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Ten geleide.

Het afstudeerwerk, wat in samenwerking met
Se Lynn is verricht, behelst de absorptie van
SO2 in vallende vloeistoffilms,

In de hierna volgende concept publicaties,
waarin dit werk 1s samengevat is een scheiding
gemaakt tussen de absorptiemetingen aan een re-
latief lange natte wand kolom, een korte natte
wand kolom en de absorptie aan vloeistofilms, die
langs bollen en langs een rij van onder elkaar
gepaatste bollen vallen.

De absorptiesnelheden, die bij deze proeven
zijn gemetén, kunnen nu behoudens enkele correc-
ties voor bepaalde effecten geheel voorspeld
worden met de penetratie theorie. Tevens is door
deze metingen een beter inzicht verkregen hoe men
zich de absorptie van een gas in vloeistof in een
gepakte kolom moet voorstellen.

Aan het eind van deze concept publicaties
vindt men een korte toelichting bij de foto's, die
gemaakt zijn van het eindeffect, waarvan in deel II

literatuuraanwijzing [5] sprake is.
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Introduction.

penetration theox

v of abgorpbion in the absenceg of
resistance, first propesed by Higbie Lﬁ ] in 1935,

has long been recognized as belng intuitively more reasonable
than the stagnant ligquid film concept which ig used so widely
in practical design work, While nany investigato L@, ?,41
have usged the penctration theory toe corrvelate their data,
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wods of @mglyﬁiﬁ and wvarioug other complications,

the data has generally been laws
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3 wndertaken 1o an atienpt to

aquantitatively for a very ginmple

£ a falling liguid film the

webration theory are ag follows
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of area on the gurface of the
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P the lignid behind the element

ﬂiw 31y deep stagnant layer during the time, %g,
element moves from the top of the eolumn o ths
1y of that pazrt of the Lilm through
diffuges during @Q ig gonsidered %o be constant
ilon in the dlvection of flow is assumed to be
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The flew has been Tound to be essentially lamim&r*(ﬁ]

Tor voluco of e boelow 1200 when He 1s detined as
L‘UPV
The time duwringe which an elenent of area on the surface of the

- U - (5)

Thug, the average wate of abscrpblen per unitv area Tor the
column bocomes .,
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Vanckverts [6] hag provided a means o

(7)

estimating the

conditions under which the assumptions of an infinitely thiek

layer moving at a constant veloeity are no longer appromimately

valide, From a graphical solution of the differential equation

for diffusion in a finite film woviag with a parvabolie velocity
7 1 and the veloelty

ion by more than

T

profile he found that the effeet of the wal
gradient did not change ﬁhe rate of absorpd

\

so long as the valve of the dimensionless grouplis less
than 04 (%ﬁe mb«ti%imﬁ of eqss {#) and (5)

1 in this group
vields ¢¢

zca or, in other words, the ratio
ragidence time
- ' st he less than O.4). For the

diffusion time constanyg
smallest value of /L
the correspounding value of h should thus be less than 200 cm,

t 4

tion whieh ig met with guite a wide margin of safety

used in this set experiments
u

in thoese expeviments,
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Degeripbion of cauipment,

£} &

4 gehepatic diagram of the equipment is ahﬁwm in Figete
Water was throttled throush a valve froem a n?gg sure of two
atmospherep through o rotemeber and inte the absorber., The

puwpose of having the watew supplied under pressure was to

prevent mmall changed of pressure in the absorber from affecting

& s.

vhie 1iguid flow rate.
The water flowed inte the absorber through a vertiecal

o

tube made of stainless stesl with an outer diameter of 15 mm.
The surface of the tube was roughened slightly by sand blasting
o fecilitate wetting by water, and the tube wall was allgthW
ronnided at the top. The water entered at the bottom of the

tuhe and flowed out over the top and down the sides as a falling

ilm. The liquid level in the réceiver at the bottom of the

Tilm was kept congtant, the height of the asolumn heing varied
by moving the tube r&th  than by changing the liguid level,

802 from a cylindei flowad firat %hfaugh a large rotameter
and wasg then saturated with water beifor~ Lesng admisted imto
the absorber. The incoming Low rate of the 50, was always
greater than the rate at whiech the gas was being absorbed, and
the exceess passed out through a second, much smaller rotameter
in the outlet line, The flow Fhrouch the mmaller rotamcter
was about 5% of the incoming flow, Dy thus maintaining a 'mall
steady strean of gas through the absorber, the accumulation
of 1nsoluble gaseoug impuritieg at the liguid interface was
preventeds The temperatures of the incoming gas stream, of the
water in the saturator, and of the incoming and ovtgoing liquid
streams, and the pressure in the absorber and before the gas
rotemetor were moasured for each experimental point. Small
adjustments of the data were then applied to obbtain the rate
of absorption at 20% and a partial pressure of SOQ of 750mm Hg,
These adjustrents will be discussed in more detail in another
section.
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Troabment of data.

For eage of conparigon, the data obtained were all
L ?
adjusted to a constant value of the surface tenperature of
al

€
he water film and a conitant walue of the partial pressure of

-g..

30, wivhin vhe absorber. The asvervage temperaiure of the surface

. o3 4 [40n (s ;
of the film was assumed to be 1;$;S above the average of the
inlet and outlet temperatures. { see soction 5). The rate of

aboerpiion at the averags ﬁ@mgfiﬂtu%ﬁ of the experiment (ﬂﬁg
20°%, or 249C) was then calculated by assuming the thermal

oA o . e A B . e o [ %] 4 Y
coeificient of abeorption 6 be 1,67/ 0, a value which ig
based on the penetration theory {see section hyh) and which

Y

was verifisd by sxperiment, Thus, the rate of absorpiion ob-

served, for example, at an average surface Semperature of 20,5°
o o . .

was inereased by 0.8/ to obtain the value for 20°, The adjust-

ments made in this nanner rcavely execeded 27 and were usually
1

‘e of the 80, in the absorption vessel
¢ ing the vapor pressure of water at
the tempavature of the water ln the sabturator from the absolute
preasure in the ves:
The concentwation of n@ at the surface of the film and
henee the rate of a?mérnti@n of 80, in the liquid, was assumed
to be directly proportional to the partial pressuve of 802 in
the vessels Thus, the rate of abgorpbtion obsexved, for example,
aﬁ a partial pressure of SO of 755 mm Hg was decreased hy
«67% to obtain the rate at 736 mm Hg, These adjustments too,

were usually less than 1%,
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Diseusgion of OrLOre.

The random error, as can be sgeen from the plots of the
experimental data, ig guite small, about + 1%. 1%t avises from
uwneertaintics in reading the wzotameters and thermometers and
in determining the heihgt of the columu,

The systematic errors include both the uncertainties
the ealibration of the @quipment and also the uncertainties
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Fodr

the aggumpiions involved in the estimation of the surface
the top of the column, of the changes in golubility due

=
¥

to temperature and pressuve (i.es of the correebions made %o
present the data for a standard temperature and pressure),
and of the surface temperature of the fiim,

The esgtimation of the egquivalent height of the column

Vil

involves a two-Told agsunptiony first an estimation of the
surface of the liguid on the top ol the column ond segond an
estimation of ths veloeclty at the suyfaga. Both are neecessary
in ovder to estimate the time of contact of an element of
surface arsa. However, the value ofa h amounts to only

5-10% of h, so that a relatiany lavees arvor in the estimation
of h will not grealy alter the relationshiyp of the gasg

absorption to height, sinee this varies with hé

The estimation of the actual temperature mf the interfacs
ig subject to the most uncertainty of all of the assumpltions

s
invdlved, If the £ilm actually behaved ag a seni-infinlie
gtagnant layer, the surface temperature would remain constant.
Howeve®, the thermal diffusivity of water ig of the
a hundred times greater than the diffusiviiy of B0, in water,
oo

se that, wherveas the agsumption of constant veloclity and in
finite depth is justifiable for the diffusion of material in
the filme econsidersd, 1% is not at all justifiable for the

diffuzion of thermal energy,
One can éaleulate the tenperature rige of the gurface of
“ilm due to the absorpiion of 8@2 (ﬁ&nak@%ﬁt [ﬁ%] o

one takes the heat of solution of S0,
Lan
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e Limlts of a uz)lj.&».:f?iil‘@;io

The conditlons studied heve were for effective column
heights between 12,5 and 22,5 eme. and for Reynolds numbers
between 12% aad 1150. This corvesponds to contact bimes betweon
0,15 and U.,98 geconds, Lower flow rates were not studied

3

because of the iiffiaulty in keeping the tube completely wet
by the solution, HMeasurements with shorter tube lensths were
not included because of the increasing welative impowrtance

not only of the entrance effect but also of an exit effoect.

of a band

a

This exlt effeet is evidenced by the appearance
of rimplas about a eceuntvimeter above the level of the liquid

in ¥he receptor, Preliminary, qualitative experiments indicate
that the surface of the falling film below this band of ripples
is nearly stagnant, and thai the helght of the band of zipples
varies invergely with the velocity of the failing Tilmal
gimilar phenomenon has been reported by Ls \15 who

1
studied abserption by short liquid jets. This effect will be
discussed in Part II of this paper,
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In the 7isst article of this series [1 ] 1t
wag found that fovr physical absorpiion without
gas phage resisbance in a veétted-wall colunmn the
simple theory of transient diffugion inte a stag-
nant laye® of liguid (penstration theory) is valia
for contact btimes up Yo 1 second. In the cass of
a £ilm of liguid flowing over o sphers & similay
nathenatical treatnent 1o greaitly complicated 4f
one attempts vo consider the sirotching of the film,
aond the consequent disbortion of the conecentratien
gradients,; as it flows from the top of the sphore
to the bottons Thipg atrebebing will have €§@ gifent
of inereasing the concontration gradients on the
upper half of the sgphere and of decreasing them on
the lower half. Decause the film on the upper half of
the sphere, %@é&g freshey, absorbs fagier than when
it is on the lower hall, one would expset the net

sffect of the stretching and pontricting of the file

te be an inereased rate of asbsorptions Withoub cone
sidering these eoffects, the fellowing gﬁiaglaﬁaﬁa
gan bo maded

Oenaider a @9&%@& of vadiug B (em) with an
angular coordinate OL which ig sevo &% %ﬁ@ ton of
sphere and 777 at the &i»%ﬁ%. Liguid flewa over the
sphers in ¢ Z@%iﬁ@% film 4 with a tobtal v@lam@%@ia
flew robs o j?ﬁ éemﬁig@aﬁe It i ageuned that the
thicknegs &i the filn, é’, at any latitude on the
sphere is the seme as it would be for the same flow
rate pew unit length, /W? %émgjam sec), on a plane
surface making the same angle with the vertical.

e S5 4 e
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327 é;

2 g @i X (4}




kinematic wiscosity, éﬁgfﬁ%ﬁ
. I
= accolaration due to gravity, 981 en/fsec

i

NN

£t follows Crom the sbove assumptisn that a halfs
parabolic wvelooity profile will exist at all
latitudes on the gpheve, w0 that the velscity

of the surfacs of the fiia; Ve (emfsac); is given
by the following eauvation

i
%3%
\JL_,
=
§
s&\..
MO

(2]

The rate of ashoorption of a éiffevential unit of
area on the film ig

G/Jé; = yrwww- CY%4

where jé; = rate ox gas &gaaﬂngi&ﬁg & g&a
s

N
%3t

[
C, = inditial ma?@waa@&@iﬁﬁ of solule
in bull of liquid, mf@m |
iiffus ivé@y of solube in liguid, @%?}g%@
= Hime during 1 fhe elenent of
area has besn szposed to the gas, sec,

i

o O
B
o
&*

The "ape”of an element of arca at latitude ol
im A
= Roa
5 Ve

- .Q./J :’/j

_ﬁ(z:zz;m/) f f,f o B o

and an ¢lement of aerea tan be exzpresged asg
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A\
Thuo, vhs rabte of absorplion for the vwhole gphere
beecomes .

Y% Y o
/527, : oend A A
ﬁg (C C;)yé)(f ““V /ﬁb /7§wwjgi¢:7 3
The valus of the tem

7
etz A cy/@?”

[)(WVJQ&/&’/

and ﬁha valesg of

T,
j/i¢%47 X A ig 2.58, as

ig Eo?}%

a@%@ﬁﬂiﬁaﬁ %y numerisal integvabion.
: in water vhen ths

»
“a
g@?ﬁi&l nrepaure @f %b@ 850, 18 750 mm Hg and the

Wi

eraturo of the surface of the waber ils is
%@ v, squation (4) can bo expressed ag

5?" A A 2i§r | (4a)

The valus of K obbtained using the valuesa of
the pertinent ﬁ%y&iaaz properties listed in [1]
ig 1.19 © 107 [& 504/ s00, em=?/6, €@m§ﬁmﬁjgnﬁ3 ?/EJ
Thip value can only be considered as en approximation
becsuse the flow conditions &t the top and bBotiom
of the sphere have bSen idealized and the effect
of the stretching and conlracting of the £ilm has
been disregnrded, |

The derivation above hag been for egingle gpheres.
For spheres nounted in a column one nust considew
vhether the streamlines of the flevwing filpm are
affectively zﬁ ed ag the liguid passes w“@? one sphere

’

to the nexib,
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Am bag been shown above, thd rate of absowption in
the cage of one gphere is

JgT s (Cf C:Q)L/EEZ
whers C. 18 the time in which an element of aves
ig exposed Yo the gas in moving from the tor
gphere to the %ﬁ%%%ﬁ. IT there 1 complete nixing
of the streamlinesg of the fleid at the pointg
between the gpheves, and if the concenization of the
disgolved gag in the oubt-going liguid ig small
rolative to C'y the wate of absorpition for H spheres
will be approzinetelys

g
&
“S
<t
&

T

hers 18 no nizgine of the sirveamlinesn in the
ontact time

oW gphares will

L exposed ¥ the zas will be A4
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and the rave ol gasm ﬁ%%%?ﬁaiﬁg will be
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polute must be gmell, and the relat i @&%&@&ui@% of
& )

the out=going ligquid will be low,
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The data ware reduced %6 the comnmon basisg
of a partiel pressure of 80, of 750 mam Hg and
a surlace temparabture of thé water f1lm ef 20°¢,
The manner in which thege adjnglnents vers nade
hits heen degeribed in[1]. In all erperiments
pore (99,93} SO, was absorbed in distilled water
to which & ousfass-astive material ("Tespol®)
had been added, The epheraes were mede from stesl
ball-bgarings and werve mounted on & stainless

gteel rod,
The pesulits presented hove ape sy
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Borte toelichting bil de foto's van hed eindeffect.

Het elndeffect, wat in deel 11 van dit verslag
besproken is sn waaxrbil] de invlioed hilervan op de
absorptle 1s zemeben, is door kleuren van het vloeis
stofopperviak duidelijk waarneembaer gemaakt en op de
foto's vastgelead.

Door verschillende proefjes is gebleken dat dit
effect alleen opitreedi wannser het water filmpje in
een stilstaand poeltje valt. Stroomt bijve een derge-
lifk filmpje langs de onder elkaar geblaatste bollen
in een vloeistofontvangertje (zie deel ILI) dan zal
dit effeet tusgen de bollen niet, maar onder de
laatst gedeatate bol wel te zien zin.

In ondevstaand scheide is aangegeven op welke
jize dit effeet met een kleursitol, een methylesnblauw
ossing, is aangeboond,
Deze kleurstof wordt hier m.b.v, een capillair
zodanig in het water gelnjecteerd dat zija voor esn
groot gedeelte aan het oppsrvlek van het waberfilmpje
naar beneden stroomt,.

Ontmoet dit {fwrxﬁ methyleenblauw nu het
"atarre® vla%igﬁofué \ ﬁ fimpje dan zal haar neer-
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waartse snelbeid | || T worden geremd en de
kleur zal inten~ 4 | % siever worden.
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0p de hier volgende foto's 1 en 2 is dit deidelijk
te zien, Men kan ook duldelilk waarnemen, dabt de hogte
van dit effect zroter wordt naarmate men de vioels
stofbelasting vermindert.

Dat dit sgrote intensiteiteverschil niet veroor-
e
w

zaakt wordd door het felt, dat de filmdikte ter
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ndeffect lets g?@%%? ig dan daar

plaatse wvan 4itv el
boven, is met fot
Hier ie de &k

m@u%ﬂt@ niet 3@1&3@@%@@?@ zodat wij
aan het opperviak van de Tilm komt, maar asn het
water van te voren toesevoegd, De hierbi] gebruikte
concentratic van de kleurstof was dezelflde als de
afvoer van de vorige gefotografeerde proefjes
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