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1. INTRODUCTION. 

To measure a liquid or gas flow in pipes several types of in­
struments are available. They can be divided into some groups de­
pending on their operating principle. 

One of the large st groups comprises the instruments based on 
the existence of a pressure drop over some kind of restriction. The 
change in area of the stream tube can be gradual as in a venturi 
tube, or quite sudden as with sharp edged orifices or rotameters. 
We can roughly divide the flowmeters based on a pressure difference 
into two categories: the constant area and variabie area meters. The 
first one contains all meters with a fixed restriction, i. e. ventu­
ries, orifices, and nozzles. With these instruments the pressure 
difference is measured directly with the aid of some type of mano­
meter. The second one contains meters in which the area of the 
restriction is determined by the flow, i. e. rotameters and vane­
meters. In these devices the pressure difference results in a force 
that is balanced by gravity. 

For many years papers have been published on the dynamic be­
haviour of flowmeters. The main reason for the activity in this field 
is the error which occurs wh en metering non - steady flow. Some 
authors report errors of as much as one - hundred percent. 

Although many designs have appeared in publications for flow­
meters which are insensitive to pulsations lf 1, the dynamic beha­
viour of flowmeters of the pressure difference type is still of inte­
terest because the insensitivity to pulsations is obtained by means 
of considerable mechanical and/or electronic equipment making these 
devices fair ly costly. The simple devices, therefore , remain prefera­
bie in cases of steady flow and for measurements not requiring great 
precision or when the pulsations in the flow are not too serious. Many 
authors lf 2, 3 have attempted to theoretically define criteria for the 
seriousness of pulsations. Others pr?sed measuring devices for 
determining the degree of pulsations lf • However there remain many 
aspects of these phenomena to be explained. . 

Another reason to investigate the dynamic behaviour of flowme­
ters is the use of these meters in control systems. Adequate design 
of a control system requires the response of the meters to be known. 

The purpose of this study is to extend the theory of the process of 
metering pulsating flow with rotameters, to verify experimentally 
the results, and in some cases to indicate a way for improving the 
performance of the instruments. In particular, two aspects of the 
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behaviour of the instrument are treated : the response of the in­
strument to sinusoidal pulsations, and the mean reading of the in­
strument under these conditions. This thesis will deal with both in­
compressible and compressible flow in rotameters. 

The work is based on investigations carried out since 1955 in 
the Instrumentation Laboratory of the Technological University at 
Delft. Subsequently Schneiders x5, Ury x6, Kramers x7. v.d. Big­
gelaar , Rachmad Mohamad J( 8, de Groot J( 9, Koopmans J( 10, and the 
author worked on the subject. 
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2. PRESSURE DIFFERENC E TYPE FLOWMET ERS 
FOR INCOMPRESSIBLE FLUIDS. 

2. 1 INCOMPRESSIBLE FLOW WlTH FIXED RESTRlCTlONS. 

We start by considering incompressible flow in a fixed restric­
tion (fig. 2.1.1). 
From Bernoulli's equation 

P1 P2 2 2 
----=!(v -v ) , 

p . p 2 1 

and the continuity equation 

w=v1a1 =v2a2, 

we find 

which results in 

w=v1a1 =K ~ P1 -P2 

, 

(2.1.1) 

( 2. 1. 2) 

lp. these equations w is the volumetrie flow, p the density of the 
fluid and K a constant. v 1 and v 2 are the velocities, P1 and P2 the 
pressures, ~ and a2 the areas of the jet at the two points wnere 
the pressure is measured )1. Eq. (2.1. 2) only holds when the con­
ditions necessary for applying Bernoulli 's equation are satisfied. 

0, 
P, 

-+-- V1 

Fig. 2. 1. 1 
Flow in a fixed 

restriction. 

Often the pressure is measured with a damped manometer. After 
extracting the square root, we do not find the mean value of the 
flow but 

)1 In this publication "a" will be written for area. 
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windicated '" K V PI - P2 ' 

To obtain the mean value of the flow it would be necessary to mea-
sure 

w = K V P _p 0 

1 2 

Many investigators propose measuring the pressure difference with 
a fast manometer * 4 , 11. The mean value of the root of this signal 
wiil be proportional to the value of the mean flow. 

Although this method may serve as a valuable approach in cases 
of low frequency pulsation, it is not exact. This can be seen by 
realising that Bernoulli 's equation only holds for steady state flow. 
For dynamic conditions the pressure difference has to be increased 
by a quantity corresponding to the net force required to accelerate 
the fluid in the jet. The pressure difference must be corrected by 
a quantity 

2 

f dV 
P at. dl 

1 
so that 

( 2. 1. 3 ) 

This equation only holds for incompressible frictionless fluids in 
horizontal pipes. 

A difficulty which arises by application of this equation to nozzles 
and orifices is that we are not concerned with the pressure at weil 
defined points in the velocity field, but at points in the dead water 
zones of the restriction. Even if this difficulty did not exist and the 
pattern of flow lines was known it would be very difficult to evaluate 
the behaviour of v from the behaviour of PI - P2. By simplifying 
the flow pattern it is, however, possible to estimate the effect of 
this term as will be done in the next sections. 

To avoid the complication of the integral term in Bernoulli' s 
equation, it is theoretically possible to eliminate this term by sub­
tracting a pressure difference proportional to the term * 12 or to 
reduce its effect by chosing more suitable mechanical configurations 
in which the mass of the accelerated fluid is negligible * 13. In 
those designs, measurement of the pressure difference has to be 
carried out with pressure pick - ups having a fast response so that 
the maximum frequencies occuring in the pressure can be detected 
without attenuation. This signal is subjected to a square root ex­
tracting apparatus which will generally be an electronic one, the 
maximum frequencies involved often being to high for mechanical 
devices. These complex electronic instruments are relatively unde­
veloped for large sc ale industrial application. 
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The correction term in Bernoulli' s equation can be derived from 
Euler' s equation for frictionless fluids 

Dv vp 
--=:..=- - + ~ 
Dt p 

(2.1. 4) 

which is in fact the equation of motion for an infinitesimal element 

of the fluid. In this equation v is the velocity vector, DD the time 
- t 

differential, measured at a point which is moving along with the 
element under consideration. V is the differential operator 

i d +j d +k.!!.... 
-dx - dy - dz 

wherein i , j and k are the unit vectors. 
- -Dv -

The term -= in Euler' s equation can be changed by substituting 
Dt 

Dv 

Dt (2.1. 5 ) 

ov 
where cl; is the time differential measured at a point fixed with res-

pect to the coordinates. By omitting the influence of gravity we find 

-vp o~ __ = - + ( v • v ) v • ( 2. 1. 6 ) 
p ot - -

For curl free velocity fields in incompressible flow it ean be shown 
that 2)1 (~.v)~ = ~ v(v ), (2.1.7) 

which leads . to 
vp o~ 1 2 

---=-+ "2 v (v) 
P ot 

(2.1.8) 

Integrating between two points for incompressible fluids leads to 
p 2 2 2 o~ 

PI - P2 = "2 (v 2 - vI) + p fat· <D • ( 2. 1. 9 ) 

I 

From this derivation it follows that applieation of the corrected 
Bernoulli equation is restricted to frictionless, incompressible, curl 
free flow or to flow where these conditions are approximated. 

)1 In this publication (~. ~) is written as v
2

. 
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2.2 INCOMPRESSIBLE FLOW IN ROTAMETERS. 

In the case of steady flowan approximate equation for the posi­
tion of the float can easily be derived. 

2 

Fig. 2.2.1 
Flow pattern in a rotameter . 

1 

The flow through the annular orifice between tube and float gives 
a pressure drop over the float. As a re sult of the sharpness of the 
float, the flow pattern will be as indicated in fig. 2.2.1. 

When the area of the annular orifice between tube and float is 
ax ' the area of the narrowest cross section of the jet win be Cc:Ix, 
where Cc is the contraction coefficient. The pressure difference 
over the float is usually computed with the assumptions that the 
pressure in the dead water zone above the float is equal to the pres­
sure in the narrowest part of the jet and that the pressure under the 
float is equal to the pressure in an undisturbed cross section up­
stream. Because the tube is only tapered very little, the pressure 
in the undisturbed region upstream from the float will be approxi­
mately independent of x, apart from buoyancy. For steady flow these 
assumptions have lead to a satisfactory description of the behaviour 
of the float. 

With these assumptions and approximations we find for eq. (2.1.1) 
with 

a
2

=C a and 
c x al = aO 

2 PI - P2 
vI = --p-- 2 C2 2 a - a o c x 

where a
O 

is the cross section of the tube at x= O. 

(2.2.1 ) 

After rearranging terms we find for the pressure difference over 
the float with vI aO = w a2 _ C2 a2 

POe x 2 
PI - P2 = "2 2 2 2 w . ( 2. 2. 2 ) 

Cc axaO 
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The float and tube diameters are always chosen such that -a is _ x 
small in comparison with aO' so we can write for eq. ( 2. 2. 2 ) 

Kw2 
PI - P2 = -,-- , 

a x 

where K is approximately a constant. 

(2.2.3) 

The pressure difference over the float results in a force which is 
balanced by the weight of the float minus the buoyant force 

w2 
g ( P fl - P ) V fl = KI"7 . (2.2.4) 

x 

In (2. 2.4) P fl is the density of the float, V fl the volume of the float 
and g the acceleration of gravity. In a tapered tube ax is very near­
ly proportional to x, so 

w = Kt! x. (2.2.5) 

The situation with pulsating flow and moving float is much more 
difficult. The pressure difference now also depends on the forces due 
to the inertia of the float. Eq. (2.2.5) is no longer applicable to a ro­
tameter. It is also easy to see, that by putting a float in a cylindrical 
tube and moving the float with a constant velocity VI, the pressure 
difference over the float will be determined by the velocity of the 
fluid relative to the float, ~I - ~I and not by the velocity ~I of the 
fluid at a point in the undistürbed region of the float. 

It will be shown that for a rotameter Bernoulli I s equation has 
to be written as 

1 2 2 J dv PI - P2 = "2 P (u2 - uI) + P ( ëIt ) VI • dl 
1 -

( 2. 2.6) 

In this equation ui and u~ are the squared velocities relative to the 

float at two reference points, to be specified later on, and( ~ ~)~, ' 
is the acceleration of the fluid measured at a point moving with 
velocity ~' in the fluid. 

dv 
At first glance it seems rather awkward that in eq. (2. 2. 6) (~ I au d t Y. 

has to be used instead of -=--, which would follow from eq. (2.1. 9) 
èlt 

by simply substituting u for v. It is however easy to understand that 
this substitution is not -justifiëd. Picture a cylindrical tube with con­
stant diameter, with a float having the same specific mass as the 
fluid surrounding it. Now VI == ~ (~= 0 ) at each moment and this 
substitution would lead to PI - Pz = O. Hence no acceleration would 
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be possible. On the other hand substituting~' = ~ in eq. (2. 2. 6 ) 
results in 

2 dv 2 Dv 
P1 - P2 = lp ( -=-), . d I = lp -= . dl, dt v = v - Dt-

because 

1 - - 1 

dv 
(-=- )v

' 
- v dt _ - _ 

Dv 
is defined as 

Dt 

The latter equation is the 
omitted. 

In 2. 1 we used the time 

integral form of eq. (2.1. 4), gravity 

differentials ~ and ~ . 
Dt ot 

In eq. (2.2. 6) we introduced a new time differential (~ t )v
' 

. 

The following situation is used to illustrate the differences between 
these differentials. 

Standing beside a highway we assume we can look at the speedo­
meters of all cars passing by. 
Suppose that the weather is going bad, we will note a change in the 
mean v~city that the speedometers read. In this case we are mea­
suring "t . Now suppose ourselves driving a car at the mean velo­
city of the cars that surround us. Looking at our speedometer we 

will note accelerations and decelerations. This is the D v we are 
Dt 

measuring. A helicopter-pilot surveying the road with a velocity v' 
would, however, if he were" able to look at the speedometers, note 

a different change in velocity . The latter is the ( d v ) ,. 
d t v 

Note, that in all these time differentials the velocity v is measured 
with respect to the road. 

We will now derive eq. (2.2.6). 
In 2.1 it has been shown that Euler's equation can be written as 

-VI> a~ 
--= - + ( v . 'iJ ) V • ( 2. 2. 7 ) 

p "t ä~ -
This equation only holds for ~ measured at a fixed point. 

dv ot 
We are interested in d; at a point, moving with the velocity y', the 

velocity of the float. 
dv d~ ,,~ 

Now (-=-) I Can be written as (-) I = ~t + ( v'. 'iJ ) v. ( 2. 2. 8 ) 
dt ~ dt ~ 0 

Euler's equation in this case is 
dv 

-'iJ P
=(-=-) '+{(~-~')''iJ}~ 

P dt ~ 

8 
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Substitution of v - v' = u leads to - - -
dv dv 

-vp = ( --=-) I + (u. v) v = ( --=-) I + (u . v) (v - v') = 
p dt ~ - - dt v - --

dv 
=(--=-) I+(U.V)u, 

dt ~ - -

because v' is independent of x, y, z. 
For curCfree fields we can write 

1 2 
(~.v)~ ="2 (Vu ). 

Substituting eq. (2. 2. 11) in (2. 2. 10) gives 

dv -vp - 1 2 
--=(-) +zV u 

p dt ~' 

(2.2.10 ) 

(2.2.11 ) 

(2.2.12 ) 

Integrating along an arbitrary line from point 1 to 
with velocity v', we find for incompressible fluids 

2 

point 2, moving 

1
22 f P1 - P2 = "2 P (U2 - u 1 ) + P 

1 

dv 
( -=-) .dl 

v' -d t -
( 2. 2 . 13 ) 

2.21 The velocity of the fluid in a rotameter under 
dynamic conditions. 

To apply the equation of Bernoulli to a rotameter, the situation 
has to be idealized . 

The most important part of the float is the head. As a first 
approximation, consider only this part and neglect the effect of the 
rest of the body. 

The actual flow pattern in the jet (seen in sec.7) is indicated 
in fig. 2.21. 1 (right). The taper of the tube in this figure is exag­
gerated. 

C-----'hJ 

b-----4~ 

0-----4-----\,..--'-

Fig. 2.21.1 
Idealized flow pattern (left) 
and actual flow pattern (right) 

in a rotameter. 

z 
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The cross section of the tube at a height x + z = Y is called a . 
y 

The cross section of the float head ao is chosen equal to the value 
of a . for y == o. The cross section of the dead water zones behind 

y 
the float at height y is called af' which is dependent on x and z. 

Consider a stationary flow with a velocity v 0 at y = 0 and a sta­

tionary float. When the vertical component of the velocity has a con­
stant value over a cross section perpendicular to the tube, this com­
ponent of the velocity in the jet is 

vOaO v == (2.21. 1) 
1 Y ay - af 

Now consider the float moving with a velocity v' in the tube (fig. 
2.21. 1), the net flow through the pipe being zero. Assume the flow 
pattern to be the same as above and the eontraction eoeffieient to 
be the same as for stationary flow. 
Beeause the total volume going through the seetion a has to be zero, 

v 
the vertieal component of the veloeity at y must oe 

v' af 
v =---

2y ay - af 
( 2. 21. 2) 

In gener al , with a flow w = vOaO' and the float moving with a 

veloeity v' the resulting veloeity at y will be 

w - v'af v = v -v =----"-
1 Y 2y ay - af 

For the velocity relative to the float we find 
w - v'a 

u = v - v' = y 
ay - af 

(2.21. 3) 

(2.21. 4 ) 

In particular the value of u in the narrowest part of the j et at c, 
the vena eontracta, is important. Here a is the cross seetion of 

y 
the tube at the vena eontraeta and a - af == Ca. The distance be 
will be called h. y c x 
Because the tube is not tapered very much, the tube diameter at 
the vena eontracta will almost be the same as at the float edge. With 
this approximation the value of u at the vena contraeta becomes 

10 
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Making the same assumptions for pulsating flow as were made in 

sec. 2. 2 for stationary flow the term (u; - Ui) in eq. (2.2.13) can 

be computed. Since u2) > u1 ' ui can be neglected in comparison 
.th 2 

Wl u2 ' 

(2.21.6) 

To compute the integral term of eq. (2.2.13) it is necessary, 
moreover , to make the assumption that the contraction coefficient 
is the same as for stationary flow. Furthermore the streamline 
pattern has to be known. We win idealize the streamline pattern to 
the one indicated in fig. 2.21. 1 (left). In fig. 2.21. 2 the value of 
I ~ I for the idealized flowpattern is drawn (solid). The actual value 
of I ~ I will correspond to a curve like the dotted line . 

..y< 

7 
Fig. 2.21. 2 I \ 

I \ 
The velocity of the fluid as a 
function of y for the idealized 

\ flow pattern (solid) and for the 
\ actual flow pattern (dotted). 

",1 

\ 
\ 

I \ 
/ \ 

/ " .-
" "-

I 
"-

h 

a b c .. y 

As the increase in velocity is proportional to the velocity, it is easy 
to see that the part of the fluid between points b and c in fig. 2. 21. 2 
win give the large st contribution to the integral term of eq. (2.2.13). 
Thus the integral term of eq. (2.2.13) can be computed from the 
idealized flow pattern between points b and c, the pressure drop 
between points a and b in the idealized pattern of fig. 2. 21. 2 being 
neglected. 

strictly speaking, neglecting the velocity in the region upstream 
from the float compared with the velocity in the jet is only possible 
with a stationary float. However, the velocity of the fluid in the jet 
win also be much larger than the velocity of the fluid in front of ' 
the float for a moving float, if the velocity of the float is low com­
pared with that of the fluid as we win assume. 
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2.22 The equation of motion for the float. 

Before giving a detailed derivation of the equation of motion, a 
general impression of this derivation will be given. A simplified form 
of eq. (2.2. 13) can be used by neglecting radial components, and 
putting x for v', the velocity of the float. Substituting the coordi­
nates indicated in fig. 2.22. 1 and applying eq. (2.2.13) to the line 
indicated in this figure, we find, using eq. (2.21. 6), 

Iw-x(a +a ) 
p_p=!p 0 x 
. x c C a c x 

h 

! ~ -! (~ ;) x dz, 

(2.22.1) 

Fig. 2.22.1 
The line over which the 
acceleration integral is 

integrated. 

where px is the pressure just beneath the float, Pc the pressure in 
the jet at the vena contraeta and h the distance between the float 
edge and the vena contracta. We will show later on that by com­
puting the integral of eq. (2.22.1) and rearranging the terms we can 
find the following expression for the pressure difference over the 
float, 

P - P = B 'w
2 - C' wX + D'x2 

+ E'w - F'x xc' 
(2.22. 2) 

where the coefficients B', C' and D' result from the first term on 
the right of (2 . 22.1), and E' and F ' result from the second ter!ll. 

The force resulting from this pressure difference has to cancel 
the force caused by the inertia of the float plus the force caused by 
gravity which was also present for the stationary case (eq. 2.2.4) . 

(2 . 22. 3) 
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By combining eq. (2 . 22.2) and eq. (2.22.3) it is possible to derive 
the equation of motion for the float 

2 . .2 • .. 
w -Cwx+Dx +Ew-Fx=G, (2.22.4) 

where again the terms with C and D are the consequence of u
2

, c 
while the terms with E and a part of F account for the acceleration 

of the fluid 1< ~; ) x d z. The rest of F is the contribution of the 

inertia of the float and G is the effect of gravity. The coefficients 
C ... . ..... . G can be expressed as follows: 

C = 2( a
O 

+ ax ) 

2 C
2 

D = (aO + ax ) ="4 
In C 

E = 2 h a C2 __ c + 
x c C _ 1 

c 

(2.22 . 5) 

In these equations a
O 

is the cross section of the float head, ax the 

cross section of the annular orifice between float and tube, and C c 
the contraction coefficient. The second term in Eresults from the 
effect of the float body as will be explained at the end of this section. 
The notation h' is the length of the float body and ~ the cross sec-

tion of the float body. As can be seen from the equation for E , e 2 
is dependent on x. 

The derivation of eq. (2.22. 4) will now be given in detail. First 
consider the integral term 

dv (- ).dz 
dt x 

( 2. 22. 6 ) 
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From eq. (2.21. 3) it is found that 

v= ( 2. 22. 7 ) 

In this equation a - af signifies the area of the cross section of y 
the jet at z. From fig. 2. 22. 2 it is easy to derive 

a -a = a(l­
y f x 

Fig. 2.22.2 
The cross section of the ro­
tameter in terms of areas. 

1 - C c 
--- z) . 

h 

af 

As the tube is not tapered very much, its diameter when 0> z) h 
will be almost the same as at z = 0, 80 a = a

O 
+ a . With this 

y x 
approximation we find from eq. (2.22.8) 

a (1 - C ) x c af = a
O 

+ ---'-"-----"-- Z • 
h 

(2. 22.9) 

In gener al ax will be much smaller than a
O 

so eq. (2.22.9) can be 

approximated by 

af = aO . ( 2. 22 . 10 ) 

Substituting eq. (2. 22. 10) and (2. 22. 8) in eq. (2. 22 . 7) we find 

w - xa
O 

v = ------:;l-_-rC.-- (2.22. 11) 

a(l- c z ) 
x h 

The cross section of the tube a increases almost linearly with the 
height so y 

(2.22.12 ) 

For y = 0 the cross section of the tube is equal to the cross section 
of the float. The cross section of the annular orifice between tube 

14 



and float, a , is the difference of the cross sections of the tube at 
x 

y= x and the float so d a 

a =bx and __ x =b . (2.22.13') 
x dx 

From eq. (2.2 . 8) we find for one dimensional flow 

(~). = ~ +x OV 
d t x ot o x 

Substituting eq. (2 . 22. 13) in (2. 22. 11) and differentiating resultf in 

d W - xaO 
( ~ ) = -----::--::::---

d t X 1 - Cc 
a (1 - z) 
x h 

xb( w - xa
O

) 

l-C 
a2 (1 _ c z) 

x h 

(2. 22. 14 ) 
Integrating 2. 22. 14 we find 

w - xaO 1 
dz + fh 

ax 1 - Cc 
0 (1---z) 

h 

xp( w - xao) h 

f 2 
a x 0 

( w - x aO ) h In Cc 

ax (Cc -l) 

1 
dz = 

1 - Cc 
(1 - z) 

h 

x ( w - x aO ) bh In Cc 

a 2 (C - 1) 
x c (2.22.15) 

Substituting eq. (2.22.15) in (2.22.1) we find 

wx( a
O 

+ a
x

) 

c2 a2 
c x 

x ( w - x aO ) bh In Cel 
2 . 

a(C -1) 
x c \ 2. 22. 16) 

As bh signifies the increase in area of the tube over the distance 
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which will be mu<)h smaller than a O and C c ~ O. 6, the last term in eq. 
(2.22.16) can be neglected in comparison with the second and third 
ones. 

I 
w2 

Px - Pc = p 2 2 
2 C a 

c x 

+ (w - xao) h 1n Cc j. 
ax ( Cc - 1) 

(2.22.17) 

Combining eq. (2.22.17) and (2.22.3) we find the equation of motion 
(2.22.4, 2.22.5), without accounting for the float body. 

To account for the float body the streamline pattern has to be 
idealized in another way (fig. 2.22.3). 

Pc,U c 

Fig. 2.22.3 
The idealized flow pattern 

for a float with a body. 

h z 

x 

I1 

The flow now has to pass two restrictions, in each of which the flow 
can be idealized as described in sec. 2. 21. The cross section of 
the float body is called ab; the length of the float body is h'; the 
pressure in the jet at the vena contracta is Pc; the pressure ju st 
beneath the float edge Px; and the pressure just beneath the float 
body P-h" Similarly the velocities in the jet,just beneath the float 
edge and just beneath the float body are called uc ' llx and u_h' res­
pectively. The force on the float caused by the pressure difference 
will be equal to 

F = a. (p h' - P ) + (a - a. ) (p - p ). 
0- co 0 xc 

(2.22.18) 

Now with Bernoulli 's equation applied to the two successive restric­
tions we find 
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h 

p - p ="2 p( u - u ) + p 1 2 2 f 
x c c x (2.22 . 19) 

o 
and 

h 
_ 1 2 2 

P h' - P - 2" P (u - u h') + - c c- f dv 
p (-Crr).dz. 
-h' x 

(2.22.20) 

The force acting on the float can be written by substituting these two 
equations in (2.22.18) 

F=2"Pa u -a. u -(a -a.)u + 1 {2 2 2} o c b -h' 0 b x 

fh(dV) dz+pa. fh(dV) dz. 
dt i b dt i 

o -h' 
(2.22.21) 

For the considered floats and tubes the velocity in the narrowest 
part of the j et is much higher than the velocity next to the float body, 
so 

h 

F~!paou~ + paO f 
o 

dv (-) dz + pa. 
dt i b 

o 

f 
-h' 

(2.22. 22) 

It is possible to prove that the error which is made by the last ap­

proximation is smaller than 10% when ~ <0. 5. In practice ~ will 
aO a O 

always be smaller. Thus the only effect of the float body is a change 

of the term f (~) d z. To evaluate the integral J (d v) d z, 
d t i -h' d t i 

the velocity next to the flElat body can, from eq. (2.21. 3), be written 
as 

v = (2.22 .23) 

neglecting the taper of the tube over the length of the float body. 

w-x~ 
2 

(a
O 

+ 3
X 

- ~) 

bi. 

(2.22.24) 
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Integration of tbis equation gives 

d w-xa. x(w-xa.) 
(~) d z = 0 h' _ 0 bh' . 

d t X aO + 3x - ab (aO + 3x - ab)2 

(2.22.25) 

The maximum value of eq. (2.22.25) occurs for a = O. Then eq. x (2.22.25) becomes 

j 
(2.22.26) 

The symbol b is, as stated before, a small quantity and when aO - ~ 

is not too small tbe second term in (2.22. 26) can again be neglectec;l 
in comparison with the second and third term of eq. (2.22.17). The 
term with x can be neglected compared with the term in the equation 
of motion for tbe float. When derived with the float body taken into 
account, the equation of motion remains the same, except for a cor­
rection on tbe term E 

InC 
E = 2ha C2 c 

x c Cc - 1 

(2.22.27) 
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3. APPROXIMATE SOLUTIONS OF THE EQUATION 
OF MOTION FOR SMALL SINUSOIDAL PULSA ­
TIONS. 

Consider a volumetrie fluid flow w with mean value Wo and pul­
sations 6 w, with 6 w a periodie funetion. The mean position the 
float assumes with pulsating flow is ealled "0. Eq. (2 . 22.4) ean be 
rewritten by substituting w = Wo + (6w) and x = Xo + (6x) 

22 (A2 • 2 • Wo + Wo 6w)+(~w) - C(wo+ 6w)( 6x) + D(6·x) + E(~w) + 

2 2 
+F (6-x) - g2xo - 2 g2xo (6 x) - g2( 6x) = 0 (3.1.1) 

where C, D, E and F still eontain terms wi th x and 6 x. o 

In this equation d(~ x) is written as (6·x) and d
2 
ditA as (6 -x). 

The differenee between stationary and dynamie eonditions is of in­
terest. For this reason eonsider also a stationary flow with the same 
input wo' Under these eonditions the value of x is ealled xow. For 
stationary flow it ean be "/ritten: 

By substituting (3 . 1.2) in (3. 1.1) we find: 

22) 2 2 C . g2 (xo - xow = Wo (~w) + (6 w) - (wo + 6 w) (6 x) + 

where 

and 

C = e + el ( x + 6x), 
o 0 2 

D = d + dl (x +~x) + d 2( x + 6 x) , o 0 0 

2 
E = el ( x + 6 x) + e2( x -t 6 x) 

o 0 2 
F = f1 (x

o 
+ 6 x) + f2 ( Xo + 6 x) 

(3 . 1.2) 

(3.1.4) 

Eq. (3 . 1.3) deseribes the deviation of the mean value indieated by 
the float from the true mean value . 

Putting 6 w = ~ eos w t it is found that 

"" 
6 x = :E \. eos (k wt + IP k ). 

k=1 
(3.1.5) 

Assuming the terms with frequeneies 2w, 3w .. . .. . . . .... to be mueh 
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smaller than the terms containing the frequency w and substituting 
~x=xcos(wt+~) and ~w=wcoswt in eq. (3 . 1.3) and (3.1.4), 
an equation is found which contains time dependent parts and time 
independent parts. This equation has to be valid for both kinds of 
terms, and in particular, for the time dependent terms containing 
the frequency w • 

The equation for the time dependent terms which contains terms 
with the frequency w is 

2w
o 
(~w)- wo( Co + c1xo) (~'x)+(elxo + e2x~)(~'W)-(flXO + f2X~)(.:1· ·X) 

(3 . 1.6) 

~ 2 d • 2 - 2 g2 Xo (A x) + ~ - f2( ~ x) (A x)+ 1 (~x) (~x) + 

- Cl(~ x) (A'x) (~w) f = o. 

For small amplitudes the term between brackets can ·be neglected, 
and using complex variables the response of the system can be writ­
ten as 

with 

q = 
2w o 

1 + jW9 __ 
1+jws+(jW)2 t ' 

1 
vgz 

X 

The last approximations are based on the fact that 

Wo ~ ~ Xo 

for small deviations of the mean value. 
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For the terms independent of time we can writ~ 

2 2 w2 
g (x - x ) = -2 0 ow 2 

.. ", 
+ w: W sin", (co + c1xo + el + 2e2 xo )' 

Substitution of ~ = lAl w 
~ 

gives 

(3.1.9) 

! 11- 1A:1 2 
+ aw

2 IAI2 + ~wlAI sin'" ~= M, 

(3.1. 10) 

with 

a 

(3.1.11) 

and Co + c1xo + el + 2e2xo 

~ 
In the following we will use M to describe the deviation of the mean 
value. 

For 

we can write 

2 2 
g2 (x - x ) 

M = ~~~o __ ~ouw~ 
~2 

w2. _ w2 

M= 
Ol 0 

\V2 
(3.1.12) 

where w . is the w indicated, and w the true value of the mean m 0 0 
input. For small deviations of the mean this can be written as 

(woi - wo) 2w 
M= 

0 (3.1.13) 
... 2 
w 

For the relative error we find 

w .-w w2 
Ol 0 M. 2 

w 2w ' 
0 0 

(3.1.14) 
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Eq. (3.1.10) for M can be written in a form which is more con­
venient to handle 

For a we now consider the case in which 

This turns out to be true in most instances where the density of 
fluid and float do not differ very much, as in the case when measuring 
flow of incompressible fluid. In most cases el + 2e2xo can also be 
neglected in comparison with Co + c1xo' With these approximations 
we find with eq. (2.22.5) and (3.1.7) 

d 2 2 +d1x +d2x (co + c1xo) 2 000 a s 
g2 4 g2 

and (3.1.16) 
c + c

1
x

o fj= 0 2 s. 
vg;' 

Substituting eq. (3.1.16) and (3.1. 7) in (3.1.15) it is found that 

M= 1 
"2 

4 2 2 2 2 
w (qs - t) + 2 w (qs - t) - w q 

(1 - w 2t)2 + w 2s2 

Inspecting (3.1. 17) we see that as w - -

M=~lcr - 1 f2. 

(3.1. 17) 

(3.1.18) 

The term qs governs the value of M for high frequencies and it 
seems useful to inspect this term further. 

From (3.1. 7) it is concluded that 

(3.1.19) 

For most rotameters this can be approximated by 
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2 In C 
c 

(C - 1) c 

(a + a ) a ph o x 0 (3.1.20) 

Making this term as nearly as possible equal to one reduces the 
error for high frequencies. 

It is necessary to investigate the agreement between theory and 
measurements of the neglect of the higher harmonies of .1X. For 
small amplitudes the above assumption will certainly hold, because 
all terms containing frequencies higher than w have coefficients with 
at least the square of the amplitude or the product of two amplitudes. 
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4. MEASUREMENTS FOR INCOMPRESSIBLE FLUID 
FLOW. 

4.1 THE TEST SET-UP. 

The test set-up is shown schematically in fig. 4.1.1 ~. From 
a reservoir the water is conducted to cock I, which is used to ad­
just the mean value of the flow. A pulsator with ametal bellow 

--

? R 

waste 

motor 
pulsotor 

Fig. 4.1.1 
Test apparatus for measuring sinusoidal varying flow of an incom-

pressible fluid. 

generates sinusoidal variations. The pulsations are measured with a 
magnetic flowmeter MF, which is connected to the rotameter R. The 
switch S connects the flow during a certain interval to a measuring 
vessel. This time interval is measured by means of an electronic 
counter, which counts a 1000 cis voltage generated by a tuning fork 
oscillator. 

4 . 11 The water circuit. 

To obtain a flow independent of external circumstances, the water 
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Fig. 4.12.1 
Pulsator for generating sinusoidal varying flow for an incompres­

sible fluid. 
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is drawn from a reservoir having a constant level situated about 8 
m higher. The connection between magnetic flowmeter and rotameter 
is inelastic , to prevent phase shift in the flow between the two 
meters. 

4.12 The pulsator . 

Au exploded view of the pulsator is drawn in fig. 4. 12. 1. A is 
the cylinder in which ametal bellow B can be moved by the rod D. 
This rod is connected to the shaft F by a connecting rod C. The 
lower bearing E of C is connected to the crank H by a dovetail. 
The eccentricity of point E can be adjusted by the screw G. The 
shaft F is connected to a gearbox with ratio's 1 : 1; to 1 : 16, which 
is driven by a D . C . compound motor, 1400 rpm, 0.75 hp. 
The motor speed is continuously adjustable by means of a resistance 
in series with the armature. The maximum volumetric displacement 
caused by the bellow is 50 cm3. This pulsator can produce sinus­
oidel pulsations in the magnetic flowmeter with a maximum ampli­
tude of about 50.10-6m 3/s, from 1 ci s to 25 cis. 

4 . 13 The magnetic flowmeter. 

The magnetic flowmeter is used to measure the instantaneous 
value of the flow. It consists of an electromagnet which generates a 
magnetic field perpendicular to the direction of the flow (fig. 4 . 13.1) . 
Assuming a uniform field and a uniform distribution of the flow in 
the pipe, an electromotive force V is induced between the electrodes 
a and b which is equal to 

V == Bvd. (4. 13.1) 

In eq. (4 . 13 . 1) B is the magnetic induction, v the velocity of the 
fluid and d the diameter of the pipe. It can be prov~4 that eq. 

v 

Fig. 4.13 . 1 
The magnetic flowmeter. 
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(4.13.1) holds for axially symmetrical flow, regardless of the velo­
city distribution, when v is the mean velocity in the tube. Ja gener m, 

In general, electromagnetic flowmeters are designed for the po­
wer supply frequency. This frequency however, was too low for our 
purposes. The present meter is designed for a frequency of 1000 cis. 
Using this frequency, even the highest frequencies occurring in the 
flow rate can be measured. The 1000 cis voltage is generated by a tu­
ning fork oscillator and fed to a circuit providing automatic gain 
control to obtain a constant amplitude supply. Power amplification 
is provided by a class B power amplifier. 'rhe magnetic circuit is 
tuned by some capacitors in a series re sonant circuit to suppress 
harmonics in the circuit and to get a reasonable matching to the 
power amplifier . The magnetic field in the air gap is approximately 
0.06 Wb/m2. 

The signal generated by the meter is fed to an amplifying and 
compensating circuit. The compensating voltage can be varied in 
amplitude and phase to cancel the spurious signal induced in the pick­
up circuit. The signal is fed to a bandpassfilter with a center fre­
quency of 1000 ci s and a bandwidth of 80 cis , and can be observed 
on an oscilloscope . 

tu n i ng fork 

L oscillator 

*" 
t--

,--r-

A.G.C. I '. 

-
class B ampl 

-

Fig. 4. 13.2 

r h 

pha se ampl. 
control control 

~ I 
compensating 

and 

amplifying 

circuit 

bandpass 
ti l ter 

osc illascope 

Block diagram of the magnetic flowmeter and i ts auxiliary equipment. 
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The phase shift of the m-derived, constant k filter is linear within 
at least 60 cis. The time delay of this filter is about 3.5 ms. The 
total gain of the electronic system is approximately 105. The band­
passfilter output at a flow rate of 50.10-6 m3/s is approximately 
10 V. The drift of the system in 30 minutes is less than 1% of this 
value. Because the magnetic flowmeter is only used for short times 
and its compensation is regularly checked, this amount of drift is to­
lerable. 
The block diagram of the system is given in fig. 4.13.2. 

Fig. 4.13.3 shows a picture taken from the oscilloscope, which 
displays a sinusoidal pulsating flow. The pulsations appear as an 
amplitude modulation of the 1000 cis voltage. 

4.14 The switch. )1 

Fig. 4.13.3 
Output signalof the 
magnetic flowmeter 
with pulsating flow. 

The switch is used in order to measure the mean flow volume­
trically. lts construction was guided by the principle that the switch 
had to have no influence at all on the flow rate and that it was ne­
cessary to be able to measure during a whole number of periods of 
the pulsation. Furthermore the switching had to be quick enough to 
measure time intervals accurately. The first object is attained by 
making the fluid flow freely into the switch so the pressure at the 
end of the line will always be equal to the atmospheric pressure 
regardless of the position of the switch. The other objects are se­
cured by the special construction of the switch. 

)1 The switch was designed and constructed by H. v. d. Biggelaar. 
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c 0 

~ 

V 
on 1 

pulsotor 2 
shaft 3 

E 

A 

w 

U 

Fig. 4.14.1 
Flowmeter switch. 

-+12 V 

-+ 12 V K-+--+';; 

start B 

Fig . 4.14.2 

I 
~ 

F 

waste 

1]
l d 2 

measuring -=- __ _ 
vessol - - -

10 K 

-12V 

Electrical system for flowmeter switch. 
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The switch is schematically drawn in fig. 4.14.1. The electrical 
diagram is shown in fig. 4. 14. 2. 

The working of the mechanical part of the system can be explained 
as follows. The relay R actuates lever A which unlocks B. B starts 
to rotate around its shaft C, which is driven by the weight ' M sus­
pended on a rope. Crank D, connected to C, moves the bar EF to 
the left which actuates the switch. The power on the relay Ris, 
meanwhile, disconnected and B is held in its opposite position by 
lever A. Two micro switches are actuated during the transition. 
One micro switch (W) is used to connect the 1000 cis tuning fork 
oscillator to a counter, the other (U) to disconnect the power from 
relay R. 

To understand the working of the electrical scheme consider fig. 
4.14.2. The contacts labeled Vare the contacts of a micro switch, 
which is actuated by a cam on the driving shaft of the crank me­
chanism of the pulsator. Suppose the switch E is open. The bar EF 
is in its greatest righthand position and the contacts U 23 are closed. 
Pushing the start button, relay B can only be energized when the 
cam on the pulsator is in such a position that contacts V 23 are 
closed. Relay B holds itself through contacts b3 b4, so the start 
button can be released. As soon as the cam on the pulsator actu­
ates contacts V to close contacts V 12, coil R win be energized be­
cause contacts b1 b2 are closed. The bar EF will move to the left 
and consequently micro switch contacts U 23 will be disconnected 
and coils Band R will be deenergized. 

As soon as the measuring vessel is filled to the point where the 
contacts d1d2 are closed, the transistor starts to conduct and relay 
C will become energized. When switch U 12 and contacts V 23 are 
closed, coil A will be energized through contacts Cl c2. It will hold 
itself through contacts a3 ~ and close through contacts al a2. 
Transition of switch V from contacts V 23 to V 12 will energize coil 
R, and bar EF will move to the left. Actuating the stop button re­
suIts in the same action as closing the contacts dl d2. The switching 
action only takes place at the moment of transition from contacts 
V 23 to V 12, and is always at the same position of the shaft of the 
pulsator . By closing the switch E and fixing contacts V in the upper 
position (V 12 closed), we can actuate the switch directly by the 
start- and stop-buttons. The switching action occurs in a time inter­
val of less than 50 ms. 

4.15 The measuring vessel. 

The measuring vessel is a cylindrical tube of perspex. For most 
measurements only the linearity of a small portion of this tube is 
important. The vessel is always filled up to approximately the same 
level, wh ere the electrodes dl and d2 of the switch (sec. 4.14) are 
located. An exact reading of the level is obtained by lowering a 
needle by means of a screw into the vessel untill it reaches the 
water-level. The position of the screw with needle is indicated on 
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a ruler. The screw and needle mechanism, is fixed to the measu­
ring vessel, the measuring vessel which is always left in the same 
position, can be drained by means of a tap mounted in the bottom. 
The water-level can be measured within 0.2 mmo The height of the 
measuring vessel is about 25 cm and its volume is approximately 
2 dm3. 

4.16 Measuring the frequency of pulsation. 

The number of rotations of the shaft, which drives the pulsator 
is counted during a measuring interval with an electric counter. 
On the shaft a disc with ten holes is mounted. On one side of the 
disc a small incandescent lamp is mounted and on the other side is 
a phototransistor. The incandescent lamp L (fig. 4 . 14.2) is only 
lighted when the flow is connected to the measuring vessel (contacts 
U 12 closed). When lamp L is lighted and the shaft of the pulsator 
turns, pulses are generated by the phototransistor which are fed to 
an electronic counter. From the measured time interval (with micro 
switch W, sec. 4 . 14) and the number of rotations we can compute 
the frequency of pulsation. 

4.17 Measuring the phase of the float. 

The phase of the float is measured with a light beam and photo­
diode. In fig. 4. 17. 1 horizontal and vertical cross sections of the 

+ Rotameter Lens 

L 

horizontal cross sectIon --" - -- " 

--- -
vertical cross sectlon 

Fig. 4.17.1 
Optical phase measuring system. 
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a 

b 

c 

---float (top) 

-- - float (bottom) 

light beam 

--- output signal 

- - - - - - - f laat (top) 

Fig. 4.17.2 

(bottom) 

light beam 

- - _ ·output signal 

(top) 

float (bottom) 

li ght beam 

-- -output signal 

The float intercepting the light beam and the output signa! of the photo 
diode at different mean float positions relative to the light beam. 



apparatus are shown. The 20W, 6V incandescent lamp is designated 
as L. A lens mounted in front of a rectangular slit focuses the light 
in point A. The length and width of the slit are a little smaller than 
the height and diameter of the float. In a vertical plane the light 
beams are only slightly influenced by the tube of the flowmeter. In 
a horizontal plane, the tube acts as a cylindrical lens. To focus the 
light another cylindrical lens (a piece of perspex) is used. 

As the float intercepts the light beam, a signal can be obtained 
from the photodiode which is approximately linearly dependent on the 
float position for small amplitudes. For small amplitudes we can 
measure the amplitude as weIl as the phase by displaying both the 
signalof the magnetic flowmeter and the signalof the photodiode on 
a double beam oscilloscope. For large amplitudes one of the signals 
as indicated in fig. 4. 17. 2 is obtained. The signal that appears de­
pends on the mean position of the float relative to the light beam. 

The phase measurements are the least accurate of all measure­
ments. This is due to the fact that even for slightly distorted wave 
forms it makes a large difference where the time interval between 
the two signals is measured. It would have been possible to obtain 
more accurate phase measurements by using other techniques but 
these would have taken considerably more time. To increase the 
accuracy of the measurements for small amplitudes, the time inter­
vals are measured at four different places. These are the positive 
peak value, the negative peak value, and both intersections at the 
mean value (fig. 4.17.3). The mean value of these measurements is 
regarded as the time shift, correction being made for the time delay 
in the filter. 

Fig. 4.17.3 
The four places where the phase is measured. 

4.18 The measuring procedure. 

The static characteristic of each tube-float combination is mea­
sured with the aid of the measuring vessel. The cock I (fig. 4.1. 1) 
is adjusted to make the float take a certain position in the tube. 
For this position a line on the scale of the rotameter tube is chosen. 
This results in a low spread of the measurement errors. For sam­
ples of 10 measurements at maximum flow a spread s = 0.035 % in 
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the value of the flow rate was found. This consistency could not be 
maintained with pulsating flow, because of the difficulty in the reading 
of the float position, which varied on the order of 0.5 mmo The 
values of s obtained for stationary conditions give, however, an im­
pression of the accuracyof the switch and counting procedure. 

The measurements with pulsating flow are performed as follows: 
First the pulsator is geared to the desired speed. To obtain a flow 
w = Wo + W cos w t the crank of the pulsator must be adjusted to 
its correct position. The impedance of the water system is frequency 
dependent so the eccentricity of the crank has to be readjusted for 
each frequency. To obtain the correct position of the crank first the 
rotameter is set to the value corresponding to w = Wo - w by varying 
cock 1. Then the compensation signalof the magnetic flowmeter is 
adjusted so as to get zero signa!. The flow is increased to raise 
the float to the position corresponding to wo. Af ter starting the motor 
the screen of the oscilloscope is observed. Three displays are pos­
sible (fig. 4.18 . 1). 

a b c 

Fig. 4 . 18.1 
Three possible displays of the signal of the magnetic flowmeter; 
a: Vi too small, b: VI too large, c: -iN correct. 

In a, w is too smalI; in b it is too large. Only when the modul a­
tion is exactly 100% as in c, is the crank in the correct position. 
This method of positioning the crank proves to be satisfactory and 
W cau be adjusted to within 0.5.10-6 m3/s. 

Having adjusted W, the frequence of pulsation and the mean flow 
rate is measured with the aid of the measuring vessel and counters. 
The mean float position and float amplitude are measured by eye. 
The mean float position is measured from the maximum and mini­
mum height of the float and the phase with the instruments descri­
bed in sec. 4. 17. 

To obtain the value of M (sec. 3.1) the measured mean float 
position is converted into woi (the mean flow indicated) by means of 
the steady flow calibration data. From this value and the measured 
value of the mean flow wo' we can deduce 

2 2 w . - w 
M = Ol 0 

w2 
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Although the accuracy of these measurements is within 1%, the 
accuracy of the value of M is far less, because M is made up of 
the difference of two almost equal values. Supposing a possible er­
ror of O. 5% exist~ in woi~lWglecting the error in wo' it is found 
that the maximum possible error in M for woi ::::: Wo ::::: w is about 
O. Ol. To increase the accuracy most measurements were performed 
10 times so that a mean value of M could be computed. For every 
measurement the value of w was checked. In table 4. 18. 1 an example 
of a series of measurements of M is given. 

n t Q x Q/t 

rotations, time, height in . float mean 
dimension- s measuring position, flow 

less vessel, cm divisions 

653 59.65 23.12 92.4 0.3875 
652 59.60 23.07 " 0.3870 
650 59.48 23.02 " 0.3870 
648 59.00 23.00 " 0.3900 
642 59.02 22.99 " 0.3895 
648 59.23 22.98 " 0. 3880 
647 59.12 22.90 " 0. 3875 
647 59.14 22.91 " 0.3875 
648 59.02 22.88 " 0.3880 
646 59.08 22.90 " 0. 3875 

s = 0.0005 

woi 0.392 + 0.002 

SM 0.005 

M = O. 022 + O. 002 

Table 4. 18. 1 
Example of a series of measurements 

of M. 

M 

error, 
dimension-

less 

0.0234 
0.0260 
0.0266 
0.0119 
0.0134 
0.0213 
0.0249 
0.0249 
0.0244 
0.0228 

In this table n is the number of rotations, t the time in seconds , 
Q the height to which the measuring vessel was filled in cm and x 
the mean Qj)sition of the float. From the steady calibration data and 
x, woi was computed, and from eq. (3.1.12) 

2 2 

M= 

M was computed. 

w . - W 
Ol 0 

~2 
w 
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As can be seen from table 4.18 . 1, the spread in the measure­
ments of M is on the same order of magnitude as the maximum 
possible error in M computed before. For small values of M it is 
necessary to increase the accuracy by taking 10 measurements. As 
it was not known beforehand whether the value of M would be large 
or smalI, a series of 10 measurements for each point was made. 
The consistency of the measurements is, of course, better for large 
values of M than for small values. Repeatability is influenced by 
temperature, contamination, viscosrty and wear 'of the float. As an 
example, measurements of M made at different days are listed in 
fig. 4.4.1. 

4 . 2 TUBES AND FLOATS. 

Measurements were carried out with several tubes and floats. 
All tubes were commercially available types of Fischer & Porter. 
Most of the floats were made at the workshop according to the ge­
ometrical specifications of original Fischer & Porter floats but with 
different materiaIs . In table 4; 2. 1. the four principal combinations 
are mentioned. 

I 

tube B-4-21-10 

float model BSVT 44 

materials of stainless 
float steel 

mass of float, 
14.3.10-3 kg 

mean density 
of float, 
kg/m3 8020 

II III 

B 4-21-10 B 5-27-25/70 

BSVT 44 BSVT 54 

aluminium aluminium 
and pers- and pers-
pex pex 

5.4.10-3 7 . 25 . 10-3 

3030 2090 

Tabie· 4 . 2. 1 
Float dimensions. 

The scale length of all the tubes is 0.25 m. 

Fig 4.2.1 shows the floats. 

Fig. 4.2. 1 
The four floats. · 
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The floats were designed in accordance with the capacity of the mea­
suring system. To get . a float with a certain weight with the same 
dimensions as the original float, different materials had to be used. 
The float edge has to be made of a material able to withstand wear 
during the measuring period. 

The coefficients of the differential equations were computed from 
the float and tube data with eq. (2.22 . 5). A value of 0.64 was as­
sumed for the contraction coefficient. For all tube-float combinations 
h was assumed to be 5 mmo The values of q resulting from this 
assumption give a reasonable agreement between measured and cal­
culated phase shifts at high frequencies. Comparing the results of 
experiments with the dynamic eq. (2. 22. 4) with Vi = x = 'Ol, we found. 
a slight difference. In practice the flow needed to attain a · certain 
value of x, is a little larger than that computed. For example , the 
value of w at maximum scale was 1. 084 times larger than the com­
puted value for combination IT. This can be attributed to several 
factors. First of all the contraction coefficient might be different 
from the assumed value . Second it is possible that the pressure dif­
ference over the float is not exactly equal to the pressure difference 
between the points x and c of the mathematical model. Third, no 
account has been made for turbulence nor for viscosity in the theory. 
A correction factor E may be applied to help compensate for the 
foregoing inadequacies in the theory. 

E 2 2 
P - P = - p (u - u ). (4.2.1) 

x c 2 c x 

The value of E can easily by determined from calibration with sta­
tionary flow. From eq. (2. 22 . 2) 

P - P = B' w
2 

- C' wX + D'x2 + E'w - F'x xc' 

and remembering that B', C' and D' are the terms corresponding with 
2 2 

( U - u) eq (4 . 2 . 1) results in c x ' . 
2 . .2 . .. 

P -p = E (B'w -C'wx +D'x ) + E 'w-F'x. 
x c 

(4.2.2) 

Combining eq. (4 . 2.2) with eq. (2 . 22.3) and dividing by B' 

2 . D· 2 . F" G f (w - Cwx + x ) + Ew - x = , (4.2.3) 

2 . . 2 E. F.. G (4 2 4) from which w - Cwx + Dx + E w - E x = T . . . 

There is no reason to treat the coeffients resulting from ~ d Y) d z 
J'dt x 

in the s ame way as the terms C arid D, -M- the integral resulting 
from another different mechanism. This does not imply that these 
factors are exact. They also result from a rather crude model. 

The corrected coefficients of the differential equation for the dif­
ferent combinations are listed in table 4 .2.2. 
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I II III IV V 

c 2.6 2.6 6.5 1.4 .10-4 m 2 
0 

cl 0.043 0.043 O. 155 0.034 .10-2 m 

do 1.7 1.7 10.5 0. 50 .10-8 m4 

dl 0.56 0.56 5.2 0.24 .10-7 m 3 

d2 0.47 0.47 6.0 0.29 .10-7 m 2 

el 1.3 1.3 3. 9 0.45 .10-6 62 

e2 4 4 9 ~, .10-2" m 

f1 0.17 0.17 1.3 0. 032 .10..,(9m4 

f2 0.55 0.22 1. 25 0.51 .10-8 m3 

g2 4.28 1. 24 5.56 4 . 55 . 10-8 m4/s2 

Table 4.2.2 
The corrected coefficients of the differential equation, computed for 

the four floats. 

With these constants x and ware expressed in mand m3/s. The 
values of e2 given in this table are computed for x = 0. 2 m. 

Apart from g2 these constants are the re sult of measurements 
and a crude model , so it is difficult to give an approximate value 
of their accuracy. The value of g2 is given in three decimals be­
cause it can be measured with steady flow. The other factors can­
not be measured directly, so the number of decimals given in the 
table is more or less a reflection of the authors faith in the ac­
curacy of the model. 

For the time constants llsed in sec. 3.1 we find the values lis­
ted in table 4.2.3., for Xo = 0.2 m as before. 

q 

s 

t 

lIllII IV 

0. 51. 10-2 

0.84 

1.)"1. 10-2 
'5 

1. O. 10-2 1. 2. 10-2 

1. 6t 2.0 

2.7,10-2 3.4.10-2 

lt Table 4.2.3 
The float time constants. 

0.16.10-2 s 

0.49 s 

1. 16. 10-2 s2 

4. 3 AMPLITUDE AND PRASE MEASUREMENTS. 

As a first check on the theory, measurements about amplitude 
and phase of the float movement were carried out. As a typical 
example the characteristics of land II are reproduced in fig. 4.3. 1 
and 4. 3. 2. The lines indicate the values computed with eq. (3.).7). 
The amplitude curve for I was measured for two values of w 

wo' 
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Fig. 4.3 . 1 
The amplitude characteristic for float tube combinations I and ll. 
The solid lines indicate the theoretically derived characteristics. 
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Fig. 4.3.2 
The phase shift for float tube combina~ons I and Ir. 

0: measurements for I; 0 measurements for II; - = 1 and x = 20 cm 
for all measurements . Wo 0 

The solid lines indicate the theoretically derived characteristics. 
The dotted line indicates the theoretical- phase shift for q = O . 

... 
1 and W = 0.5. 

Wo 

Inspecting fig. 4.3.1 we see that the measurements for W = 1 
~ Wo 

and ~ = O. 5 give about the same result, indicating that the res-
Wo 

triction of eq. (3.1. 7) to smaH amplitudes is, at least in this case, 
not so severe. The fact that the gain of the system is almost inde­
pendent of amplitude indicates that at least for these measurements 
the system acts as a linear one. Although measurements and theory 
do not agree completely, there is areasonabie correspondence in 
spite of the number of approximations made in the derivation of eq. 
(3.1.7). Especially for the combination II we see that the computed 
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value of the gain is somewhat higher than the measured value. This 
is probably a result of the fact that viscosity has a greater influence 
for light floats and that the effects of viscosity have been neglected 
in the theory. . 

The phase measurements of fig. 4.3.2 show also areasonable 
agreement with theory. For high frequencies the theoretical curve 
returns to - 900 . At least for combination U, the measurements 
confirm this to a useful accuracy. 
The theoretical curves were computed from eq. (3.1.7). For q = 0 
the dotted curve of fig. 4.3.2 is found for Il. 

4.4 THE ERROR IN THE INDICATED MEAN VALUE. 

For all four floats, the error of the indicated mean value was 
measured as a function of frequency. From these measurements the 
value of M (3.1.12) was computed. As a typical example the mea­
sured Mvalues for I are reproduced in fig. 4.4.1, again for x = 
0.2 m. The measurements are made with W = 1 and W = 0.5. 

~ Wo Wo 
The measurements made with:!!.... = O. 5 tend to give a larger value 

Wo ~ 

of M than the measurements with ~ = 1. This is probably due to 
Wo 

the fact that the approximations used in sec. 3. 1 are only valid for 
small pulsations. The considerable spread in the measurements can 
be attributed to several factors. The overall accuracy of the mea­
surements is strongly reduced by the fact that a difference between 
two almost equal values has to be measured. Furthermore, the am:­
plitude of the pulsations is known only with limited accuracy. For 
high frequencies it is not always possible to get exact sinusoidal 
pulsations. 

We can also compute a theoretical value for M based on eq. 
(3.1. 15) with the values listed in table 4.2.3. Doing so we find the 
dotted curve of fig. 4.4. 1. Although this curve does not fit at all 
to the measurements, there is a definite resemblance. By compu­
tation it turns out that eq. (3.1.15) is made up of the difference of 
nearly equal parts. This leads us to investigate a change in the coef­
ficients a and /3 that would result in a curve that better suits the 
measurements. This seems to be the more a justified approach . as 
the constants of table 4.2.2 are merely the result of a mathemati­
cal model with only a correction made for the stationary case. 

For the dotted curve in fig. 4.4.1 a and /3 are 31. 4 and 12.2 
respectively. Changing these values to 39.7 and 12.6 leads to the 
solid curve of fig. 4.4.1, that fits the data quite weIl. 

A further check on the theory developped in sec. 3.1 was per-

formed by measuring the dependence of M on the value of qts . For 
high frequencies Mis approximately given by eq. (3.1.18) . 
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qs 2 
M = ! (t - 1) 

The time constants q, s and t are all " fun~i;ions of x, so M is a func­
tion of x too and this dependence was checked for 1. In fig. 4.4.2, 
the calculated and measured values of Mare plotted as a function 
of Xo/Xo max.Although the measured and calculated values of M differ 
considerably in absolute value their dependence of x shows the same 
tendency. One of the reasons for the difference betwgen measured and 
calculated values is that the measurements were made at the indi­
cated frequencies, whereas the calculated values are the limit of M 
for W "- .... 

It remains to show that the error could be reduced by chosing a 

more favourable value of ~s . From eq. (3.1. 20) it is found that the 

value of ~s can be influenced by the float mass and the tube diameter. 

To get an idea if improvement could be obtained, the three arrange­
ments I, m and IV were compared. The results are listed in table 
4.4. 1. The maximum flow rate capacities of all three arrangements 
are of the same order of magnitude. 

Tube-float arrangement 

T
qs calculated for x Ix 80% o 0 max 

M calculated max 

M measured max 

relative error w oi - Wo for 
Wo 

1 

I 

52.0 

L9 
0.'* 

16 
o.~ 

0.22 

10% 

m IV 

61.1 53.3 

0.71 0.067 

0.042 0.43 

0.04 0.42 

2% 20% 

Table 4.4. 1 \ 
Comparison of the errors resulting from pulsating flow for the footft" I:..~r~ 

rotameters. 

The values Mmax measured, mentioned in table 4. 4. 1 are the es­

timated asymptotic values from the measured curves. See for exam­
ple fig. 4.4. 1 and 4.4. 3. 
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The measurements of M vs. frequency for III are plotted in fig . 
4.4.3. The measurements show that it is possible to reduce the 
error by choosing suitable dimensions for tube and float. 

0 

M 0 
0 0 measure d points 

0.03 CD 

1 
0.02 

0 

0.01 0 
0 

0 

0 

0 0 
0 5 10 15 20 0 

0 
0 .. f Ys 

o 0 

-0.01 "~~~4. 4.3 
0 The measured of M vs . frequency 

for float tube combination lIl. 

4. 5 CONCLUSION. 

Although there is no absolute agreement between calculated and 
measured values we can conclude that the approximations made in 
sec. 3 of the differential equation derived in sec . 2 agree to a large 
extend with the actual behaviour of the rotameter . In particular it 
has been shown that the error in the indicated mean value due to 
pulsating flow can be reduced by choosing suitable values for float 
weight and tube diameter. 

The difference between calculated and measured values of this 
error can be attributed to measuring faults and in part to the fol­
lowing cause: The theoretical model will only give a rough appro­
ximation of the actual process. The constants used in the differential 
equation are, therefore, only approximations of their true value. 
This is important because the error consists of the difference of 
nearly equal quantities. 
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5. FLOWMETERS FOR COMPRESSIBLE MEDIA. 

5. I FIXED ORIFICES. 

When measuring flow with orifiees or rotameters, we measure 
a pressure differenee or a distanee whieh is dependent on the velo­
eity. This quantity is, however, also influeneed by the density of 
the medium. When the density is unknown or varies in an unknown 
way, no eonelusion ean be drawn from the meter reading. 

A rough idea of the errors made with low frequeney pulsating 
flow when the density varies a great deal ean be obtained in the fol­
lowing way. Assume that the pressure differenee over the orifiee at 
eaeh moment is governed by eq. (2.1.2) 

or with I 
K = -==. VK'ii' 

2 
PI - P2 = K'pw 

As will be shown later on, this equation holds when the pressure 
drop over the orifiee is small eompared with the absolute pressure 
in the fluid and the pressure drop due to aeeeleration is negligible 
(eq. 5.1.8). 

Consider the mean density in the instrument to vary aecording to 

p = p + P sin wt 
o 

and the volumetrie flow aeeording to 

w = w + wsin(wt + \O). 
o 

When the pressure differenee is measured with a damped manometer, 
the reading of the instrument can be computed from 

2 
PI - Pg'{ K' p w '" 

211" 

K' f (p + psinwt) {wo + ~sin(wt + \0) }2 dwt ",", 
211" 0 0 

For the pathologieal ease in whieh 
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'" P 

Po 

'" 1 , ~ 
w 

o 

1, and cos I(J 1 

an erroneous reading in the pressure is found, which is 2.5 times 
the pressure for stationary flow with the same mean value . Of course 

p = 1 is not a condition likely to occur, and apart from this, 
Po 

the condition that the pressure drop over the orifice is small com­
pared with the absolute pressure in the gas will not be fulfilled. 
Even though the factor 2. 5 has little meaning, it can be seen that 

/' '" 
with ~ = 1, cos I(J = 1 andL = l , (a condition which does not ne-

Wo Po 
cessarily disagree with the assumption that the pressure difference 
over ' the orifice is small compared with the absolute pressure) the 
error will be a factor 2 in the pressure difference. For incompres­
sible flow the error will only amount to 1. 5 times the stationary 
value. In this chapter only cases are considered in which the change 
of the density as a function of time is small compared with the mean 
density. 

It will be asumed that the flow in the neighbourhood of the orifice 
is adiabatic . As win be shown at the end of this section, the equation 
of Bernoulli becomes 

k 

k-1 
P2 ) 
P2 

1 
'2 

cp 
where the specific heat ratio is k = -

vv Cv 

(5.1.1) 

A:\ologous to the case of incompressible flow, a term must be added 
to account for the acceleration of the medium 

1 2 2 2 dV 
'2 (v2 - v1 ) + f -=-. dl. 

1 dt -

For adiabatic flow the equation 

P1 P2 
constant is valid. ---

k p k 
P 1 2 

With this equation it is found that 

{ k-1} k P1 P2 ~( P1 
1 _ (~ ) k --(- --) = -) 

k - 1 P1 P2 k-1 P1 

(5.1.2) 

(5.1.3) 
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k-1 
k P1 -:: P2 

1 - (P2/P1) k 

k-1 P1 1 - pip1 (5.1. 4) 

The eontinuity equation is 

d ( pV) 
P1v

1
a

1 
= P2v2a2 + dt 

where V is the eonsidered volume and P the mean density in this 
volume. Together with eq. (5 . 1.2) this equation describes the flow 
in the orifiee when the streamline pattern is known. These equa­
tions are very diffieult to handle and some approximations are used 
to derive the equation for the pressure differenee. 

Considering a small volume, the region of the orifiee, the eon­
tinuity equation ean be written as 

(5.1.5) 

beeause the inerease of the mass ean be negleeted . 
The first term on the right of eq. (5.1.2) ean then be written as 

(v; - V~) = v~ {:~ - 1 } = v~ {< ~::) 2 

- ,} = 

2{ PI 2/k al 2 1 = v (-) (-)-1 
1 P2 a 2 

(5.1.6) 

Substituting eq. (5.1.4) and (5.1.6) into eq. (5.1.2) we find 

k (PI - P2) {1-(P/P1)Y}__ 2 { PI 2/k a12 } -- !v (-) (-) -1 + 
k-l P1 1-(P

2
/P

1
) 1 P2 a 2 

- i 

dl. (5.1.7) 

Although (5.1.7) is easier to handle, it is still far from simpIe. 
A further approximation whieh ean be made is P1 - P2«P1' P2 , 
so that 
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k-1 

1 - (P2/P1) k 

1 - (P2/P1) 

and 
P1 2/k 
(-) ~ 1, which results in 
P2 

~ vî {(:~) 2 _ 1 } + ; ~:. dl. 

k-1 
k 

(5.1.8) 

This is the same equation as the one found in sec. 2.1, eq. (2. 1.9) 
for incompressible flow. Indeed the approximation that the pressure 
drop over the orifice is small compared with the absolute pressure 
is in fact equivalent to the assumption of incompressible flow in the 
region of the orifice. Considering the case of small volumes and 
pulsations not resulting in large pressure differences it can be con­
c1uded that the same equation holds as for incompressible fluids . 
We will restrict the scope of this thesis to cases where these con­
ditions are met. 

Eq. (5 . 1. 1) can be derived from eq. (2.1. 8) in the following way: 
For a perfect gas undergoing an isentropic process, the equation 

p = C P 11k is applicable. 

Hence 
1 p -11k -11k 

PVP=C VP = k~ VP 

Substituting eq. (5 . 1. 9) into 

gives 

V (~) = ~ V P + P V ~ 

V ..E... 
p 

1 
- -k Vp. 
. P 

This leads by integration to the left side of eq. (5.1.1.). 

(5.1.9) 

(5.1.10) 
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5. 2 ROTAMETERS. 

5.21 Approximations for sinusoidal pulsations. 

When the condition that Pl - P2« p mentioned in section 5.1 
is fulfilled, it can be shown that the equation of motion for the float 
in a rotameter has the same form as the one derived for incom­
pressible flow. 

The volumetric flow wis, however, defined in sec. 2 as the vo­
lumetric flow at x = 0, the lower end of the tube. This value is used 
to derive the velocity of the fluid at the float edge. For compressible 
fluids the flow at the lower end of the tube will not necessarily be 
equal to the flow some distance higher, due to the capacitive beha­
viour of the gas. In other words, the volume is too large to make 
eq. (5.1.5) applicable. 

In the equations for incompressible flow, w is independent of the 
place in the circuit where it is measured. The same results would 
have been obtained if the reference point for the definition of w had 
been chosen a short distance beneath the float. If this reference 
point is assumed for compressible flow the capacitive effect of the 
volume upstream of the float can be taken into account separately. 
With this modification the equation of motion is the same as for in­
compressible flow. 

However, as the range in the densities is considerably larger 
than with incompressible fluids, the approximations made for incom­
pressible fluids do not always hold. In particular when the density 
of the gas is very much smaller than the density of the float, other 
approximations have to be made. In the following this case will be 
treated. 

The same approximations as were made in sec. 3.1 up to eq. 
(3. 1. 15) for the gain and phase characteristics can be used and al-
so 

M 

2 2 
w . - W 

Ol 0 

... 2 
w 

holds. However the approximation 

2 
a = s 

(eq. 3. 1. 16) is not valid. 

As can be seen from eq. (3.1.11), 
2 

do + d1xo + d2xo + f1 + 2f2xo a = _____________ _ 

It turns out that for gases 
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for values of Xo not too low and P fl » P 

From eq. (3.1.7) it follows that to a first approximation 

ex = 4t 

and (j=2s. (5.21. 1) 

These values for Q' and (j substituted in eq. (3.1.15) with (3.1. 7) 
lead to 

42 2 22 2 1 2~ 2 
M-1.(""t +2w t-ws )+2wq(s-Z-q+2wqt- ~st) 

-2 

For w-CII' 

2 2 2 2 
( 1 - w t) + W S 

this equation becomes 

2 
M = ! (1 _ 2qs + 4q ) 

t t 

as q « s. 

! (1 _ 2qs) 
t 

(5.21. 2) 

(5.21. 3) 

Making ~ as closely as possible equal to ! would result in a low 
value for the error. For several float-tube combinations the value 

of ~ was estimated for air at atmospheric pressure and room tem­

perature, and even for light floats values of about 10-2 at x = 10 cm 
were found because q is small. From eq. (3.1.20) it is found that 

ph 

To multiply ~ by a factor 10
2 

by decreasing the float mass is al­

most impossible. Even if it were possible the sensitivity ~ of the 
w 

instrument would increase with a factor 10 and so the maximum flow 

rate will decrease with a factor 10. To multiply.9f by a factor 102 

by increasing the tube diameter leads to unreasonably large tubes. 
As the volume of the float is proportional to at least the square of 
the tube diameter, the tube diameter would have to be at least 10 
times larger. 

For normal float-tube combinations , used for air at atmospheric 
pressure, q can safely be neglected when considering the error of 
the mean value . 

51 



For q = 0 eq. (5 . 21. 2) becomes 

M = ~ I w\2 + 2 w
2
t - W2S21 ' 

(1_w2t)2 + }s2 

which as w _.. results in 

M = ~ 

(5 . 21. 4) 

For the phase and amplitude response, the frequency where q 
becomes important is on the order of 1000 cis. As the tests per­
formed with these flowmeters hardly ever reach 30 cis, q can also 
be neglected for these characteristics. 

The amplitude and phase characteristics for floats under these 
conditions are given by 

1 
A= 1 + j W s+ (j w)2t 

where s and t are given by eq. (3.1.7) 

s = 

and 

Co + c1xo 

2V'i; 
...... ,.., 

The resonant frequency of this system is given by 

1 

vt' 
and the quality factor by 

Q = s 

(5 . 21. 5) 

(5.21. 6) 

(5 . 21. 7) 

Substituting eq. (3.1. 7) and (2.22.5) in eq. (5 . 21. 6) it is found that 
neglecting P in comparis~n~h Pfl and f1x in comparison with f2x 2, 

Wo =-,x:- . (5.21. 8) 
o 

Thus, the resonance frequency is to the first approximation given 
solely by the acceleration of gravity and the mean position of the 
float. 
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5.22 The impedance of the float and the rotameter 
tube. 

Although for compressible flow the same equation of motion holds 
as for incompressible flow, a · rotameter used with a compressible, 
low density medium may show an effect which is absent for high 
density incompressible fluids. 

The mentioned effect is known as bouncing, a spontaneous oscil­
lating movement of the float without any forced pulsation of the flow. 
As the effect of bouncing is strongly influenced by the pipes connec­
ted to the meter, we will consider the ratio of the variations of 
pressure difference and flow rate.lhe impedance of the float, together 
with the elements attached to it. -This gives all the necessary infor­
mation about the stability of the system. If there is a closed loop in 
the system containing a source of energy having a loop impedance 
with a negative real part it win be unstable. 

As dashpots are frequently used to prevent float bouncing, the 
impedance will be computed for a float having an external damping 
mechanism attached to it. Only the lower end of the frequency band 
will be considered, where wavelengths are large ·compared with the 
dimensions of the system. For such a rotameter the force on the 
float can be expressed as 

where 'Y signifies the damping of the dashpot. 
From (3.1.7) it can be found by neglecting q, th at 

- ~x~"--' 
A = ~V g~ = 

~w 2 
1 

1 + j W S + (j w )2t 

(5.22.1) 

(5.22.2) 

Where the reference level for ~w is chosen just beneath the float. 
Considering small harmonic variations ~x, 1!Px and EP' in x, Px and 
Pc' eq. (5.22.1) can, by substitution of complex variab1es, be writ­
ten as 

(5.22.3) 

Eliminating 1lX from (5.22.3) and (5.22.2) leads to 

(~p -~p) _ j W 'Y+(jw)2 PflVfl 
__ x:.::-_.-.:.c_ = Z = = 

~ w f ao.yg; {I + j w S +(j w )2 t} 
b1jw+ bZ (j w )2 

(5.22.4) 
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The polar diagram of Zf is drawn in fig. 5.22.1. 

ImZf 

1 

----. .. ,.. ReZf 

Fig. 5. 22 . 1 
Polar diagram of the impedanee Zf" 

When the real part of Zf is negative the float can start to bounce, 
if the impeda nces in the r e st of the circuit are unfavourably chosen. 
With eq. (3 . 1.7) and (2. 22. 5) we find for 

bI = 
2 

b = 
o 

(5.22.5) 

Eq. (5 . 22.4), however , does not give the desired impedance of 
the rotameter but the impedanee of the float. 

For the impedance of the rotameter, the capacitance of the vo­
lume upstream and downstream of the float must be taken into ac­
count. The capacitance C of a volume is defined from 

- C dp 
win - Wout - dt ' (5.22 . 6) 

where p is the pressure in the volume, win the flow entering and Wout 
the flow leaving the volume . The capacitanee C can be written, as­
suming adiabatic conditions , 
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c = 
v 

kp 
(5.22.7) 

when the variations in pare small compared with the mean value 
of p. Eq. (5.22.7) can be easily derived from the continuity equation 

dpV dt = p(win - Wout) (5.22.8) 

With -E... = constant, it is found that 
pk 

dp 
p 

kJ) dp. 

Substitution of the last equation in (5 . 22.8) and assumiz:tg a constant 
volume results in 

V 
win - Wout = kp 

from which (5 . 22 . 6) and (5.22.7) follow. 

dp 
(it' (5.22. 9) 

With the complex variables !1w and ..:lp, eq. (5.22.9) can be written 
as 

..:lw
1
'
n 

- ..:l w = j we ..:l p . 
out 

(5 . 22 . 10) 

The volume upstream of the float is to a first approximation equal 
to a x . The capacitance of this volume can be derived from 

o 

p (w. - w ) = d PV = V ~ + p dV = p aoxo p + pax. (5.22.11) 
- lil out dt dt dt kp 0 

The last term signifies the mass flow due to the movement of the 
float. For small variations in the float position, however, the re­
ference level for the definition of w can be chosen such that the float 
never passes this level. For small amplitudes of the float the volume 
between reference level and float will be nevertheless small enough 
to apply eq. (5.1.5). The capacitance upstream from the float now 
remains fixed, because the reference level is fixed . 

The capacitance upstream the float is thus equal to 
a x 

o 0 

kp 
(5.22.13) 
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5.23 Th est a bil it Y 0 f th e fl 0 a t. 

The stability of the float can be determined by considering the 
impedance of the closed loop of the electrical analogue circuit of 
fig. 5.23.1. 

Zf 

J 1 
Zo 

1 
Fig. 5.23.1 

Electrical analogue of a circuit with a rotarD.eter. 
I _ 

The impedance Zi is the impedance of the circuit upstream of the 
rotameter and Zo the impedance downstream of the rotameter. Com­
puting the impedance between the points a and b, the relation can be 
found between ~w and ~Pa - ~Pb 

P1 (j w 

P
2 

(j w ) 

where P 1 (j w) and P 2 (j w) are polynominals in (j w ). 

From eq. (5.23.1) it is found that 

(5.23.1) 

(5. 23. 2J 

As all the relations between pressure and flow variations are sup-
• '. d 

posed to be linear,,tw in (5.23.2) can be substituted by dt and a 

differential equation relating ~Pa - ~Pb and ~w is found . Closing the 
circuit at points a, b signifies that ~Pa =~. The stability of ths 
system can now be investigated by considering the roots of the dif­
ferential equation for ~ w. For stability the polynomial P1 has to sa­
tisfy the criterion of Hurwitz or Routh. 

Another way to investigate the stability of the system is to plot 
the impedance of the loop in a polar diagram. The system will be 
stabie when the impedance is situated completely in the right hand 
part of the diagram. 

As an application of the theory some special cases will be treated. 
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An interesting question is, what value of the damping coefficient 'Y 
has to be chosen to prevent bouncing for every possible circuit with 
an impedance without a negative real part attached in series with 
the float . 

From eq. (5.22.4) the real part of Zf can be computed: 

(b b' W 2 - b b' + b b' ) 
2 2 0 2 1 1 (5.23.3) 

D 

where the denominator D is positive for every w . 
From eq. (5 . 23.3) it follows that Re Zf can never be negative 

when 

b b' o 2 < (5.23.4) 

By substituting the values from eq. (5.22.5) this equation leads to 

'Y) PflVfl V g 

(a + a ) 2 
o x 

(5 . 23 . 5) 

The mmlmum value of a being zero, it is found that no bouncing 
will be possible when x 

PflVfl _~ 
'Y > ~ g2 (5.23.6) 

a o 

Another method of ten used to prevent bouncing is to place a restric­
t ion immediately upstream of the rotameter. First the effect of a 
very high resistance win be .tteated. Now the impedance Zi = R. 
For simplicity the impedance Zo and the impedance of the capacity 
Cd are omitted. The air is flowing freely into the atmosphere at the 
end of the rotameter tube. The analogue circuit is given in fig. 
5.23.2. 

0 b Zf 

1 
R =~ Cu 

1 
Fig. 5.23. 2 

Analogue of a rotameter with arestriction upstream of 
. the float . 
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Computing the impedance between the points a and b, the following 
expres sion is found. 

b
o 

+ b
1

j W + (b2 + bI Cu) (j W )2 + b2 Cu (j W )3 

Zab=----------------------------------------

{b
o

+b1
jW + b2(jw)2}jWCu 

(5.23.7) 

when R- - . 
The Hurwitz stability conditions for the polynominal of the numerator 
lead to 

b' C 2 u 

as a condition for stability. 
For simplicity the external 

be zero, so b' = 0 and 
1 1ic 

< b1 b 2 C __ 
u b b~ I 

k 0 2 
'" .. 

> o 
I (5 . 23.8) 

b b
2 

C 
o u 

damping will now be considered to 

(5.23.9) 

With eq. (5.22.5) and eq. (5.22.13) 

a + a o x > 
2 

(5.23 . 10) 
kp 

From the last equation it can be seen that bouncing is most likely 
to occur for low float positions. 

Considering the stability of a float with a finite restriction up­
stream of the rotameter, it is thus justified to consider only the 
very low float positions where Cu can be neglected . The impedances 
Zi and Zo can also be neglected if the lowest possible value of R 
to prevent bouncing for any circuit is investigated. The resistive 
parts of Zi and Zo could only make the real part of the impedance 
of the circuit larger than R whereas the reactive parts have no in­
fluence on the real part of the loop impedance. Of course this is 
only true when the rest of the circuit contains only elements with 
impedances with positive real parts. For simplicity the ext~naldam­
ping will be neglected. The real part of the impedance of the float 
can be computed from eq. (5.23.3) with bI = o. 
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2 2 
- w b2 (b

o 
- w b2) 

(b
o

- w2b
2

)2 + w2bî 

The minimum value of ReZf exists when 

b b
2 

+ Vb b2
1

b i 
o 0 2 

(5.23.11) 

(5.23.12) 

Substituting this value of w
2 in (5.23.11) the minimum value ReZf 

can ever assume is found 

ReZf . 
mln 

With eq. (5.22.5) it is found that 

-b b' o 2 (5 . 23.13) 

- P flVfl ~ 
ReZ

f
. (5.23.14) 

mm a (a + a ) { a + a + 2' li'2 ~ I Xo I } 
00 X 0 x "\,!5?1 2g 

Considered as a function of x , ReZf . has a minimum for Xo 
mln 

0, which is equal to 

(5.23 . 15) 

To prevent bouncing for every circuit in which the rotameter is 
mounted it is necessary to put arestriction upstream of the rota­
meter which has a resistance 

(5 . 23.16) 

Notice that the compressibility is not present in the equations 
derived in this chapter and therefore it is not an eSsential parame­
ter for bouncing to exist. However, the probability of bouncing is 
greater for a gas because of the capacitance added to the system 
and lower densities (high values of g2) of the medium. 
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6. MEASUREMENTS FOR COMPRESSIBLE FLOW . 

6. 1 THE MEASURING CIRCUITS. 

Measurements were made with two different circuits, one for 
maximum flow rates of about 0.03 m3/s, the other for maximum 
flow rates of about 0.5.10-3 m 3/s. We will refer to the two cir­
cuits as the one for high and the other for low flow rates. For all 
measurements the pressure in the rotameter is approximately equal 
to the atmospheric pressure and the medium used is air. 

6.11 The measuring circuit )1 for high flow rates. 

The flow is generated by a ventilator V with a maximum pressure 
of 3000 N/m2 (0.3 m H20 ). Sinusoidal variations are generated by 
a generator G. The air is fed to the rotameter by a pipe 1. 5 m 
long and internal diameter 50 mm in which fins are inserted to sup­
press helical motion. 

A hot wire anemometer H serves to measure both actual meao 
flow and the amplitude of flow pulsations. 

t R 

H 

- Fig. 6. 11. 1 
The measuring circuit for high flow rates. 

)1 This measuring circuit was build by J . de Groot. 
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The aperture on top of the rotameter can be varied to regulate 
the mean flow. 

6. 111 The ventilator. 

The ventilator is equipped with an 1. 2 Hp, 2800 rpm electric 
motor. lts rotor has 8 blades, which give some small high frequen­
cy fluctuations in the flow. lts pressure (3000 N/m2) varies 15% 
when the flow rate changes from zero to 0.03 m3/s. 

6.112 The sine generator. 

The design of a generator capable of generating sinusoidal pul­
sations was guided by trial and error. A satisfactory solution tur­
ned out to be the one indicated in fig. 6.112.1. 

L 

to the 
rotameter /----

/ 

"-
Fig. 6. 112. 1 "-

The sine generator for high flow rates. 

B 

The lever L is moved around its bearing B by an eccentrically moun­
ted cylinder C. The disc D, attached to lever L, periodically opens 
and closes the pipe end. The shaft of the cylinder C is driven by 
a small electric motor with a variator. The frequency can be varied 
from 0 - 11 els. The amplitude produced is approximately 25% of 
the maximum flow capacity of the rotameter. The waveform of the 
pulsation is shown in fig. 6. 112. 2. 
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Fig. 6.112.2 
The flow pulsations as measured with the · hot wire anemometer. 

f = 0.25 cis, ~ = 0 . 5. 
Wo 

6.113 The hot wire anemometer. 

The hot wire is made of platinum + 10% iridium and has a dia­
meter of 20 }lm and a length of 5 cm. lts resistance at room tem­
perature is 15 Po 

The hot wire is mounted in a bridge circuit (fig. 6. 113. 1) 

+ 

nov De 

R1 = 90J\. 

R2 = SOOO1\. 

R 3 = 391l. 
R 4 ::::: 800 1\. 

Fig. 6.113.1 
The hot wire anemometer. 

which has the advantage that by adjusting 14 the level of the output 
voltage of the bridge can easily be varied. The bridge current is 
taken from a 110 V De source which is fed to the bridge by two 
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current stabilizing tubes C 10. These tubes keep the current through 
the bridge almost constant at 408 mA. The resistance R3 is used 
to make the current through the hot wire equal to the desired value 
of 260 mA. The resistors Rl and R3 are both immersed in petroleum 
to stabilize their temperatures. 

To get some information about the drift of the system, the out­
put voltage was measured during one hour while, the flow was con­
stant. The output voltage varied 2 mV out of 362 mV which gives 
an error of about 0.5% of the maximum flow rate. This fluctuation 
is partly due to variations in the flow. 

The response of the hot wire is measured by applying a step cur­
rent to the hot wire. The current is made to step between 260' and 
225 mA by connecting a resistor parallel to the hot wire. By obser­
ving the voltage over the bridge on an oscilloscope it can be seen 
that the hot wire behaves in first approximation as a first order 
system having a time constant of 0.017 s. 

The output voltage is not linearly :related to the flow. To be able 
to measure the mean flow the output voltage had to be linearized. 
This was performed by the circuit shown in fig. 6. H3. 2. 

i A --

» Aeu Ra 

-19 
Fig. 6. 113. 2 

The linearising circuit for the hot wire anemometer. 
The output of the bridge, eu • is first amplified by a DC amplifier 
of amplification A and then measured by a galvanometer G with a 
high series resistance Ro. 

The series resistance of the galvanometer is shunted by a diode 
network. When Aeu is smalI , no diode is conducting. When Aeu in­
creases, first Dl, then D2, etc., begin to conduct which means 
that the galvanometer current increases more rapidly. The resistan­
ces Ri, Rz' R3' R4 define together with the current i the voltages 
where the diodes Dl, D2, D3, D4 start to conduct. The variabie 
resistors Rl. R2, R3' R4 can be varied to obtain the desired cor­
rection of the slope of the curve eu vs . .w. 

The curves eu vs. ~ and Ig vs. ~ are drawn in fig. 
max. max . 
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eu 
volts 

1 

1.0 100 

19 

Divisions 

0.8 80 

0.6 60 

o.4;-----~A_------~------+_------r_----__+40 

O.2;--+-----,(If-----1f------+----t----+20 

O~------;_------;_------+_------r_----~O 
20 40 60 80 100" 

---tl..... Ywmax 

Fig. 6. 113. 3 
The output ~ of the bridge circuit and the reading of 
the galvanometer Ig as functions of the flow rate w/wmax' 

t 

The rotameter was used as a reference to obtain the curves of fig. 
6. 113.3 (see sec. 6.114). With pulsating flow the galvanometer can 
be aamped by attaching a large condensor in parallel to measure 
the mean flow. 

The dynamic behaviour of the flow can be observed by replacing 
the galvanometer by aresistor and connecting an oscilloscope to this 
resistor. 

6. 114 The measuring procedure. 

As a positive displacement meter to measure the large mean flow 
rates accurately was not at our disposal, the rotameter itself served 
as a standard: The rotameter is a Fischer & Porter B 9-27-10 
equipped with a float BSX 944. 

A special lightweight float is used for most measurements in the 
rotameter to prevent the flow from being determined by the float 
instead of by the generator G. With a heavy float the pulsations tend 
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to excite the float in its natural frequency, and the flow is then part­
ly determined by the movement of the float. 

First, the rotameter is equipped with the light float and the out­
put voltage of the hot wire anemometer is measured at the maximum 
flow rate. Then the float is substituted by the original BSX 944 
float, and the flow is varied so as to give the same output voltage 
of the hot wire anemometer as before. The reading of the rotameter 
now gives, with the data given by the manufacturer, the maximum 
flow rate with the light float. With this measurement the value of 
the coefficient.Vg2(eq. 2.22.5) is determined. 

The rotameter which is, according to the specifications, accurate 
within 2% of its maximum scale serves to calibrate the hot wire 

anemometer. At....:!!....- = 0.1 the galvanometer is made to imicate wmax 
10 divisions of its sc ale by adjusting the resistance R4 of the bridge 
of fig. 6.113.1. Then subsequently the re si stances Rl, R2' R3' R4 
of the linearizing circuit are adjusted at values of _w __ = O. 2; 0.4; 

w max 
0.6 and 0.8 to give meter readings of 20, 40, 60 and 80 divisions. 
This calibration is regularly checked. The linearity of the galvano­
meter reading as a function of the flow rateindicated by the rota­
meter, is within 1% of the JulI scale. When measuring the amplitude 
characteristic of the light float the desired mean flow is adjusted 
by means of the restriction on top of the rotameter. The sine gene­
rator is started and the amplitude of the float is measured by eye. 
The galvanometer is substituted by a resistance of the same value 
and the voltage across this resistance is displayed on a Tektronix 
oscilloscope, type 543; plug in unit E . From the displayed picture 
the amplitude of the flow pulsations is measured. 

With this circuit no phase measurements were made. 
The error in the mean value is measured in the following way: 

With pulsating flow the restriction on top of the rotameter is varied 
to make the float pulsate around a certain mean value. 

The galvanometer is damped by a large capacitance, and the mean 
galvanometer reading is noted. Immediately after this measurement 
a measurement with stationary flow is performed. The flow is ad­
justed to make the galvanometer indicate the same value as with 
pulsating flow. From these two measurements the value of M is 
computed. 

The accuracy of the amplitude measurements of the float is about 
0.5% of full scale. The accuracy of the amplitude measurements of 
the flow is about 5%. For the measurement of the mean value of 
the float · position the accuracy is dependent on the amplitude of the 
float motion. For small amplitudes it is about 0.5% of the full scale, 
for large amplitudes about 1%. As the amplitude of the pulsations 
is 25% of the maximum flow, a maximum possible error in M of 
about 0.2 to 0.4 can occur. 
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6.12 The m .easuring circuit )l for low flow rates . 

The circuit is shown in fig . 6. 12. 1. 

f'R 
H 

c 

Fig. 6.12.1 
The measuring circuit for low flow rates. 

The compressor C is connected to a volume Vl ' A pressure con­
troller P keeps the pressure in the volume V2 at a constant value . 
A very high restriction Rl maintains the flow into the rest of the 
circuit constant. The resistances R2 and R3 are small compared with 
Rl but large compared with the impedance of the rotameter and fol­
lowing equipment. The flow is divided in two branches. One branch 
leads to the rotameter; the other to the sine generator S, which is 
in fact arestriction with a sinusoidal varying resistance. By adjus­
ting R2 and R3 the division of the flow over the two branches and 
the amplitude of the flow pulsations in the rotameter can be adjusted. 

The mean flow is measured by a positive displacement meter of 
the wet gasmeter type . Between the rotameter and the gasmeter two 
vessels of about 2.5 dm3 each are inserted to give some damping 
of the pulsations. 

The amplitude and phase of the pulsations are measured with a 
hot wire anemometer H. 

)1 The measuring circuit was build by F . Koopmans who also made 
the measurements . 
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6. 121 The sine generator. 

The sine generator consists of a piece of rubber tube with rme 
foam plastic inserted in it. 

It is shown schematically in fig. 6. 121. 1. 

o T 

l 
B BI 

cross cut cross cut A -AI 

Fig. 6. 121. 1 
The sine generator for low flow rates. 

A balI bearing is eccentrically attached to the shaft S, which ro­
tates when driven by a motor and gearbox. The eccentricity of the 
balI bearing can be altered by adjusting a dove tail mechanism D. 
The balI bearing pushes the plate P downward and thus pinches the 
rubber tube. The plate P is prevented from being displaced in the 
direction of the tube by the four small beams T. When the restric­
tion is varied, a pulsating flow is obtained. The mean resistance 
can be varied by altering the distance h in fig . 6. 121. 1. With this 
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generator and the circuit of fig. 6. 12. 1 it is possible to obtain sinus­
. oidal pulsations from 0.7 - 40 cis without appreciable change in 
amplitude. 

6.122 The hot wire anemometer )1. 

The hot wire is inserted in a Wheatstone bridge which is fed by 
an oscillator with a frequency of 10 kc/s. The output voltage is 
amplified and detected. The detected signal is displayed on an os­
cilloscope. 

» o 
ose 

Fig. 6. 122.1 
The circuit used for the hot wire anemometer . 

Because the mean flow for these flow rates is measured with a 
positive displacement meter, the hot wire anemometer is only used 
to measure the amplitude and phase of the pulsations. The length of 
the hot wire is 10 mm, its diameter 7.um and its cold resistance 
is 14 n. The heating current of the wire is 70 mA. The frequency 
response of the hot wire is measured with the circuit of fig. 6. 122. 2. 
The heater current is supplied to the bridge from a De source. 

E 

A A 
R 

Deteotor 
Fig. 6 . 122.2 

Circuit for measuring the frequency response of the hot 
wire. 

• 
LU 

)1 The hot wire anemometer used for the low flow rates is different 
from the one used for high flow rates. Both circuits were ~eve­
loped simultaneously, so both were used. 
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The resistance R in fig. 6.122. 2 is large in comparison with the 
bridge resistance. A small AC current of 2mA is also fed to the brid­
ge. Observing the output of the dedector as a function of the frequency 
of the AC current, the amplitude response of the hot wire is found. 
The measured amplitude characteristic is drawn in fig . 6. 122.3, 
from which a time constant of 2.7 ms + 0.2 ms follows. As the hot 
wire acts very closely as a first order system, the phase charac­
teristic can be deduced from the measured time constant. 
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Fig. 6. 122. 3 
The amplitude characteristic of the hot wire. 

6.123 Measurement of the float movement. 

The float movement is measured by eye for large amplitudes and 
with the aid of a differential transformer for small amplitudes. The 
differential transformer is also used to measure the phase of the 
float for all amplitudes . The differential transformer consists of one 
primary and two secondary windings, ratio 2 : 1 : 1, wound on a 
body which fits close over the tube of the rotameter . The length of 
each secondary is equal to the float length and the length of the pri­
mary is twice the float length (fig. 6. 123. 1) . 
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» 
Fig. 6.123. 1 

The differential transformer used to measure 
the position of the float . 

u 

The float body serves as the core of the differential transformer. In 
fig. 6. 123. 2 a picture of the output voltage u displayed on an oscil-

o 

loscope is reproduced with the float falling freely in the tube. The 
frequency of the generator is approximately 30 kc/s. 

Fig. 6. 123. 2 
The output voltage of the float positron indicator 

with the float falling freely in the tube . 

The numbers of turns are: primary 300, secondary 2 x 150. 
When the float amplitudes are less than half the float Ie ngth , the 

characteristic of the instrument is linear. The instrument can then n 
be used to measure the mean position of the float by measuring the 
output ° voltage with a damped voltmeter. 

6. 124 The positive displacement meter . 

This wet gasmeter serves to measure the mean flow. lts sensi­
tivity is one revolution for 1. 00 dm3 air . At the lowest frequencies 
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(about 1 cis) one chamber receives about 2 pulsations. As long as 
the waterlevel in the instrument does not vary, every chamber will 
contain the same amount of gas . The waterlevel could be observed, 
and even With the lowest frequencies no change in it was noticed. 
The mean flow is measured by measuring the time interval necessary 
for three revolutions with a stopwatch. The repeatability of this 
measurement is !%. 

6. 125 The measuring procedure. 

The rotameter, Fischer & Porter B 2-18-127/70, is calibrated 
for stationary flow with the aid of the positive displacement meter. 
The output of the differential transformer, which is used for mea­
suring the position of the float, is also calibrated with this meter; 
and so the relation between this quantity and the rotameter reading 
is established. 

Most p"()~ts of the amplitude characteristic are measured from 
pictures madè fr9m the screen of a double beam oscilloscope dis­
playtilg both the signals of the differential transformer and the hot 
wire anemometer. The phase characteristic is also measured from 
these pictures. For large amplitudes the differential transformer is 
removed and the float amplitude is measured by eye. 
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Fig. 6. 125. 1 
The float position (upper trace) and the flow (lower trace) measured 71 

at f = 20 cis (a) and f = 2.8 cis (b) . 



Most points of the amplitude characteristic are measured from 
pictures made from the screen of a double beam oscilloscope dis­
playing both the signals of the differential transformer and the hot 
wire anemometer. The phase characteristic is also measured from 
these pictures. For large amplitudes the differential transformer is 
removed and the float amplitude is measured by eye. 

Some pictures are reproduced in fig. 6. 125. 1. As can be seen 
from these pictures, fluctuations due to turbulence make the inter­
pretation of the pictures difficult. Three pictures are taken for each 
measurement. From these three pictures about ten values for ampli­
tude and phase are obtained. The spread in the phase measurements 
is about 100. For high frequencies a systematic error is introduced 
by the uncertainly in the correction made for the frequency response 
of the hot wire which is equal to + 20 at 20c/s. The accuracy of 
the phase measurements is influencëd by distortion of the flow pul­
sations and the noise due to turbulence. The spread in the measured 
points of the amplitude characteristic is about 10%, the accuracy is 
also influenced by distortion and noise. The influence of noise is 
largest for high frequencies. 

The mean value of the float position, measured by eye for the 
large amplitudes and with the differential transformer for small am­
plitudes, is compared with the re sult of the measurement made with 
the wet gasmeter. The accuracy of this measurement is about 0.5 
mm which results in a possible error of about 1 in M for a mean 
float position of 6 cm and W = 12%. 

Wo 

6.2 TUBES AND FLOATS. 

Measurements are carried out with several tubes and floats. All' 
tubes were commercially available types of Fischer & Porter. The 
floats are made at the workshop to satisfy the conditions imposed 
on the floats by the measuring circuits. 

The principal combinations used are mentioned in table 6.2.1. 

I 11 
(high flow rates) (low flow rates) 

tube B 9 - 27 - 10 B 2 - 18 - 127/70 

scale length of tube 0.25 0. 125 m 

mass of float 37.8.10-3 1. 2. 10 3 kg 

area of float 20.7.10-4 0.33.10-4 m 2 

Table 6.2.1 
The tubes and floats used for the experiments. 

Float 1 is made of aluminium to obtain a light float and has a 
very slender body which reduces the factor e2 to a neglectible quan­
tity. 
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Float II is made of steel to be able to use it as the core of a 
differential transformer. The coefficients of the differential equation 
are listed in table 6. 2. 2. 

float-tube . I II 
combination 

0.41. 10-2 0.66.10-4 m 
2 

Co 

cl 1. O. 10-2 0.22.10-3 m 

do 4.4.10-6 0.11.10-8 m 4 

dl 2.1.10-5 0.72.10-8 m 
3 

d2 2.5.10-5 0. 12.10-8 m 
2 

0.5.10-4 0.3.10-6 2 
el m 

e2 
-------- 0.4.10-6 m 

f1 
0.1.10-7 0.1. 10-11 m 

4 

f2 
0.32.10-3 0.37.10-6 m 3 

g2 0.31. 10-2 0.36.10-5 m 4 /s2 

Table 6.2.2 
The coefficients of the differential equation. 

The values of s and t can be computed from this tabie, but it is 
easier to compute these parameter in another way. 

From eq. (3.1.7) it is found that 

s 

'" -

by neglecting f
1

. Substituting eq. (2.22.5) in eq. (6.2.1) 

x 
t=_o_=tx 

2g 1 0 

s 

is found. 

a + a o x 

vg;: 

(6.2.1) 

(6.2.2) 
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With (6. 2. 2) the coefficients of s can be easily computed from float 
and tube area and the measured value of~, whereas t is irxIepen­
dent from the dimensions ·of the rotameter. 

The values of s arxI t computed from eq. (6.2.2) are listed in 
table 6. 2. 3. 

rotameter I 11 

So 3.7.10-2 1. 7.10-2 s 

sl 9.0.10-2 5.7.10-2 s/m 

t1 
5.1.10-2 5.1.10-2 s2/m 

Table 6.2.3 
The coefficients of s and t for the rotameters. 

6. 3 AMPLITUDE AND PHASE MEASUREMENTS. 

In fig. 6.3.1 the measured amplitude characteristic for the float­
tube combination I is reproduced. The dotted line indicates the am­
plitude characteristic computed with eq. (5.21. 5) and the values of 
s and t from table 6. 2. 3 with Xo = 17 cm. The computed values of 
Q and fo ' which are 1. 8 and 1. 7 c/s respectively, differ somewhat 
from the measured values Q = 1. 3 and fo = 1. 6 c/s. The amplitude 
of the pulsations is 25% of the maximum capacity of the rotameter. 

The measured amplitude characteristic of 11 is reproduced in 
fig . 6.3.2. 
In this case the measured value of Q is 4. 2 and the computed value 
is 2.8. The measured and computed value of fo are bot;b fo = 2.8 c/s. 
The mean float positiw for this measurement is 6. 35 cm and the 
amplitudes of pulsation - range from 10% at the resonant frequency 

- Wo 
of the float to 70% at high frequencies. The measured phase charac­
teristic of 11 is indicated in fig. 6.3.3. 

For the last rotameter the agreement of theory and measurements 
is not so good, especially for high frequencies. The discrepancy in 
the amplitude characteristic cannot be accounted for by the neglect 
of q in eq. (3.1.7). Assumption of a value of q so as to make the 
curves of fig. 6.3.3 fit close, leads to an unreasonable large value 
of q. The tendency of the float to "stick" indicates a large influence 
of the wall friction. It is, however, also very unlikely that this ef­
fect is 'responsibie for the observed differences between measured and 
calculated values, because friction tends to give larger phase shifts. 
The measurements agree at least fairly good lUp to the re sonant 
frequency and the êomputed value of the resonant ~ frequency almost 
coincides with the measured value. 
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6.4 THE ERROR IN THE INmCATED MEAN VALUE. 

40 

For the float-tube combination mentioned in sec. 6.2 the error 
of the indicated mean value is measured as a function of frequency. 
The deviation of the mean value M (eq. 3.1.12) is computed from 
these measurements. The measured values of M together with a line 
indicating the computed value of Mare reproduced in fig. 6.4.1 and 
6.4.2. The theoretical value of M is computed from eq. (5.21. 4) . 
The values of s and tin this equation are derived from the measu­
red values of Q and fo' 

The theoretically derived curve, and the measurements agree 
fairly gool Especially the behaviour in the neighbourhood of the re­
sonant frequency is very closely predicted. For high frequencies the 
spread in the measurements is relatively large. The theoretical value 
of .~ for M at high frequencies is reasonably weU assumed, when 
taking into account the possible error of 0.2 to 0.4 for I and 1 for 
II in M. 
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6.5 MEASUREMENTS ABOUT BOUNCING. 

To investigate if, and how far the theory which is developed in 
sec. 5.22 holds for practical rotameters, some tests are performed 
with three tubes and several floats. 

Two of the tubes of the beaded glass type with three beads are 
manufactured by Fischer & Porter. The following types are used: 
B 1 - 14 - 250/70 with ao = 24.5.10-6 m 2 and B 3 - 27 ~ 10/70 with 
ao = 0.69 . 10-4 m 2. The floats used with these tubes are schema­
tically drawn in fig. 6.5.1. As can be seen from this figure the floats 
are assembied from three different parts. The head and tail are con­
nected by a bolt. One or both of the body parts may be inserted to 
obtain different float weights. 

The third tube is manufactured by Rota, type 32978/54 with ao = 
2.80.10-4 m 2. It is, in contrast with the Fischer & Porter tubes, 
a plain glass tube. A float is drawn in fig. 6. 5. 2. 

h h h 

t -,+-..r.r-- t -;.......t.....--

t -~'r--

Q b c 

Fig . 6.5.1 
The construction of the floats for the bouncing experiments. The 
float consists of the head hand the tail t which are connected by 
a bolt (fig. a). One (fig. b) or two (fig. c) body pieces may be 

inserted to obtain different float weights. 

Fig. 6.5.2 
The float for the tube manufactured 

by Rota. 
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The test circuit is shown in fig. 6.5.3. The flow is conducted 
to a vessel with volume V by arestriction S. The effective volume 
of the vessel can be varied by filling the vessel to different levels. 
The rotameter R is connected to the volume V by mounting it di­
rectly on the cork of the vessel. 

s t R 
p 

Fig. 6.5.3 
The measuring circuit for the bouncing 

experiments. 

a b 

J 

1 
Fig. 6.5.4 

Zf 

The electrical analogue of the circuit of fig. 6.5.3. 

The electrical analogue of the circuit is drawn in figure 6.5 . 4. In 
this circuit R is the resistance of the restriction S, C the capacity 
of the volume V, and Zf the impedance of the float. The capacitance 
of the rotameter tube is neglected. 

Investigating the stability of the float in the way mentioned in 
sec. 5.23, the impedance between the poins a and b of fig. 6.5.4 
is computed. The resistance R is very high (p - Po ~ 105 N/m2 for 
maximum flow), so its influence can be neglected. 

With eq. (5.23.2), considering a float without external damping, 
it is found that 
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z = 
ab 

b
o 

+ b
1

j W + b
2

(jw)2 + b~C (jw)3 

{ b
o 

+ b1j w + b2 (j W)2} jwC 
(6.5.1) 

The stability of the system can now be investigated by considering 
the Hurwitz conditions for 

(6.5.2) 

! 

The conditions bo; b1 ; b2 C ~ 0 (6.5.3) 

and b1b2 - bobZ C > 0 (6.5.4) 

have to be fulfilled for stability. 
The condition (6 . 5.3) is fulfilled for every rotameter. For the con­
dition (6. 5. 4) can be written, substituting eq. (5.22.5) and (5 . 22.7) 

kp a (a + a ) x o 0 x 0 
H= > 1 (6.5.5) 

2g P fl vfl V 

k~e J' \....~e Jt : 2 gPfl Vfl V 
from which Xo critical = Xb = kp 

ao (ao + ax ) 
(6.5.6) 

The term on the left of eq. (6.5.5) is the stability governing factor, 
which will for brevity be designated as H. 

The measurement is performed in the following way: The vessel 
V is filled to a certain level and the pressure p is adjusted to give 
maximum flow through the rotameter . Now the pressure upstream 
of the restriction is diminished, and so the float lowers. At a cer­
tain float position the float will start bouncing according to the theo­
ry. It turns out, however, that when using the Fischer & Porter 
beaded glass tubes, it is possible to make the float take every po­
sition without bouncing. This occurs wh en the pressure is diminished 
very slowly and care is taken that the float lowers gradually. If, 
however, a disturbance is introduced the float will start to bounce 
if in a favourable position. 

To measure the highe st value of x where bouncing is possible, 
a disturbance is introduced by temporarity lowering the float a few 
milimeters. This is done by slightly applying a fingertip to the end 
of the rotameter tube. Several situations may occur. When the float 
remains in the region where the damping is always positive the float 
will return to its initial position. If the float reaches the region where 
negative damping occurs, two actions may result. The net damping in 
a complete cycle can be negative or zero and bouncing will be star­
ted, or the net damping in this cycle is positive and the float will 
return to its initial position. In some experiments, especially ifboun-

81 



cing only occurred at low float positions, it was obvious that the 
float had to come down to a certain value to initiate bouncing. For 
the high positions however, a range of values could be found depen­
ding on the magnitude of the applied disturbanee. For large distur­
bances higher values of the critical value of x are measured. 

To get repeatable measurements the disturbanee has to be spe­
cified. The measurements mentioned in this chapter are made with 
two disturbances, one which lowers the float 3mm, and the other 
which lowers the float 10 mmo For every disturbanee two series of 
measurements are made. The total number of measurements at one 
point thus becomes four. The maximum difference between several 
measurements depends on the float position and ranges from 4 cm 
at float positions of ab out 15 cm to 0.5 cm at float positions of 1. 5 
cm. The spread in the values of H found in this way is about 0.1. 
The exact vertical position of the tube was found to be very impor-
tant. ' 

As an example three series of measurements are reproduced in 
table 6.5.1. The series l is made with disturbances of 3 mm, and 
the series II and III with disturbances of 10 mmo The float is indi­
cated in fig. 6.5.1 b. For the l and II series it is used with the 
head in the indicated (BSVT) position. Series III is measured with the 
float head in the reversed (NSVT) position. As can be seen from 
table 6.5.1 the reversal of the float head does not seem to have a 
significant influence on H. 

Volume V 0.25 0.75 1. 75 2.75 3.75 4.75 10-3m 3 

"b 2.0 6.0 7.2 11 11 10-2m 
stabie 

H 0.3 0.4 0.3 0.35 0.3 

II "b 2.2 6.8 9.0 13 15.5 10-2m 
stabie 

H 0.3 0.45 0.4 0.45 0.45 

III "b 3.0 8.2 11 11.5 14 10-2m 
stabie 

H 0.45 0.5 0.5 0.4 0.4 

Table 6.5.1 
Measurement of the critical float position xb(averaging over two measurements) 
and the stability factor H at different values of the upstream volume V. Tube 
l'o :l-:!7-10/70; flo:tt mass 3.25.10-3 kg; float indicated in fig. 6.5.1 b . 
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tube 

0 

~ 
0 

"' '" , 
... ... , 
iil 

0 

~ ;: 
, 

... 
'" , 
'" III 

~10-3kg) 
Volume V 0.25 0.75 1. 75 2.75 3.75 4.75 10-3m 

"b calc 5 13 27 39 50 55 10-2m 

0.85 "b meas 
stabie 2 9 12 15 17 10-2m 

H ----- 0.15 0.3 0.25 0.25 0.2 

10-2m "b calc 10 26 50 70 85 100 

1. 92 "b meas 
stabie 7 14 >25 ,.25 25 10-2m 

H ----- 0.2 0.2 -- -- ---

10-2m "b calc 14 37 70 95 115 135 

3. 10 "b meas 
2 11 22 >25 ,25 25 10-~m 

H 0. 1 0.25 0.25 -- --- ---

"b calc 1. 55 4.5 9 14 17 20 10-2m 

2.15 "b meas 
stable 1 4 7 9 10 10-2m 

H ----- 0.25 0. 45 0.45 0.35 0. 4 

10-2m "b calc 2.5 6 13 18 23 26 

10-2m 3.25 "b meas 
stable 2 7 8 12 13 

H ----- 0. 35 0.45 0.4 0.45 0.45 

10-2m "b calc 3 . 5 10 17 24 30 36 

4.65 "b meas 
stabie 4 9 13 14 17 1O-2m 

H ----- 0.35 0.45 0.45 0.4 0.4 

Table 6.5 . 2 
The float position "h, where the float becomes unstable 
(measured and calculated values) and the stability factor 
H fol' sevel'al float masses and two different tubes. 

3 

By inspection of table 6.5.2 it can be seen that the stability fac­
tor H which is measured is always lower than the theoretical value 
which is equal to one. This is the result of the fact that the fric­
tion with the wans has been neglected in the theory. Furthermore 
the theory is only a rough approximation of the actual process. 

The B 1 tube gives lower values of H than the B 3 tube which 
is probably a result of the fact that the float in the B 1 tube has a 
tendency to stick, which indicates a larger influence of the wan fric­
tion. 

To verify whether the difference between the theoretical value and 
the measured value of xb can be attributed to the wan friction some 
measurements are performed with a plain glass tube. With such a 
rotameter the wall friction will be smaller than with the beaded glass 
tubes. In the plain tube the float can only make contact with the wall 
at one point, whereas the float in a beaded tube can make contact 
with the thre.e beads at more points, which increases the tendency 
to stick. 
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The measurements are carried out with the same test set up as 
mentioned before. It turns out that in contrast with the experiments 
already mentioned, no metastable positions of the float are found. 
The measurements are made with three different float weights. 

At float positions somewhat above the critical value, the quality 
factor of the system is very high and noise due to turbulence makes 
the float behave unsteadily. This is particularly true at large values 
of xb. As aresult an accuracy of about 0.5 cm can be attained. 

From eq. (6.5.6.) it is found that 

2 PflVfl V 
. Xo critical = ~ =-k""'g-----­

p a (a + a ) o 0 x 

Neglecting ax in comparison with ao' eq. (6.5.6) leads to 

2g PflVfl V 

kp a2 
o 

(6 .5.7) 

The measured and calculated values of xb are given in fig. 6.5.5. 
The solid line indicates the theoretical curve. The measured values 
are always lower than those calculated. This is partly due to the 
fact that at x = 0 the diameter of the tube is somewhat larger than 
the diameter of the fload head. It turns out that the actual valu'e of x 
where the diameter of the float is equal to the diameter of the tube 
is at x = -1. 1 cm. The theoretical curve corrected for the zero 
shift is shown as a dotted line. This curve follows more closely 
the measurements but is perhaps a little too high. This last difference 
can at least partly be attributed to the wall friction. 

6. 6 CONCLUSION. 

From the afore mentioned experiments it can be concluded that 
the theory which is developed in sec. 5 explains the behaviour of 
the float fairly good as far as its response and the error in the mean 
value are concerned. 

The measurements about float bouncing show a very good agree­
ment with the theory when the influence of the wall friction is ne­
gligible. 

84 



16 

14 

12 

xb(meosuredl 
cm 

10 

-3 
• mfl = 8 . 35 . 10 kg 

-3 
x mfl =13.4 . 10 kg 

o mfl=57. 2 . 1Ö3 kg 

I 8 

/ 
/ 

cf 

theoret icol 

theoreticol 

/ 

/ 
/ 

/ 

curve 

curve 

o 

6 correction being made 

4 

2 

/ 

/ . 
/ 

6 8 10 

for the zero shift 

12 14 16 

---_~- x (computedl cm 

Fig. 6.5.5 
Measured and calculated values of the float position where the 

float becomes unstable for several float masses. 

18 

85 



7. THE FLOW PATTERN IN A ROTAMETER. 

7.1 THE CONTRACTION COEFFICIENT. 

The contraction coefficient used in the equation of motion for the 
float is assumed to be constant and equal to the one used for sta­
tionary flow under dynamic circumstances. This assumption leads to 
a reasonable explanation of the measurements of sec. 4 and 6. It is, 
höwever, interesting if the validity of this assumption can he verified 
directly by ohserving the actual flow pattern in a rotameter or by a 
theoretical approach. 

For stationary flow under certain conditions the contraction coef­
ficient for a two-dimensional flow pattern can be computed by using 
the technique of conformal representation.* 15The contraction coeffi­
cient for this case turns out to be 

0.611 
2 + 71" 

and thus independent of the velocity. 
In the calculations of sec. 4 and 6 a value of O. 64 is used, this 
value being the one commonly assumed for this type of rotameters. 

For unstationary flow this theory does not hold because the velo­
city along a free streamline has to be a constant. A free streamline 
is the boundary between the moving liquid and the dead water zone, 
the condition at this boundary is the equality of the pressure on both 
sides. If two points A and B, on each side of the boundary are ob­
served, eq. (2.1.8) gives for stationary flow 

E. 1 2 
v( p + 2 v ) = 0 (7. 1. 1 ) 

and 
PA 1 2 

p + "2 vA = Cl ' 

(7. 1. 2 ) 

Putting v A o and PA PB' it is found that 

v B = constant (7. 1. 3 ) 

along a free streamline. In the approximated flow pattern of sec. 2 
this condition is not fulfilled. The approximation, however, only in­
fluences the integral term of eq. (2.22.1). 

Supposing free streamlines still exist eq. (2.1.8) leads to 

v (~ + i v
2 

+ ~ ~}= 0 (7. 1. 4 ) 

for unstationary curlfree flow by substitution of 
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Consequently 

and 

v 

PA 1 2 
-+-v 

P 2 A 

PB 1 2 
-+- V 

P 2 B 

d'PA 
+ at= Cl 

d'P~ 
+ ót= C2 ' 

where Cl and C~ are functions of time. 
Substitutmg vA ="""U and 'P B = f(t) it is found that PA 

1 2 + d 'PB 
'2vB ~= C3 , 

(7.1.5) 

(7. 1. 6) 

PB leads to 

(7.1.7) 

where C3 is a function of time again, so VB will not in general be 
a constant. Hence, the analysis of the contraction coefficient for sta­
tionary flow is not valid for pulsating flow. A complete mathemati­
cal analysis of the behaviour of the contraction coefficient under 
dynamic conditions is very difficuit and has as fa.r as can be found 
never been made. A rough observation of the flow pattern with pul­
sating flow, however, is possible and will be described in the next 
sections. 

7.2 THE APPARATUS )lFOR OBSERVING THE FLOW PATTERN 
IN A ROTAMETER WITH PULSATING FLOW. 

The tests are performed with incompressible liquid flow and the 
rotameter III mentioned in sec. 4.2. 

To make the flow pattern visible small air bubbles are used. 
These air bubbles are injected into the current by means of a siphon. 
Vnder normal circumstances the amount of air injected is far too 
large. When a restriction is put in the air inlet of the siphon, it 
turns out to be possible to generate a fair amount of satisfactory 
tiny bubbles like those in a glass of champagne. As the velocity of 
these bubbles due to the buoyant force is small compared with the 
Ifluid velocity , the paths of these bubbles indicate the streamlines to 
a good degree of accuracy. 

To observe only a vertical cross-section of the streamline pat­
tern a light beam, about 2 cm high and 1 mm wide is projected on 
the rotameter (fig. 7.2.1). 
To prevent the light diffused by the bubbles from being reflected at 
the outer tube wall, the rotameter is immersed in a rectangular ves-

)1 The apparatus has been build by F. Koopmans, who also made 
the pictures. 
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light beom 
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I 

lfM oom", 

--~----+-+--- beod 

+-f-Jf-I-I'------+---+---- fl oot h eo d 

Fig. 7. 2. 1 
The apparatus for observing the flow pattern. 

sel with windows and filled with water. The float is painted black 
with camera paint. 

The picture is distorted by the tube wall as it acts as a (bad) 
lens. In particular, the beads tend to di stort the picture and cause 
spurious reflections. 

Pulsations are generated by a generator similar to the one in(li­
cated in fig. 6.121. 1, but without foam plastic inserted in the rub­
ber tube. 

The circuit is shown in fig. 7.2.2. 
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The circuit used for observing the flow pattern. 

The maximum frequency of the pulsations is 8.5 els. The ampli­
tude of the flow pulsations can be estimated from the amplitude of 
the float and the measured amplitude characteristic of the rotameter. 
The maximum amplitude of the flow pulsations obtained is 40% of the 
maximum flow. The float amplitude is small. 

Pictures of the streamline pattern are taken with an Alpa-reflex 
camera. As the quantity of light scattered by the bubbles is small, 
a large aperture should give the best results. This gives, however, 
faults that obscure the pictures. The time has to be taken long enough 
to give traces of areasonabIe lenght on the picture. Finally, the 
combination f 8, 1/25 -1/100 s when developed in strong developer 
proved to give satisfactory results. 
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7.3 MEASUREMENTS. 

Pictures are taken under different circumstances. The pictures 
are reproduced together with drawings indicating the flow pattern 
schematically. 

First of all the flow pattern is observed with stationary flow 
(fig. 7.3.1 a). Because the picture is distorted in a complicated way 
no conclusions about the actual value of the contraction coefficient 
can be drawn from this picture. The fact that the picture is distor­
ted follows by realizing that the actual angle of the floathead is 450 • 

Furthermore the wallof the float head appears to be curved. In re­
ality this is not the case. The contraction coefficient will seem to 
be smaller than in reality because the bubbles in a segment of finite 
dimensions of the tube are observed. The vena contracta appears to 
exist somewhat beneath the top of the float head. Further downstream 
the dead water zone mixes up with the moving fluid. 

The pictures of fig. 7.3.2 a, b and c are taken with sinusoidal 
pulsating flow. The frequency of the pulsations is 6 cis, the ampli­
tude of the flow pulsations is 40% of the maximum value. The pic­
tures a and b, are taken with the float in an extreme position. The 
picture c is taken when the float is about in its medium pósition. 
The flow pattern of fig. 7.3.2 a and b is approximately equal to the 
one drawn in fig. 7.3.1 b. The flow pattern of fig. 7.3.2 c is sche­
matically drawn in fig. 7.3.2 d. In picture c the vena contracta ap­
pears to be closer to the float edge. This is probably the result of 
the dead water zone being filled up when the float is moving down­
ward. The same effect can be seen in fig. 7.3.3 a and b which is 
made with a step function forced on the flow. The flow is suddenly 
decreased from maximum to zero and the flow is only due to the 
movement of the float. The picture is made about half-way in the 
tube. Again the vena contracta appears to be closer to the float edge, 
so the place of the contraction seems to vary with pulsating flow. 
As to the actual value of the contraction coefficient, no large varia­
tions in this quantity can be observed. 

7.4 CONCLUSION. 

The assumption made in the preceding sections about the contrac­
tions coefficient being constant with pulsating flow and equal to the 
contraction coefficient with stationary flow is not contradicted by the 
measurements. 
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(a) (b) 

l'"lg. ·f. :i.l 
The flow pattern with stationary flow. 
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(a) (b) 

(c) (d) 

Fig. 7.3.2 
The flow pattern with pulsating flow. 
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(a) (b) 

Fig. 7.3.3 
The flow pattern with a step function forced on the flow. 



SUMMARY. 

The equation of motion for a sharp edged float in a rotameter 
with incompressible fluid flow is derived from Euler's equation for 
flow of inviscid fluids (sec. 2). Several assumptions mainly conser­
ning the flow pattern are made. The equation of motion for the float, 
being strongly non-linear, is not solved but an approximate solution 
for small sinusoidal variations in the flow is given (sec. 3). Expres­
sions for the amplitude and phase characteristics as weU as for the 
deviation of the indicated mean value from the true mean value are 
given. 

The measuring circuits and the measuring procedure used for in­
compressible fluid flow are discussed (sec.4). Measurements per­
formed with four different float-tube combinations are given. A com­
parison is made between the actual measured and the theoreticaUy 
derived amplitude and phase characteristics as weU as between the 
measured and calculated deviation of the mean value. A reasonably 
good agreement between measurements and calculated values is found. 

The circumstances under which the equation of motion derived for 
incompressible fluid flow remains valid for compressible fluid flow 
are discussed (sec. 5). Again, a solution for small sinusoidal varia­
tions is given, the density of the gas now being neglected compared 
with that of the float. Apart from equations for amplitude and phase 
characteristics and the deviation of the mean value, an equation is 
given relating the variations in pressure difference over the float to 
the flow variations in the tube. This relation, the impedance of the 
float, together with the capacitance of the rotameter tube give the 
impedance of the rotameter. An inspection of the impedance equa­
tions shows that the float in a rotameter is liable to become unstable. 
This is the reason for the occurrence of the effect known in prac­
tice as "float bouncing". Several means for s,uppressing this insta­
bility are mentioned. A description of the circuits used for mea­
suring the proporties of rotameters used with air is given (sec. 6). 
Measurements of the amplitude and phase characteristics as weU as 
measurements of the deviation of the mean value are reproduced 
showing a reasonably good agreement with the theoretically derived 
behaviour. The theory of float bouncing is compared to measure­
ments and shows a very good agreement in cases where waU fric­
tion is negligible. 

To get some direct information as to whether some of the ap­
proximations about the streamline pattern hold, the streamline pat­
pern is photographed (sec. 7). Some pictures are reproduced. The 
streamline patterns seen in the photographs verify the presence of 
a flow pattern similar to that of stationary flow for the described 
dynamic cases. 
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SAMENVATTING. 

De bewegingsvergelijking van een vlotter met scherpe rand in een 
rotameter: voor onsamendrukbare vloeistoffen wordt afgeleid uit de 
hydrodynamische vergelijking van Euler (hoofdstuk 2); hierbij zijn 
verscheidene veronderstellingen o. a. over het stroomlijnprofiel ge­
maakt. De sterk niet-lineaire bewegingsvergelijking is niet opgelost, 
maar de oplossing werd benaderd voor kleine sinusvormige versto­
ringen (hoofdstuk 3). Er zijn uitdrukkingen afgeleid voor de ampli­
tude- en fase-karakteristiek zowel als voor de afwijking van de aan­
gewezen gemiddelde waarde van de werkelijke gemiddelde waarde van 
de stromen. 

De meetopstellingen en de meetprocedure gebruikt voor het me­
ten met onsamendrukbare vloei stof stromen komen vervolgens aan de 
orde. Metingen gedaan met vier verschillende buis- vlotter combi­
naties worden beschreven (hoofdstuk 4). De werkelijke gemeten en 
de theoretisch afgeleide amplitude- en Jfasekarakteristiekem worden 
vergeleken, evenals de gemeten en de berekende afwijking van de 
·gemiddelde waarde. Er blijkt een redelijk goede overeenstemming 
tussen gemeten en berekende waarden. 

De voorwaarden waaronder de bewegingsvergelijking, zoals die 
afgeleid is voor onsamendrukbare vloeistofstromen, geldig blijft voor 
samendrukbare stromen worden vervolgens beschouwd (hoofdstuk 5). 
Wederom is een benaderde oplossing mogelijk voor kleine sinusvor­
mige verstoringen. Nu is tevens de dichtheid van het gas verw.aar­
loosd ten opzichte van die van de vlotter. Uit de benaderde oplossing 
volgen weer vergelijkingen voor de amplitude- en de fasekarakteris­
tiek en de afwijking van de gemiddelde waarde. Bovendien wordt een 
verband afgeleid tussen de veranderingen. van het drukverschil over 
de vlotter en de stroomvariaties in de buis. Dit v:erband, de impe­
dantie van de vlotter en de capaciteit van de rotameterbuis bepalen 
tesamen de impedantie van de rotameter. Uit 'een onderzoek van de 
vergelijkingen voor de impedantie blijkt dat de vlotter in een rota­
meter instabiel kan zijn. Dit is de reden van het optreden van het 
effect dat bekend is onder de naam "float bouncing". Dit verschijn­
sel blijkt op verschillende wijzen te onderdrukken. 

De apparatuur die gebruikt werd voor het meten met luchtstromen 
wordt beschreven (hoofdstuk 6). Meetresultaten, zowel van amplitude­
en fasekarakteristiek als van de afwijking van de gemiddelde waarde 
laten een redelijk goede overeenstemming zien met het theoretisch 
afgeleide gedrag. De theorie over de instabiliteit van de vlotter is 
aan de hand van metingen geverifieerd en blijkt een zeer goede ver­
klaring van het werkelijke gedrag te geven wanneer de wrijving met 
de buiswand te verwaarlozen is. 

Teneinde een directe contr6le te hebben of enige van de bena­
deringen over het stroomlijnprofiel met de werkelijkheid overeen­
stemmen, is het stroomlijnprofiel zichtbaar gemaakt (hoofdstuk 7). 
Enige foto's laten zien dat er geen reden is bij de beschreven dy­
namische metingen een stroomlijnprofiel aan te nemen dat afwijkt 
van dat bij stationaire stromen. 
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STELLINGEN 

1: De experimenteel door Harrison en Armstrong gevonden verge­
lijking voor de valsnelheid van een vlotter in een rechte cirkel­
cylindrische buis kan theoretisch verklaard worden. Hierbij blijkt 
dat de door hen gevonden "constante" bij de in rotameters ge­
bruikelijke verhouding tussen buis- en vlotterdiameter varieert 
tussen de waarden 1 en 2. 

G. S. Harrison, W. D. Armstrong: The frequency response of ro­
tameters, Chem. Eng. Sci. 12 (1960), 253-259. 

2. De bewering van Head dat voor rotameters het effect van pul­
serende stromen kleiner zou zijn dan voor meetflenzen is on­
juist. 

V. P. Head: A practical pulsation treshold for flowmeters . Trans. 
ASME 78 (1956), 1471-1476. 

3. Isobe en Hattori houden geen rekening met het drukverschil ver­
oorzaakt door de versnellingen van het medium bij hun theorie 
over de deelstroommethode . 

Takashi Isobe, Hiroo Hattori: A new flowmeter for p~sating 
gasflow, ISA Journal ~ no. 12 (1959), 38-43. 

4. Pulserende stromen kunnen ook bij turbinemeters a~leidillg ge­
ven tot fouten in de aangegeven totale doorgestroomde hoeveel­
heid. 

5. De indruk door Pio in de eerste hoofdstukken van zijn boek ge­
wekt, dat de werking van de magnetische versterkers verklaard 
zal worden aan de hand van de theorie van Rozenblatt is niet 
juist. 

E. Pio: Théorie simplifiée et calcul pratique des amplificateurs 
magnétiques, Dunod, Paris (1963) . 

6. De chopper frequentie van gelijkspanningsversterkers die Uitge­
rust zijn met mechanische choppers, zou in sommige gevallen 
met voordeel lager gekozen kunnen worden. 

7. Het verdient aanbeveling bij het met electrische middelen ver­
wezenlijken van binaire schakelsystemen, het verband tussen de 
schakelalgebraïsche niveau's en de spanningsniveau's zo te kie­
zen dat de schakelalgebraïsche "0" overeenkomt met spanning 
"0" . 
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8. Bij het construeren van cyclische codes kan behalve van de ge­
bruikelijke technieken zoals spiegelen, een weg uitstippelen in 
het Karnaugh diagram etc. met vrucht gebruik gemaakt worden 
van de volgende eigenschap van binaire gespiegelde cyclische 
codes: 
Twee opeenvolgende codetekens die de eigenschap hebben dat ze 
dezelfde waarde hebben in een bepaalde bit, terwijl ze in die:­
zelfde bit met de andere aangrenzende codetekens verschillen, 
kunnen gespiegeld ingevoegd worden tussen hun spiegelbeelden 
zonder dat cyclische eigenschap van de code verloren gaat. 

9. De zogenaamde babyweegschalen zijn, meettechnisch gezien, niet 
voor hun doel geschikt. 

10. De stelling van Posthumus: "Verzwaring van de exameneisen is 
niet oorzaak maar gevolg van de vergroting van de inspanning" 
is niet zonder meer juist. 

Prof. Dr. K. Posthumus: Overlading, rendement, studieduur. Uni­
versiteit en Hogeschool ~ (1959), p.341. 

11. Volgens de Groot is de veronderstelling dat "de verschillen in 
relatieve bijdrage van verschillende milieus tot de studenten po­
pulatie niet verklaard kunnen worden door de combinatie van de 
factoren van aanleg en huiselijke milieu en dus door de daaruit 
resulterende verschillen in studiecapaciteiten, studiezin en -be­
hoefte en tenslotte: eigen persoonlijke beroepskeuze '''volstrekt 
niet bewezen. Dit is echter evenmin het geval met het tegen-
overgestelde. . 

Prof. Dr. A. D. de Groot: Behoefte aan democratisering-Misstand 
of misverstand? Folia Civitatis 16 no. 23 (1963). 

12. Sommige woorden in de woordenlijsten van de Centrale Taal­
commissie voor de Techniek zijn uitingen van een nutteloos 
purisme. 

13. De eerste wet van Parkinson is dimensioneel niet in orde. 

C. Northcote Parkinson: Parkinson's Law or the pursuit of Pro­
gress, John Murray, London (1961}. 
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