 I 3.397 3.269 3.146 26 10 2.'195 2.685 2.676 2.470 2.364 

0.51 0.7076-1 -1-~ 13 80 54 31 14 00 85 75 66 60 54 
0.52 0.7160-1 31 3.496 65 40 19 02 2.888 75 65 57 50 .15 

0.53 0.7243-1 14 80 50 25 05 2.991 77 65 55 4<B 40 35 

0.54 D.7324-1 3.597 65 36 14 3.094 80 66 55 45 39 31 27 
0.55 0.7404-1 80 50 23 00 81 69 :;6 46 36 29 21 18 
0.56 0.7482-1 65 37 10 3.189 70 59 46 37 27 20 12 10 

0.57 0.7559-1 49 22 3.297 76 59 48 36 27 17 11 03 01 
0.58 0.7634-1 36 09 85 65 48 38 27 18 08 02 2.395 2.293 
0.59 0.7709-1 20 3.395 73 54 37 28 17 09 00 2.494 87 85 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 O.g 



CONTINUATION OF TABLE Xm-2 

Viscosity- Values of log Piv.as; Piv.as in kgf/cm2 

Pressure Index 
Atmospheric Viscosity Function flO 

Z log Z -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 O.S 0.7 0.8 0.9 

0.60 0.7782-1 3.506 3.383 3.261 3.143 3.026 2.918 2.808 2.'100 2.591 2.485 2.379 2.277 

0.61 0.7853-1 3.492 71 50 32 17 06 2. 'l99 12.692 83 77 71 69 
0.62 0.7924-1 79 59 39 22 08 2.899 90 83 75 69 63 61 
0.63 0.7993-1 66 47 28 12 2.998 90 81 74 67 61 56 54 

0.64 0.8062-1 54 35 17 02 89 80 72 66 59 '53 48 46 
0.65 0.8129·1 42 24 06 3.092 80 72 64 58 52 46 41 39 
0.66 0.8195~1 31 13 3.196 83 71 63 55 50 44 38 34 32 

0.67 0.8261-1 19 02 86 74 62 54 47 42 36 30 26 ' 24 
0.68 0.8325-1 07 3.290 75 64 54 46 39 35 29 23 19 17 
0.69 0,8388-1 3.396 80 66 55 46 38 32 28 22 16 12 10 

0.70 0.8451-1 85 70 57 46 37 30 24 20 15 09 05 03 

0.71 0.8513-1 74 60 48 38 29 22 16 12 08 02 2.298 2.196 
0.72 0.8573~1 64 50 39 29 21 14 09 04 00 2.394 92 90 
0.73 0.8833-1 54 41 30 21 13 06 02 2.597 2.493 87 85 84 

0.74 0.8692-'1 43 32 21 13 05 2.'l98 2.694 90 86 80 78 77 
0.75 0.8751-1 33 23 12 05 2.897 90 86 83 80 74 72 70 
0.76 0.8808-1 23 14 03 2.997 89 83 79 76 73 67 85 64 

0.77 0.8865-1 14 05 3.095 90 82 76 72 70 66 60 59 58 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9 



Visc"sity-
Pressute Index 

~ ~gZ .0.2 .0.1 0.0 

0.8921-1 3.304 3,196 3.087 
0,8976-1 3.295 88 79 

0_80 0.9031-1 86 79 71 

0.81 0.9085-1 78 71 64 
0.82 D.9138-1 69 63 56 
0.83 0.9191.1 61 ·56 48 

0.84 0.9243-1 53 48 41 
0.85 0.9294-1 45 40 34 
0.86 0.9345-1 37 32 27 

0.87 0_ 9395-1 30 25 20 
0.88 0.9445-1 22 18 14 
0.89 0.9494-1 14 11 08 

0.90 0.9542-1 07 04 01 

0.91 0.9590-1 00 3.097 2.994 
0.92 0.9638-1 3.192 90 88 
0.93 0.9685-1 86 84 82 

0.94 0.9731-1 78 77 75 
0.95 0.9777-1 71 70 68 
0.96 0.9823-1 64 63 62 

-0.2 -0.1 0,0 

COl>.'TINUATION OF TABLE Xlll-2 

Values of log Piv,asl Plv,as in kgf/cm2 

Atmospheric Viscosity Function HO 

0.1 0.2 0.3 0.4 

~~,:~~ 2.982 2.875 2.769 2.666 
74 68 62 59 

67 61 55 52 50 47 42 

60 54 48 46 -' 41 36 
52 47 42 40 37 35 30 
45 40 35 34 30 29 24 

38 33 28 27 24 23 19 
32 26 22 21 18 17 14 
25 20 16 15 13 11 08 

18 14 10 10 08 06 02 
12 07 05 04 02 00 2.297 
06 01 2.699 2.698 2.496 2,395 92 

00 2.795 93 93 91 90 

2.894 89 87 87 85 84 82 
8'7 83 81 81 79 79 77 
80 77 76 76 74 74 72 

74 71 70 70 68 68 67 
68 66 65 65 63 63 62 
62 60 60 60 58 58 57 

0.1 0,2 0.3 0.5 0.6 0,7 

0.8 

2.253 
48 

42 

36 
30 
24 

19 
14 
08 

03 
2.198 

83 
78 
72 

67 
62 
57 

0,8 

0.9 

2.152 
46 

41 

35 
29 
23 

17 
12 
06 

01 
2.096 . 

91 

86 

81 
76 
72 

67 
62 
57 

0.9 I 

I 
~ 
en 
en 
I 

T 
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Pressure Index 

Z lOgZ .. 0.2 -0.1 0.0 

0.97 0.9868-'1 3.158 3.057 2.956 
0.98 0.9912-1 51 51 51 

0.99 0.9956-1 45 45 45 

1.00 0.0000 39 39 

1.01 0.0043 32 33 34 

1.0:: 0.0086 26 27 28 

1.03 0.0128 20 21 22 

1.04 0.0170 14 15 16 

1.05 0.0212 08 10 10 
1.06 O. 0253 02 04 05 

1.07 O. 0294 3.096 2.998 00 

1.08 0.0334 91 93 2.894 

1. 09 U.0374 86 88 89 

1.10 0.0414 80 82 84 

1.15 0.0607 53 55 59 
1.:::0 0.0.92 28 32 36 
1,25 0.0969 03 09 14 

1,30 0,1139 2.979 2.886 2.'192 

-0.2 -0,1 0.0 

CONTINUATION OF TABLE XIIl-2 

Values of log p. ; 
~Vt as 

p. in kgf/cm 2 
lV, as 

Atmospheric Viscosity Function HO 

0.1 0.2 0.3 0.4 0.(; 

2.856 2.'155 2.654 2.Ii54 2.453 
50 50 49 49 48 

44 44 44 44 44 

39 39 39 39 39 

34 34 34 34 34 
28 29 29 29 29 

22 24 :!4 24 :l4 

17 18 19 19 19 
12 13 14 14 14 
07 08 09 09 10 

02 04 04 04 06 

2.'197 2.699 uu uo 01 

92 94 2.596 2.496 2.396 

87 89 91 81 

63 67 68 70 70 
40 44 46 -18 50 

18 23 25 29 30 

2.698 03 06 10 12 

0,1 0.3 0.4 0,5 

0.6 0.7 

2.353 2.252 
48 48 
44 44 

39 39 

34 34 
:::0 30 
:2-4 ~6 

19 21 
14 16 
10 12 

06 09 
01 0 .. 

2.297 UU 

2.1~'; 

75 
52 55 
33 36 

15 19 

0,6 0.7 

0.8 0.9 

2.152 2.052 
48 48 
44 44 

39 I 39 

34 35 
30 31 
:;0 ~6 

~l :22 

17 18 
13 14 

09 10 

U5 U6 
01 O~ 

2.097 1.998 

78 78 
59 60 
41 42 

24 20 

0.8 0,9 

I 
>!>
c:.n 
O'l 
I 



CO};TINUATION OF TABLE XIII-2 

'/ 

Viscosity- Values of log Piv,as' Piv,us in kgficm-

Pressure Index 
Atmospheric Viscosity Function HO 

Z log Z -0.2 -0.1 U.O 0.1 0,2 0,3 0.4 OX 0,7 0,8 0.9 

1.35 0.1303 2.958 2.866 2.772 2.679 2.585 2.488 2.39\< 2.294 2.198 2,102 2.008 1.911 
1,40 0.1461 38 46 52 60 67 7U 75 77 82 2.086 1,992 1.896 

1.45 0.1614 19 17 34 42 50 53 59 61 66 70 77 82 
1.50 0.1761 01 09 16 25 33 36 43 46 51 55 62 68 

-0.2 -0.1 0.0 0,1 0.2 0.3 0,4 0.5 0.6 0.7 0,8 0.9 
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Equation (VII-;;). It has appeared that this quantity «I may be claimed representative of the (iso
thermal) viscosity-pressure dependence of a given oil up to pressures of at least some 1,000 kgf/cm2 
(14,000 psi). As compared with the ViSCOsity-pressure coefficient « - which normally varies ap
preciably with pressure - the initial viscosity -pressure coefficient may be considered to represent 
some averaged value of the actual at-values encountered for a particular oil throughout the indi
cated pressure range. Thus, in accordance With the preceding § Xm.4.3 the asymptotic isoviscous 
pressure may, at least to a fair approximation, be taken equal to the reciprocal of the initial vis
COSity-pressure coefficient, «I' From Definition (VII-;;) it then follOWS that: 

log Piv, as • - log «I = - log Z - HO + 2.9388 • (XIII-10) 

Indeed, the latter approximation readily explains the existence of ~he nearly linear interrelation
ships under discussion. It may b'e added that in accordance with Equations (XlII-8a) and (XllI-8b) 
the resulting value of Plv,as would be exactly equal to 1/«1 for oils with Viscosity-Pressure In
dices amounting to 1,00. As a consequence, these nearly linear interrelationships have proved to 

hold particularly good for Viscosity-Pressure Indices in the vicinity of the latter value. 

XIII. 4. 4. Comparison of Asymptotic lsoviscous Pressures Estimated 
on the Basis of Different Viscosity-Pressure Equations 

As shown in § XIII. 4.2 (see in particular Fig. XIII-2 and Table 
XIII-I), the trend of the relationship between the actual pressure, 
p, and the isoviscous pressure, Piy, of a given oil and at a given 
temperature is such that Piy tends to reach its asymptotic value, 
Plv,a,' within a few per cent already at actual pressures of the 
order of 3 Plv as or 4; Ply as' 
. This leads to the important conclusion - already drawn by Blok 6) -
that in applying Weibull's Transform (XIII-2) to lubricating oils it 
normally SUffices to confine oneself to experimental data determined 
in the pressure range up to something like 1,500 or 2,000 kgf/cm2 

(21, 000 to 28,000 psi). 

The depicted trend of the p - Plv relationship of oils also implies 
that the accuracy inherent in the:ir asymptotic isoviscous pressures, 
Plv,as' estimated on the basis of some analytical expression for their 
isothermal viscosity-pressure dependence, is decisively determined 
by the adequacy of the particular viscosity-pre!3sure expression in 
the lower pressure range, that is up to pressures of about 3 p. . 
This means that for most lubricating oils - notably the rather vis~b'lis 
mineral oils currently employed in elasto-hydrodynamic lubrication 
(see Fig. XIII-4) - the asymptotic isoviscous pressures can be asses
sed satisfactorily from any viscosity-pressure equation which is suf
ficiently accurate up to pressures of the order of 1,500 kgf/cm2 • 

Thus, a comparison of asymptotic isoviscous pressures estimated 
from different viscosity-pressure equations shows that for most lu
bricating oils the discrepancies between the respective estimates 
are rather small as long as such equations apply reasonably through
out the latter pressure range. In fact, even the exponential viscosity
pressure Equation (IV -la) usually yields fair values for the asymptotic 
isoviscous pressures of oils. 

But the new viscosity-pressure Equation (IV-5a) has proved to 
permit particularly accurate estimates, which can be achieved very 
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conveniently at that, namely by means of Table XIII-2. Notably, the 
present method applies very well to all the various kinds of min
e r a 1 oils encountered. 

Further, it should be recalled that the Viscosity-Pressure Index 
may be taken to remain practically constant in a fairly wide tem
perature range, say, from 20 to 120<>C (68-248°F). Thus, as soon 
as only one viscosity-pressure isotherm of a given oil has been 
determined, its asymptotic isoviscous pressures can be estimated for 
that entire temperature range only from its atmospheric viscosity
temperature relationship. In addition, for mineral oils specifically 
the small temperature dependence of their Viscosity-Pressure Index 
can be conveniently accounted for by means of the correlations devel>:
oped in Section VII. 3, 

If oils with considerably higher asymptotic isoviscous pressures 
than the aforementioned ones are involved. say, Plvas above 1,000 
kgf/cm2 , the discrepancies between the estimates obtained from dif
ferent viscosity-pressure expressions may become quite appreciable. 
In particular, the exponeritial viscosity-pressure Equation (IV -1a) is 
bound to yield rather rough estimates for such oils. But the newly 
developed viscosity-pressure Equation (IV -5a) will still permit ac
ceptable estimates up to relatively high asymptotic isoviscous pres
sures. In fact, since the latter equation may generally be considered 
to hold satisfactory up to pressures of at least 3,000-5,000 kgf/cm2 

(43. 000-71. 000 psi). it may safely be applied for calculating asymp
totic isoviscous pressures up to no less than at least some 1,500 
kgf/cm2 (21,000 psi). In this respect it should be noted that for oils 
with still higher asymptotic isoviscous pressures the effect of the 
viscosity-pressure variation on their hydrodynamic lubrication per
formance will seldom become considerable (compare § XIII. 4.2). 

Finally, it may be emphasized that for reliably estimating Plvas 
of a given oil sufficient experimental viscosity_pressure data shOUld 
be available over the pressure range up to at least something like 
3 p iv as' This means that in applying Table XIII-2 the pertinent 
Viscosity-Pressure Indices should represent really representative 
values for this entire pressure range. 

XIII. 5. CORRELATION BETWEEN THE TEMPERATURE AND PRES
SURE EFFECTS ON THE VISCOSITY OF MINERAL OILS 

XIII. 5. 1. Introduction 

Mineral oils still constitute the great bulk of oils encountered in 
current lubrication prac tice. As elucidated before, both the temper
ature and pressure effects on the viscosity of mineral oils may vary 
widely from one oil to another. In contrast to their atmospheric 
viscosity-temperature dependence, however, their viscosity-pressure 
dependence is in general not determined experimentally by the oil 
manufacturer. 

Fortunately, as could be shown in Chapter X, the viscosity-pres
sure vl'.riation of mineral oils is correlated quantitatively with their 
viscosity-temperature variation at atmospheric pressure. This has 
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led to the important conclusion that, once the atmospheric viscosity
temperature relationship of mineral oils has been specified, nothing 
remains to be sensibly specified with respect to the differentiation 
as to their viscosity-pressure relationship, and vice versa. 

The convenient correlation developed in Chapter X has been cast 
into such a form that, in addition to the indispensable viscosity grade, 
only one independent parameter enters into this correlation, namely 
dther the atmospheric Slope lndex or the Viscosity-Pressure lndex 
at some standard reference temperature. Further, the basic anal
ytical framework has proved very feasible indeed for predicting the 
complete viscosity-temperature-pressure relationship of mineral oils 
exclusively from their measured (or specified) atmospheric viscos
ity-temperature relationship. 

For lubrication research the latter correlation has the sig
nificant consequence that in problems where both the temperature 
and the pressure variation of the viscosity of mineral oils considerably 
affect their hydrodynamic lubrication performance it cannot unam
biguously be concluded which parts are played by the temperature and 
pressure variation proper. In other words, from the combined ef
fects measured on the film profile or on the friction the influence 
of one variation cannot be segregated experimentally from that of 
the other. 

This also implies that correlations - established by, for instance, 
the technique of dimensional analysis (compare § XIII. 2.3) - relating 
to such problems cannot possibly furnish any unambiguous information 
concerning the justifiability of certain assumptions concerning the 
separate effects of temperature and pressure variations in the oil 
film on the hydrodynamic lubrication performance of the mineral 
oils employed. The aforementioned kind of "inconclusiveness" with 
mineral oils was pointed out already by Blok207 ,206). However, whilst 
Blok's statement had to be based on the validity of the rather rough 
correlations between the temperature and pressure dependence of 
the viscosity of mineral oils achieved at that time, the present con
clusion is substantially 3tricter in that it emerges directly from the 
really quantitative correlation developed in Chapter X. 

In order to avoid the indicated kind of inconclusiveness it is im
perative to include test oils with viscosity-temperature-pressure 
characteristics essentially different from those represented by the 
present correlation for mineral oils (compare Fig.X-15). 

Particularly in view of their bearing on lubrication research, it 
yet remains to elaborate some additional aspects inherent in the 
overall correlation between the atmospheric viscosity-temperature 
relationship and the .viscosity-pressure relationship of mineral oils 
as discussed in Chapter X. This will be done in the remaining parts 
of the present section. 

XIII. 5. 2. A Simplified Viscosity-Temperature-Pressure Expression 
for Mineral Oils 

Over fairly wide ranges of temperature and pressure, generally 
extending from about 20 to 120°C (68-248°F) and up to pressures 
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of about 2,000 kgf/cm2 (28,000 psi), the following simplified vis
cosity-temperature-pressure equation has been shown to apply rea
sonably well to any given liquid (see § V. 2. 3): 

H HO.r '" So (S - Sr) + Zr IT . (V-9a) 

For mineral oils specifically, however, the latter equation can 
be further simplified by considering that the semi-quantitative cor
relation: 

(X-2) 

will hold almost equally good at any temperature throughout the afore
mentioned range as at the particular standard reference temperature 
of 40°C. Consequently, the following reasonable approximation to 
the viscosity-temperature-pressure relationship of mineral oils can 
readily be obtained: 

H - HO.r = So [(S - Sr) + 0.55 IT J . (XIII-ll) 

In addition to the viscosity grade Ho r' this simplifi.ed Expression 
(XIII-H) contains' only one parameter, namely the atmospheric Slope 
Index, So, of the mineral oil concerned. 

Further, for qualitative purposes the atmospheric Slope Index of 
mineral oils may be estimated from some overall correlation with 
their viscosity grade alone. For a standard reference temperature 
of 40°C, for instance, the foll.owing correlation*) can be derived 
from Fig. VIII-2: 

So '" 0.9 (HO• 40oC + 1. 00) . (XIII-12a) 

For an arbitrary standard reference temperature St this correlation 
takes the form: 

HO.r + 1.00 

Sr + 1. 2238 
(XIII-12b) 

Combination of the latter correlation with Equation (XIII-ll) leads 
to the expression: 

H - Ho,r = 
( 

Ho r + 1. 00) ri ] 
. JS- S r)+0.55IT 

9 r + 1. 2238 
, (XIII-13) 

which may be useful for making rapid order-of-magnitude estimates 
of the effects of both temperature and pressure on the viscosity of 
a particular mineral oil. 

*) As demonstrated by Fig. VIll-14. similar linear correlations between the atmospheric Slope Index. 
"SO' and the viscosity grade" HO.r have proved to hold good for any particular homologous 
s e r I e s of liquids investigated so far. 
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XIII. 5. 3. Compensating Temperature and Pressure Variations With 
Respect to the Viscosity oj Mineral Oils 

The viscosity rise brought about in any given liquid by some pres
sure increase can be fully compensated by a simultaneous temperature 
increase. Now, the semi-quantitative Equation (XIII-ll) implies that 
jor min era 1 0 i 1 s specifically the compensating variations oj tem
perature and pressure would be approximately the same, irresPective 
oj the pa'riicular oil considered. Indeed, by putting H=Ho r in the 
latter equation it follows that the temperatures and pressures that 
have to be simultaneously applied in order to maintain the viscosity, 
1'/, of mineral oils at their atmospheric level 1'/0 400C should be given 
by the isoviscid equation: ' 

- e = 0.55 n - e r , 

TABLE XIII-3 

Compensating Temperature and Pres
sure Variations With Respect to the 
Viscosity of Mineral Oils According 

to Equation (XIII-14b) 

Gauge 
TemperiHure 

Pressure, 
(tr = 40°C) 

kgf/cm~ 
deg C deg F 

0 40 104 
200 49.5 121 
400 58.5 137 
600 67 153 
800 75.5 168 

1,000 84 183 
1,200 92 197 
1,400 99 211 
1;600 107 224 
1,800 114 231 
2,000 121 250 
2.500 138 280 
3,000 155 310 
3,500 170 340 
4,000 185 365 
4,500 200 390 
5,000 215 415 
6,000 240 465 
7,000 265 510 
8,000 290 550 
9,000 310 590 

10,000 335 630 

(XIll-14a) 

or, rewritten explicitly in terms of temperature, t (in deg C), and 
pressure, p (in kgf/cm2 ): 
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(tr + 135) ( p) 0.55 
1 + 2, 000 - 135 . (XIII-14b) 

For a very extensive range of pressures the compensating tem
peratures relating to an initial temperature of 400 C have been cal
culated by means of Equation (XllI-14b). The results of these cal
culations are compiled in Table XIII-3. 

From Pig.X-15 it can readily be seen that mineral oils occupy an intermediate poSition 
with respect to the relative magnitudes of their compensating temperature and pressure variations. 

On the other hand, the depicted poly methylsiloxanes display an exceptionally high ratio 
Z400 C!SO, which means that the temperature variation required for compensating a given pressure 
variation is also unusually high. It can be shown that for these liquids the compensating temper
atures and pressures are approximately linearly interrelated, namely by the expression: 

t = (tr + 135) 2.~OO + t r • (XIII-15) 

Thus, in order to compensate the effect of a pressure of 1,000 kgf/cm2 (14,220 psi) on the vis
cosity of polymethylsiloxanes their temperature should be increased, at an initial temperature of 
40Dc (104op), to about 125°C (2570p), whilst for mineral oils a temperature increase to only about 
84°C (IB30p) would suffice. As a consequence, in hydrodynamic lubrication problems where both 
temperature and pressure vary considerably throughout the created polymethylsiloxane film the pres
sure effect on the viscosity may well offset - or more than offset - the temperature effect. In any 
case this wlll occur more easily with such polymethylsiloxanes than With mineral oils. 

XIII. 5. 4. An Approximative Analytical ExPression for the Graphical 
Correlation Developed Between the Atmospheric Viscosity-Temperature 
Relationship and the Viscosity-Pressure Relationship of Mineral Oils 

For certain correlational purposes it may be useful to have avail
able an approximative analytical expression for the graphical cor
relation of Fig. X-I between the atmospheric viscosity-temperature 
relationship and the viscosity-pressure relationship of mineral oils. 

After various trials the following analytical formulation has been 
achieved: 

(XIII -16) 

InFig. XIII-3 Correlation (XIII-16) is represented by the solid straight 
line; the two adjacent dashed lines comprise the ranges where the 
Viscosity-Pressure Indices Z400C of mineral oils would still be 
predicted within 100/0. This figure also depicts the experimental data 
on all the various kinds of no less than 113 mineral-oil fractions -
including some saturated samples - designated in Table X-2. 

Fig. XIII-3 clearly demonstrates that the simple analytical Cor
relation (XIII-16) does constitute a good approximation to the basic 
correlation depicted in Fig. X-l. In fact, application of Correlation 
(XIII-16) to all the aforementioned mineral oils has yielded absolute 
average and standard deviations in the Viscosity-Pressure Index of 
no more than 0.036 and 0.046 units, respectively. These correspond 
to relative average and standard deviations in both the predicted 
Viscosity-Pressure Indices Z400C and the initial viscosity-pressure 
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coefficients (fi 400c of only 4. 6 and 6. 1 %, respectively. 
In conclusion, Correlation (XIII-l6) may be deemed satisfactory 

for most practical applications. Its practical usefulness may further 
be illustrated by referring to the last part of § IX. 3. 2, notably to 
Tables 1X-4 and 1X-5. 
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XIII. 5.5. Predicting the Asymptotic Isoviscous Pressures of Min
eral Oils 

One of the most attractive applications of the correlation, depicted 
in Fig.X-l, between the atmospheric Viscosity-temperature relation
ship and the viscosity-pressure relationship of mineral oils consists 
in the prediction of their asymptotic isoviscous pressures, Piv a • 

As elucidated in § XIII. 4.3, the asymptotic isoviscous pressli:f.e 
of any given liquid can be calculated accurately from its atmospheric 
viscosity, 710, and its Viscosity-Pressure Index, Z, at the temper
ature concerned. For mineral oils characterized by a common at
mospheric Slope Index, So, the correlation of Fig. X-I defines the 
interrelationship, at the adopted standard reference temperature of 
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40°C, between their atmospheric viscosity, Tlo' and their Viscosity
Pressure Index,Z. 

Consequently, the latter correlation does permit estimating their 
asymptotic isoviscous pressures (Piv as)40oC simply from their vis_ 
cosity grade Tlo,4oocand their atmospheric Slope Index, So. 

For convenience the basic correlation of Fig. X-I has been trans
formed into the correlation of Fig. Xill-4 which depicts the asymp
totic isoviscous pressures (Piv as )40OC of mineral oils directly as 
a function of their viscosity grade Tlo 400C, their atmospheric Slope 
Index being used as a parameter. It can readily be shown that the 
relative accuracy of the asymptotic isoviscous pressures (Piv as 400C 
estimated from the correlation of Fig. XIII-4 is practically identical 
to that of the corresponding Viscosity-Pressure Indices Z400C es
timated from the basic correlation of Fig. X-I. This means that the 
relative average and standard deviations inherent in the latter asymp
totic isoviscous pressures amount to no more than 3.8 and 4.6%, 
respectively (see § X. 2.1). In general, this accuracy will prove very 
satisfactory for the practical purposes aimed at. 
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NOMENCLATURE 

Symbols 

empirical constants; see Equations (IlI-2l, (III-3) and 
(III-4), respectively 
empirical constants; see Equations (XI-26) and (XI-24b), 
respectively 
empirical constants; see Equations (IIl-2), (III-3) and 
(III-4), respectively • 
empirical constants; see Equations (XI-26) and (XI-24b), 
respectively 
empirical constants; see Equations (III-2), (III-3) and 
(III-4), respectively 
empirical constants; see Equations (IV-2), (IV-3) and 
(IV -4), respectively 
empirical constants; see Equation (XI-22) 
empirical constant; Definition (V-2); see also Equations 
(V -la)/(V -1C) 
empirical constants; see Equations (V-IS) and (V-16), 
respectively 
empirical constant; see Equation (XII-7) 
empirical constant; see Equation (XII-B) 
empirical constant; see Equation (XI-lB) 
percentage of carbon atoms in aromatic-ring, naphthenic
ring and paraffinic-chain structures, respectively, per 
average molecule 
= (CA + CN)~ total percentage of carbon atoms in ring 
structure per average molecule 
empirical constant; see Equation (XI-13b) 
empirical constant; see Equation (III-l a) 
density, g/cm3 

liquid and vapour de'nsity, respectively, at normal boil
ing point 
limiting density in homologous series 
density of first and second component, respectively, in 
binary mixture 
.. (di - d) 
empirical constant; Definition (V -3); see also Equations 
(V -la)/(V -lc) 
empirical constants; see Equations (V-15) and (V-16), 
re spec tively 
empirical constants; see Equations (Ill-la) and (llI-lb), 
respectively . 
base number of natural logarithm (e=2.718) 
(isobaric) activation energy for viscous flow, kcal/ gmole; 
Definition (X-H); see also Equation (III-lb) 
.. (Evis - E~is); Definition (X-IO) 
isochoric activation energy for viscous flow; Definition 
(X-12) . 
:: (F /M), specific additive function; Definition (XI-3) 
:: fd; Definition (XI-4); specific volume-additive function 
in Equation (XI-5) 
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function f of component j in mixture; see Equation (XI-3) 
function fl of component j in mixture; see Equation (XI-5) 
molar additive function; Definition (XI-I) 
function F of component j in mixture; see Equation (XI-2) 
given physical constant; see Equation (XI-26) 
limiting value of g in homologous series; see Equation 
(XI-26) 
empirical constants; see Equations (III-IO) and (Ill-lOa), 
respectively 
empirical constants; see Equations (III-6a)/(III-6h) 
= tj; d :: (log Y) + 1. 200)!; see Equations (XI-9a) and (XI-9b) 
limiting value of h in homologous series 
function h of mixture 
functions h of first and second component, respectively, 
in binary mixture 
= (h 1 - h) 
Souders's viscosity-constitutional constant; Definition 
(XI-6) 
empirical constant; see Equation (111-16) 
number of methylene groups per molecule in Scheme 
(XI-IO) 
empirical constants; see Equation (XI-23) 
empirical constants; see Equations (IV-2), (IV-3) and 
(IV-4), respectively 
empirical constants; see Equations (XIII-1a) and (XIII-1 b), 
respectively 
empirical constant; see Equation (III-5) 
parameter m of mixture 
parameter m at atmospheric pressure 
parameters m of first and second component, respec
tively, in binary mixture 
(average) molecular weight 
molecular, weights of first and second component, re
spectively, in binary mixture 
refractive index (for sodium-D line) 
shape parameter in Weibuliis cumulative distribution 
Function (III-18a); see Appendix 1II-1 
limiting refractive index in homologous series 
number of atoms, groups or bonds per molecule in molar 
additive Function (XI-I) 
:: (n\ - n) 
empIrical constant; see Equation (111-5) 
gauge pressure, kgf/cmz (1 kgf/cmz =14. 22 psi::O.9678 
atm) 
gauge pressure in psi and atm, respectively 
probability-density function; see Appendix 111-1 
internal pressure 
fictitiously isoviscous film pressure; Definition (XIII-2) 
asymptotic value of Ply 
pole pressure 
fictitious reference presl:lure; see l·;quation (IV-B) 
arbitrary reference presl:lures 
integration variable; s.ee' Equation (XIII-2) 
probability, or statistical fraction; sec Appendix III-1 
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empirical constant; see Equation (XII-B) 
empirical constants; see Equations (VI-5a) and (VII-5a), 
respectively 
fractional concentration of second component in binary 
mixture 
empirical constant; see Equation (III-16) 
= (n - }d), refractivity intercept; Definition (XI-35) 
molar gas constant 
= (RA + RN), total number of rings per average molecule 
number of aromatic and naphthenic rings, respectively, 
per average molecule 
empirical constants; see Equation (XIII-Ia) 
Slope Index; see Equation (III-I 0) 
Slope Index of mixture 
Slope Index at atmospheric pressure; see Equations 
(III-Ba)/(Ill-Bh) 
"corrected" atmospheric Slope Index; Definition (X-I) 
maximum permissible atmos.pheric Slope Index; see Sec-
tion XIII. 3, part A .. 
Slope Indices of first and second component, respectively, 
in binary mixture; by definition, SI;<ll S2. 
"interaction Slope Index" in binary mixture; see Equation 
(XII-32) 
= (Sl - 82 ), where 81 '.;;l> S2 
temperature, deg C 
temperature coordinate of atmospheric isobar pole; see 
§ VIII. 2. 3, part A 
temperature, deg F 
upper and lower temperature limit, respectively, of 
minimum-viscosity range; see § XII. 8. 3, part B 
temperature where components of binary mixture are 
is oviscous 
"transition" value of tiv; Definition (XII-B2) 
maximum and minimum values of t, respectively 
pole temperature 
standard reference temperature 
absolute temperature, deg K 
fictitious reference temperature; see Equation (III-16) 
integration variable; Definition (XIII-9) 
specific volume, cm3 / g 
specific free volume; see § III. 3.2 
minimum required specific free volume; see § III. 3. 2 
limiting value of v in homologous series; see Equation 
(XI-lS) 

(v - Vf)' specific "occupied" volume; Definition (X-l7) 
molar volume, cms / gmole 
Eyring's viscosity-pressure criterion, cms/gmole; see 
Equation (IV -Id) 
empirical constant; see Equation (IV -8) 
empirical constant; see Equation (XII-9) 
= log log (v + 0,6); Definition (XII-lO) 
function W of mixture 
functions W of first and second component, respectively, 
ill binm'Y mixbll'e 
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weight fraction of second component in binary mixture 
random variable; see Appendix 111-1 
average value of random variable x 
weight fraction of component j in mixture; see Equation 
(Xl- 3) 
"corrected" weight fraction; Definition (XII-6) 
molar fraction of second component in binary mixture 
molar fraction of component j in given mixture; see 
Equation (XI-2) 
volume fraction of second component in binary mixture 
"corrected" volume fraction; Definition (XII- 3S) 
"corrected" volume fraction; Definition (XII-Il) 
"corrected" volume fraction; Definition (XII-3l) 
volume fraction of component j in mixtUl'e; see Equation 
(XI-S) 
volume fraction where a minimum occurs in viscosity-con
centration isotherm; see Equation (XII-44) 
"corrected" volume fraction for binary mixture of i80-8 
oils; Definition (XII-40) 
"corrected" volume fraction; Definition (XII-12) 
"reduced" variable; Definition (III-19) 
Viscol;;ity-Pressure Index; see Equations (IV-Sa)j(IV-Se) 
Viscosity-Pressure Index of polymer-blended mi,neral oil 
hypothetical value of ZBl; see Equations (X-Sa) and (X- 9b) 
Viscosity-Pressure Index of mixture 
Viscosity-Pressure Index of mineral base oil 
Viscosity-Pressure Index at standard reference temper
ature 
Viscosity-Pressure Indices of first and second component, 
respectively, in binary mixture 

Creek Symbols 

(isothermal) viscosity-pressure coefficient; Definition 
(VIl-2); see also Equation (IV -la) 
= 0,4343 a; see Equations (IV -lb) and (IV -lc) 
initial viscosity-pressure coefficient; Definition (VII-S) 
atmospheric viscosity-pres8Ul'e coefficient; Definition 
(VII-3) 
atmospheric viscosity-pressure coefficient at standard 
reference temperature 
(isobaric) Viscosity-temperature coefficient; Definition 
(VI-3) 
viscosity-temperature coefficient of n-paraffins 
isochoric viscosity-temperature coefficient; Definition 
(X-IS) 
atmospheric viscosity-temperature coefficient 
atmospheric viscosity-temp~rature coefficient at standard 
reference temperature 
location parameter in Weibull's cumulative distribution 
Function (III-Iau); see Appendix 111-1 
gamma function 
isobaric thermal expansion coefficient; Definition (X-2S) 
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(dynamic) viscosity, cP 
viscosity coordinate of atmospheric isobar pole; see 
§ VIII. 2,3, part A 
viscosity at normal boiling point 
fictitious refe rence viscosity (11c = O. 0500 cP); see 
Equation (XII-7) 
fictitious reference viscosity; ",ee Equation (III-I5) 
limiting viscosity in homologous series 
"tl·ansitional" viscosity; see § VIII. 2, 3, part A 
viscosity of mixture 
viscosity of natural mineral oil 
viscosity at gauge pressure p 
pole viscosity 
viscosity at standard reference temperature and pres
sure 
atmospheric viscosity 
viscosity grade: viscosity at atmospheric pressure and 
standard reference temperature 
viscosity of first and second component. respectively, 
in binary mixture 
fictitious reference viscosity at infinite temperature (lJ = 
=0,0631 cp); see Equations (III-6c) and (III-6d) .. 
= log (log 11 + 1.200); Definition (III-6h); see also Equa
tion (III-lO) 
function Hof atmospheric isobar pole; Definition (VIII-5b) 
function H of elevated-pressure isobar pole; Definition 
(IX-I3) 
function H of mixture 
function H of natural mineral oil 
pole value of H 
function H at standard reference temperature and pres
sure 
function H of saturated mineral oil 
= log (log 111,) + 1,200); Definition (III-7); see also Equa
tion (III-6h) 
= log (-log 110 - 1.200); Definition(III-9); see alsoEqua
tion (1II-6h') 
intermediate value of function Ho; see Section XIII. 3, 
part A 
maximum and minimum permissible values of function 
Ho.. respectively; see Section XIII. 3, part A 
function H at atmospheric pressure and standal'd refer
ence temperature 
functions H of first and second component, respectively, 
in binary mixture 
"interaction viscosity function" in binary mixture; see 
Ii.:quation (XII- 36a) 

1111-11,21; Definition (XII-42) 
= - log L1 + (t/135)J; Definition (II1-7); see also Equa
tion (III-6h) 
function 0 of atmospheric isobar pole; Definition (VIII-6b) 
function 0 of elevated-pressure isobal' pole; Definition 
(IX-I4) 
function 0 denoting temperatul'c where components of 
binary mixture are hwviscous 
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"transition" value of 0lv; Definition (XII-B2) 
pole value of 0 
function 0 corresponding to standard reference temper
ature 
function 0 corresponding to arbitrary reference temper
ature 
isothermal compressibility coefficient; Definition (X-26) 
scale parameter in Weibull's cumulative distribution 
Function (III-1Ba); see Appendix 111-1 
= (rll dL kinematic viscosity, cS 
kinematic viscosities at 1000F of reference oils of the 
H- and L-series of the VI-system and of an arbitrary 
oil, respectively; see Equation (VI-I) 
fictitious reference kinematic viscosity (vs =0.100 cS); 
see Equation (XII-17a) 
kinematic viscosity at atmospheric pressure 
= log [1+(p/2,000)]; Definition (IV-B) 
pole value of IT 
function IT corresponding to standard reference pressure 
function IT corresponding to arbitrary reference pressure 
shearing stress 
= (1/1'/), fluidity 
atomic, group or bond increment; see Equation (XI-I) 
specific viscochor; Definition (XI-ga) 
limiting specific viscochor in homologous series; see 
Equation (XI-13b) 
specific viscochor of mixture 
specific viscochors of first and second component, re
spectively, in binary mixture 
"interaction specific viscochor" in binary mixture; see 
Equation (XII-20) 
= 11/11 -1/121 
(molar) viscochor; Definition (XI-B) 
molecular free volume; see § III. 3. 2 
average value of w; see § III. 3. 2 
minimum required value of w; see § III. 3. 2 

Abbreviations 

American Petroleum Institute 
American Society of, Mechanical Engineers 
American Society for Testing and Materials 
atmosphere <: 

centimer-gram-secoQ.d 
centimeter ::: 
centipoise 
centistoke 
degree Centigrade 
degree Fahrenheit 
degree Kelvin 
Dynamic Viscosity Index; Definition (VI-2) 
Experimental 
Figure 
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g 
g. mass 
gmole 
in 
kcal 
kgf 
In 
log 
mS 
P 
Pred. 
PSU 
psi 
Ref. 
Rh 
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RQ 
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SAE 
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see 
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Graphical Prediction Method; see Section XII. 6 
gram 
gram-mass 
gram -molecule 
inch 
kilogram-calorie 
kilogram-force 
natural or Napierian logarithm, loge 
common 01' Bt'iggsian logarithm, 10glO 
millistoke 
Poise 
Predicted 
Pennsylvania State University 
pound per square inch 
Reference 
Rheoehor; Definition (XI-7) 
Refined Prediction Method; see Section XII. 7 
" (Ad/An), Refractivity Quotient; Definition (XI-36) 
Stoke 
Society of Automotive Engineers 
Simplified Prediction Method; see Section XII. 5 
Saybol.t; Universal Second 
::;econd 
" (t:.dj t:.h), Viscosity-Density Quotient; Definition (XI-21) 
Viscosity Index; Definition (VI-l) 
per cent by weight 
micropoise 
microreyn 

Main Subscripts 

relating to atmospheric isobar pole 
relating to normal boiling point 
calculated 
experimental 
denoting limiting value in homologous series (unless 
stated otherwise) 
fictitiously isoviscous, or isoviscous 
relating to atom, group or bond j in molecule, or to 
component j in mixture 
relating to mixture 
maximum 
minimum 
I'elating to viscosity-tempel'atUl'e-pressure pole 
predicted 
relating to standard reference conditions of temperature 
and/or pressure 
relating to atmospheric pl'e::;sure (p=O) 
relating to first and second component in mixture, re
spectively (unless stated otherwise) 
denoting interaction quantity in binary mixture 
infinite 
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SUMMARY 

An oil utilized for achieving hydrodynamic lubyication should be 
regarded and treated as a real constructional mate1'ial. The con
sequent constructional value of such a material is governed essentially 
by its viscosity characteristics. In fact, the primary requirement 
for any lubricating oil consists in that it displays the desired 
cosity under the usually varying conditions of temperature 
pressure prevailing in the hydrodynamically created oil film. 

Since many'modern, hydrodynamically lubricated, machine elements 
operate over ranges of temperature and/or pressure so extensive 
that the resulting variations of the oil's viscosity may become very 
pronounced and, ill turn, may seriously affect its lubrication 
performance, sufficient knowledge of the viscosity-temperature-pres
sure relationship of lubricating oils is of paramount importance, 
not only to the lubrication engineer and the oil technologist but also 
to the designer of lubricated machine elements. 

Although very interesting results have been obtained, it 
is only fair to state that our present knowledge of the viscosity
temperature-pressure relationship of lubricating oils still leaves 
much to be desired. In fact, it appears that the applicability of 
many previous results obtained in this field is quite limited. 

The object of the present investigation consists in improving, at 
least to some extent, the indicated unsatisfactory situation, whilst 
trying to cast the results' into a form that will prove convenient 
also in the theory and practice of hydrodynamic lubrication. 

The basic experimental data employed in the present investigation 
are reviewed in Chapter II. 

Chapters III through V aim at describing the effects of temperature 
and pressure on the viscosity of liquids, notably those currently 
employed as lubricating oils, by means of convenient, yet suf
ficiently accurate, analytical equations. Chapters III and IV are 
devoted, respectively, to the isobaric viscosity-temperature relationship 
and the isothermal Viscosity-pressure relationship of a given liquid. 
By the resulting isobar and isotherm equations an ex-
oresston for eomplete viscosity-temperature-pressure relationship 

derived in Chapter V. 
The resulting equations require a minimum number of parameters 

for fully characterizing, in very wide ranges, the effects of temperature 
and/or pressure on the viscosity of a given liquid. They are shown 
to combine an almost unsurpassable simplicity with an almost universal 
applicability. Thus, a minimum amout of experimental information 
is required for making the desired calculations and estimates. 
Though dr'Higned primarily for mineral oils not only natural, but 
also l!yrlJ'ol-;tmated and polymer-blended ones - and various types of 
,.,ynthetic oils encountered in modern lubrication practice, these new 
equations have proved to apply equally to all the other divprgent 
kinds of liquids investigated so far. 
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Chapter VI introduces a rational and very convenient method for 
classifying, according to their atmospheric viscosity-temperature 
relationship, all the various kinds of oils encountered in current 
lubrication practice. In fact, the proposed method constitutes a 
simple solution to the vexing "Viscosity-Index problem II. In Chapter 
VII a similar method is presented for classifying lubricating oils 
according to their viscosity-pressure relationship. Both classification 
methods are based directly on the newly developed equations for 
the latter relationships. 

Further, the present equations have proved excellently suitable 
as an analytical framework for cotrelations aiming at the prediction 
of the effects of temperature and pressure on the viscosity of liquids, 
either from their chemical constitution or from easily assessable 
physical constants. The relevant correlational attempts have been 
concentrated upon mineral oils. which, notwithstanding their great 
variety and complexity, are interrelated in being essentially built 
up from hydrocarbon compounds. After all, even though different 
types of synthetic oils have increasingly been introduced, mineral 
oils still constitute the great bulk of oils used in lubrication; and 
this situation may be expected to continue to exist for at least 
several decades. 

Chapter VIII presents convenient correlations for predicting, to a 
good approximation, the complete atmospheric viscosity-temperature 
relationship of mineral oils, either from their chemical constitution 
- characterized by their carbon-type composition according to the 
IIWaterman analysis" in the form of the so-called n-d-M method -
or from physical constants that are easily assessable at atmospheric 
pressure. In addition to the indispensable viscosity grade of the 
oils - defined as the viscosity at atmospheric pressure and at some 
standard reference temperature - the resulting correlations only 
require either their total percentage of carbon atoms in ring structure 
or one of the following atmospheric physical constants: density, 
refractive index or molecular weight. 

Chapter IX provides similar correlations for predicting, at any 
conventional reference temperature, the complete viscosity-pressure 
relationship· of mineral oils. The correlations established employ, 
apart from the indispensable viscosity grade of the oils, either 
their total percentage of carbon atoms in ring structure or their 
atmospheric density and/or refractive index. 

Finally, Chapter X discusses the direct correlation between the 
viscosity-pressure relationship of mineral oils and their atmospheric 
viscosity-temperature relationship. The significant conclusion has 
emerged that the complete family of viscosity-pressure isot,herms of 
all the various kinds of mineral ojls considered can indeed be predicted, 
to a good approximation, solely from their atmosphe·ric viscosity
temperature isobars. The relevant correlation is unique in that it 
does not involve, in contradistinction to the aforementioned cor
relations, any additional physical or chemical data. 

It should be added that the correlations developed for mineral 
oils become substantially simplified when adapted to any particular 
homologous group of synthetic lubricating oils or pure compounds 
because of the well-known regularities observed within each such 
group. This has been exemplified for various interesting homologous 
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groups of synthetic lubricating oils. 

Chapter Xl touches upon certain basic problems in the field of oil 
viscosities ill being devoted to the correlation of the above-defined 
viscosity grade of mineral oils and pure hydrocarbons both with 
their chemical constitution and with various easily assessable physical 
constants. Starting from a newly developed additive viscosity-density 
function, various significant correlations could be achieved. More 
particularly, these correlations have proved to permit a reliable 
statistical constitution analysis of the very complex mixtures repre
sented by mineral oils. 

Chapter XII introduces convenient methods - based on the vis
cosity-temperature equation developed in Chapter III - for predicting 
the viscosity grade as well as the complete atmospheric viscosity
temperature relationship of mixtures of mineral oils solely from 
those of the components ~ 

The concluding Chapter XIII elaborates several applications of 
the present findings in hydrodynamic lubrication, special attention 
being devoted to the isothermal viscosity-pressure effect. 

~---- ------



SAMENV ATTING 

Wanneer een oUe wordt gebruikt ter realisering van hydrodyna
mische smering, kan hij doelmatig worden beschouwd en behandeld 
als een werkelijk construcliemaleriaal. De constructieve waarde 
van zo'n olie wordt wezenlijk bepaald door zijn viscositeit. Immers, 
de allereerste eis welke aan een smeerolie wordt gesteld, bestaat 
hierin, dat deze de gewenste viscositeit zal vertonen bij de ge
woonlijk varierende temperaturen en drukken in de hydrodynamisch 
gecreeerde oliefilm. 

Nu worden vele moderne, hydrodynamisch gesmeerde werktuigon
derdelen over dermate uitgebreide temperatuur- en drukgebieden 
toegepast, dat de in de viscositeit van de olie teweeggebrachte ver
anderingen zeer aanzienlijk kunnen zijn en deze, op hun beurt, de 
smerende werking van de olie sterk kunnen belnvloeden. Bovenstaande 
overwegingen leiden tot de conclusie dat voldoende kennis van het 
viscositeit-temperatuur-drukverband van smeerolien van zeer groot 
belang is, niet alleen voor de smeringstechnicus en de olietechno
loog maar ook voor de constructeur van zulke werktuigonderdelen. 

Of schoon op dit gebied ;reeds zeer interessante resultaten zijn be
reikt, dient toch te worden geconstateerd, dat onze huidige kennis 
van het viscositeit-temperatuur-drukverband van smeerolien nog 
steeds veel te wel1sen overlaat. Zo blijkt bij nadere beschouwing de 
loepasbaarheid van vroegere resultaten veelal zeer beperkt te zijn. 

Het bier beschreven onderzoek heeft nu ten doel althans enige 
verbetering te brengen in deze onbevredigende situatie. Hierbij zal 
tevens worden getracht de resultaten in een vorm te gieten welke 
ook bij toepassing in de theorie en de praktijk van de hydrodynamische 
smering aantrekkelijk zal blijken te zijn. 

De experimentele gegevells waarop dit onderzoek is gebaseerd, 
worden besproken in hoofdstul<; II. 

In de hoofdstukken III, IV en V is gepoogd de effecten van tem
peratuur en druk op de viscositeit van vloeistoffen in het bizonder 
de thans als smeerolien toegepaste typen - vast te leggen met be
hulp van eenvoudige, maar niettemin voldoende nauwkeurige analy
tische verge lijk illgen. De hoofdstukken III en IV zijn achtereenvol
gens gewijd aan het isobare viscositeit-temperatuurverband en het 
isotherme viscositeit-drukvel'band van een gegeven vloeistof. Door 
combinatie van de verkregen temperatuur- en drukvergelijkingen is 
in hoofdstuk V een uitdrukking voor het volledige viscositeit-lem
peratuur-drukvel'band afgeleid. 

De opgestelde vel'gelijkingen zijn opmerkelijk, doordat zij met be
hulp van een minimum aantal parameters de effecten van temperatuur 
en/of druk, in een zeer groat gebied, op de viscositeit van een ge
geven vloeistof op bevredigende wijze karakteriseren. Deze verge
lijkingen blijken in feite een nauwelijks te overtreffen eenvoud te 
paren aan een vrijwel universele toepasbaarheid. Bijgevolg kan men 
ook met een minimum aan experimentele gegevens volstaan, wan-
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neer deze vergelijkingen worden benut voor het uitvoeren van de 
gewenste berekeningen en het doen van bepaalde voorspellingen. De 
nieuwe vergelijkingen zijn in de eerste plaats opgesteld voor minerale 
olien - niet alleen natuurlijke. maar ook gehydrogeneerde en met 
polymeer gemengde - en diverse typen synthetische olien welke in 
de moderne smering worden toegepast; niettemin blijken zij evenzeer 
te gelden voor aUe andere - zeer uiteenlopende - soorten vloeistof
fen welke tot dusverre in be schou wing zijn genomen. 

In hoofdstuk VI wordt een rationele en zeer aantrekkelijke methode 
gelntroduceerd ter classificatie van smeerolien naar hun 'atmosferische 
viscositeit-temperatuurverband. De voorgestelde methode biedt in 
feite een eenvoudige oplossing voor het beruchte probleem van de 
"Viscosity Index", In hoofdstuk VII is een analoge methode uitgewerkt 
ter classificatie van smeerolH!n naar hun isotherme viscositeit-druk
verband. Deze beide classificatiemethoden zijn rechtstreeks geba
seerd op bovengenoemde vergelijkingen voor het viscositeit-tempera
tuurverband en het viscositeit-drukverband; zij zijn evenzo van toe
passing op aUe tot dusverre onderzochte - zeer uiteenlopende -
vloeistoffen. 

Bovendien zijn de thans opgestelde vergelijkingen uitstekend bruik
baar gebleken als een analytische basis voor correlaties ter voor
spelling van de effecten van temperatuur en druk op de viscositeit 
van vloeistoffen, hetzij op grond van hun chemische constitutie, 
hetzij met behulp van gemakkelijk te bepalen fysische constanten. 
De resulterende corr.elaties zijn in eerste instantie ontwikkeld voor 
minerale olien, welke - niettegenstaande hun grote verscheidenheid 
en gecompliceerdheid - een natuurlijke groep vormen doordat zij 
steeds zijn opgebouwd uit koolwaterstofverbindingen. Tenslotte be
staat het overgrote deel van alle thans toegepaste smeerolH!n nog 
altijd uit minerale oliEln, terwijl men zeker in de eerste decennia 
geen belangrijke wijzigingen in de huidige situatie mag verwachten, 

In hoofdstuk VIII zijn eenvoudige correlaties ontwikkeld voor het 
in goede benadering voorspellen van het gehele atmosferische vis
cos ite it-temperatuurverband van minerale olien. Naast het onontbeer
lijkeviscositeitsniveauvande olien - gedefinieerd als de viscositeit bij 
atmosferische druk en bij een bepaalde standaardtemperatuur komt in 
de opgestelde correlaties slechts een variabele voor: of we I hun to
tale percentage koolstofatomen in ringstructuur - als een blijkbaar 
voldoende nauwkeurige maat voor hun chemische constitutie -, of we 1 
een gemakkelijk bij atmosferische druk te bepalen fysische constante, 
met name hun dichtheid, brekingsindex of moleculairgewicht. 

In hoofdstuk IX zijn soortgelijke correlaties uitgewerkt ter voor
spelling, in een groot temperatuurgebied, van het volledige viscosi
teit-drukverband van minerale olien, De ontwikkelde correlaties be
vatten. afgezien van het onmisbare viscositeitsniveau van de olien, 
of we I enkel hun totale percentage koolstofatomen in ringstruc
tuur, of wei alleen hun atmosferisc~e dichtheid en/of brekingsindex. 

Verder is in hoofdstuk X de dlrecte samenhang tussen het vis
cositeit-drukverband van minerale olien en hun atmosferische vis
cositeit_temperatuurverband uitvoerig bestudeerd, Deze studie heeft 
tot de belangwekkende conclusie geleid, dat uitsluitend het atmosferische 
viscositeit-tem:peratuurverband van een willekeurige minerale oUe 
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inderdaad volstaat om zijn gehele verzameling viscositeit-drukiso
thermen in goede benadedng vast te leggen. De desbetreffende cor
relatie heeft het unieke kenmerk dat zij, in tegenstelling tot boven
genoemde correlaties, alleen viscositeitsparameters bevat. 

Hoewel de in de hoofdstukken VIII, IX en X beschreven correla
ties zijn ontwikkeld voor minerale olH!n, kunnen zij gemakkelijk 
worden aangepast aan een bepaalde homologe groep synthetische 
oli~n of enkelvoudige verbindingen. Een dergeUjke aanpassing blijkt 
steeds neer te komen op een essp-ntHHe vereenvoudiging van de 
oorspronkelijke correlatie, als gevolg van de sterke samenhang tus
sen de eigenschappen van de verschillende leden van zoln homologe 
groep. 

HoofdstukXI is gewijd aan het verband tussen, enerzijds, het 
viscositeitsniveau van miner ale olien en .:.uivere koolwaterstoffen en, 
anderzijds, zowel hun chemise he cor.stitutie als diverse, eenvoudig 
te meten fysische constanten. Dit hoofdstuk staat daarom in nauwe 
betrekking tot bepaalde meer fundamentele prolJlemen op het gebied 
van de viscositeit van olien. Op basis van een nieuwe additieve 
viscositeit-dichtheidsfundie konden verschillende interessante corre
laties worden opgesteld. Met behulp van deze correlaties is onder 
meer een aantrekkeiijke methode uitgewerkt ter be paling van de ge
middelde constitutie van de zeer gecompliceerde miner ale oli~n. 

In hoofdstuk XII zijn enige eenvoudige methoden ontwikkeld ter 
voorspelling niet alleen van het viscositeitsniveau maar zelfs van 
het gehele atmosferische viscositeit-temperatuurverband van mengsels 
van miner ale olH:Sn. Deze methoden maken alleen gebruik van het 
atmosferische viscositeit-temperatuurverband van de componenten. 

Verschillende toepassingen van de in voorafgaande hoofdstukken 
bereikte resultaten in de hydrodynamische smering zijn tenslotte 
nader uitgewerkt in hoofdstuk XIII, waarbij speciale aandacht is be
steed aan het isotherme viscositeit-drukverband. 



STELLINGEN 

I 

De bekende vergelijking van MacCoull en Walther~ welke ten grond
slag ligt aan het genormaliseerde viscositeit-temperatuurdiagram 
van de ASTM, is in fysisch-mathematische zin incompleet. Dit fun
damentele bezwaar kan worden weggenomen door de naar oneindig 
hoge temperatuur geextrapoleerde viscositeit als een universele con
stante in te voeren. 

N. MacCoull, Lubrication, June, 1921. 
C. Walther, Brda! und Teer 1 (1931) 382-384. 
"Standard Viscosity-Temperature Charts for Liquid Petroleum Products", ASTM Designation: 
D 341-43. 

II 

De door Horvath en Hackl gesignaleerde overeenstemming tussen 
berekende en experimenteel bepaalde potentiaal/pH-diagrammen van 
enig metaal-zwavel-watersystemen is discutabel. 

J.Horvlth en L. Hackl, Corrosion Science .2. (1965) 528 -538. 

III 

Bij het opstellen van correlaties - in het bizonder met behulp van 
statistische methoden - voor gecompliceerde fysische systemenmet vele 
invloedsgrootheden dient meer gebruik te worden gemaakt van dimen
sieanalyse. 

IV 

De door Rahmes en Nelson uitgesproken mening als zou het op
treden van een minimum in de viscositeit-concentratiecurven van 
binaire mengsels van minerale olien "ongewoon" ("unusual") zijn, 
is in zijn algemeenheid niet houdbaar. 

M.H.Rahmes en W.L.NelllOn, Analytical CheminI}' ~ (1948) 912-915. 
Dit proefschrift, p.422. 

V 

Het gebruik van de uitdrukking "viskeuze" vloeistoffen ter aandui
ding van vloeistoffen met zeer hoge viscositeit is taalkundig aan
vechtbaar. 

VI 

De door Mikolajewski, Swallow en Webb beschreven experimenten 
geven onvoldoende steun aan hun opvatting dat het in warm water 
opgeloste gedeelte van gedegradeerd nylon-5.6 vrijwel niet verder 
zou worden afgebroken door zuurstof. 

B. Mikolaiewski, J.B.Swallow en M. W. Webb, JOLlmal of Applied Polymer Science ~ (1964) 
2067-2093. 



VII 

Ten onrechte heeft Dow de restricUe gemaakt, dat Blak's corre
laUe tel' voorspelling van het viscositeit-drukeffect van miner-ale o1i~n 
welke cen "homologe" groep vormen, van weinig. praktische betekenis 
zou zijn voor olien met een niet uHgespl'oken paraffinisch karakter. 

R.B.Dow, "Some Rheologicai Properties Under High Pressure", Chap.8 in "Rheology: Theory 
and ApplicatiollS" , ... dited by F.R. Eirich: Vol.l, Academic Press Inc., New York, N.Y •• 1956. 
H.Blok, "Viscosity-Temperature-Pressure Relationships, Their Correlation and Significance 
for Lubrication". Proceedings of the Third World Petroleum Congress, The Hague, 1951. 
Section Vll, pp.304-319. 

VIII 

De door Rao voorgestelde additieve functie van geluidssnelheid en 
dichtheid wordt in de literatuur ten onr-echte vaak aangeduid als IImo
leculaire geluidssnelheid". Een passende benaming voor deze functie 
luidt: "sonochooY" 

M.R.Rao, Indian loumal of Physics!! (1940) 109-116: 
JournaJ of Chemical Physics 2. (1941) 682-685. 

IX 

Bet is in de regel onbevredigend en zelfs irreeel om precies de
zelfde recordtijd die over een afstand van een rond aantal yards -
gewoonlijk 110 yards (= 100,584 meter) of een veelvoud hiervan - is 
gerealiseerd, tevens te erkennen als recordtijd op een vrijwel ge
lijke, echter iets kortere, afstand van 100 meter of een veelvoud 
hiervan. Hieraan is in het algemeen op een reiHe en eenvoudige wijze 
te ontkomen door de geregistreerde tijd te corrigel'en op basis van 
de gemiddelde snelheid. 

X 

Aan Wright en Crouse's ,,algemene" correlatie tel' voorspelling van 
de viscositeit van met polymeer gemengde minerale olH:!n mag slechts 
een beperkte geldigheid worden toegekend. 

W. A. Wright ell W, W,Crouse, Industrial and Engineering Chemistry. Product Research and 
Development. !! (1964) 153-158. 

Xl 

Chu en Cameron's beschouwingen over de compressibiliteit pn de 
thermische expansie van in hoofdzaak minerale oHen zijn aan zeer 
ernstige bedenkingen onderhevig. 

p.s.Y.Chu en A.Cameron, Journal of the Institute of Petroleum 1:!! (1963) 140-145. 

XII 

Door te stellen, dat de viscositeit van vloeistoffen mindel' met de 
temperatuur zal veranderen naarmate zij, bij een bepaalde tempera
tuur, mindel' viskeus zijn, maakt Sanderson zich schuldig aan een 
onverantwoorde generalisatie. 

R. T • Sanderson , Industrial and Engineering Chemistry ~ (1949) 368-374. 

1 



XIII 

In verband met de toenemende differentiatie en specialisatie van 
research aan onze universiteiten en hogescholen verdient het aan
beveling, proefschriften te onderwerpen aan het oordeel van lande
lijke commissies van op de desbetreffende gebieden deskundige hoog
leraren en lectoren. 

XIV 

Davidse heeft geponeerd, dat het door Wada en Yamamoto bij ka
mertemperatuur gevonden lineaire verband tussen de dichtheid en de 
geluidssnelheid van verschillende typen polymeren in tegenspraak 
zou zijn met het - eveneens door deze auteurs geconstateerde - uit
eenlopen van de verhouding tussen de temperatuurco~Hfici(jnt van hun 
geluidssnelheid en hun kubieke uitzettingscoeffici~nt. Deze door Da
vidse vermeende tegenspraak is echter niet houdbaar. 

P.D.Davidse. Proefschrift Delft, 1959, Stelling 7. 
Y.Wada en K.Yamamoto. Journal of the Physical Society of Japan!! (1956) 887-892. 

XV 

Bij het comprimeren van artikelen dienen redacties van weten
schappelijke tijdschriften steeds te voorkomen, dat werkelijk waar
devolle resultaten - al te snel - verloren zouden gaan. 

Het verdient daarom aanbeveling, . dat zij in gevallen waarin der
gelijke resultaten niet in hun tijdschriften kunnen worden opgenomen, 
er zorg voor dragen, dat deze althans voldoend lange tijd voor ge'in
teresseerde onderzoekers toegankelijk blijven. Aan de andere kant zou
den deze redacties eventueel aandrang dienen uit te oefenen op auteurs 
om de in hun artikelen verwerkte numerieke meetgegevens volledig 
ter beschikking te stellen. 

C. J. A. Roelands, 
Proefschrift Delft, 1966. 
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