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Gas .Absorption by Drops Travelling on a Vertical Wire 

.S •. M. Rajan 

Inorganic Materials Research Division, 
La1n·ence Radiation Laboratory, 

Department of Chemical Engineering, 
University of California· 

Berkeley, California 

ABSTRACT 

In this work liquid phase controlling mass transfer has been 

studied for a gas-oil system. Pure co2 is absorbed in ·.white oil

travelling on a wire in the form of drops·interconnected by a thin film. 

Circulating tori within the drops moving down with the wave velocity 

have been observed. The ·effects of drop size, flow rate, diffusivity 

and column length on the mass transfer have been examined. The results 

have been plotted by a method suggested in the literature for mass trans-

fer to criculating spherical drops; A model is presented to get a handle 

on a correlation to coalesce all the obtained data. 

The results indicate that there are three stages of mass transfer. 

First, the gas is transferred to the film and the drop; next the gas 

in the film is transferred to the circulating tori; finally, the tori 

carry the dissolved gas out of the column. Any correlation would have 

to include all three of these contributions. The proposed model 

coalesces the obtained to within experi;·nental accuracy~· 

., 



L INTRODUCTION .Al\TD DESCRIPT-ION OF FLOH 

In chemical engineering· there are many processes vrhich require the 

contact of a liquid with another liquid or ~ gas. Such contact often 

results in transfer of heat or mass or a combination of both heat and mass. 

Gas absorpti9n) distillation and extraction are examples of contact pro-

cesses of wide .industrial use and interest. Among systems of simple 

geometry) gas absorption by a liqui~ has been studied where the liquid 

~- o:_ ~is- in the fo:r;m -of'- a~ jet_, a t-hin -film·-fJ:owing ·on-a--wall::,--or·-drops~falling~ 

through a gaseous phase. This thesis will describe gas absorption by a 

., 
liquid for a situation which at one and the same time combines features 

characteristic of each of these geometries. 

This study is concerned with the liquid side controlled absorption 

. of co2 gas by a series of w·hite oil drops moving down a vertical wire. 

. Adjacent drops are connected by a thin film and both the drops and film 

are axisymmetric about the wire. There is evidence that inside each 

drop) as viewed in a coordinate system moving with the drops) is a 

circulating loop of liquid roughly in the shape of a torus. Throughout 

this thesis th~ word drop is used to mean the combination of the ci'rcula-

ting torus with the region surro~unding it forming the observed bulge or 

"drop". The term circulating torus (or tori) refers to the circulating 

loop only. To get a clearer picture of the flow one may examine Fig. 1 

.which reproduces photographs of the flows for which gas absorption was 
··.,J 

measured. Figure 2 gives the geometry of the flm-r and also defines the 

nomenclature used. In Fig. 6c a schematic representation of the streQm-

lines for the flow (in a coordinate system moving with the drops) is 
. . 
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Fig. I. . · Photographs of moving drops. 
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A. Number 7 oil, 0.031-inch wire 

·a. 1drop/s'ec 
b. 2 drops/sec 
c. 3 drops/sec 

B. Number 9 oil, 0.031-inch wire 

a. 1 drop/sec 
b. 2 drops/ sec 
c. 2.5 drops/sec 

C. Number 15 oil, 0.031-inch wire 

a. · 1 fu:op/6 sec 
b.· . 1 drop/4 sec 
c. 1 drop/2 sec 

·a. 1 drop/sec 

D. Number 15 oil, 0.020-inch ··wire 

a. · 1 drop/2 sec 
b. · 1 drop/ sec 
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··Fig. 2 Geometry of the ·flow 
down a vertical wrre. 

Wire radius = s 
Minimum liq_ uid radius = h. 
Maximum liquid· radius = H 
vJave length = r.. 
Drop length = DL 

'Thinnest film = 0 

·Other variables 

Volumetric flow rate = 9. 
Drop flow rate = n 
Wave velocity ::::: u 
Film surface velocity ::::: u 
Column length = Ls 
Concentration. (Pressure) = p 

P = Saturation concentration 
P~ = Initial concentration 

1. 

Diffusivity 
Density 
Viscosity 
Gravity constant 
Surface 
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tension 
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drawn. It may further help the reader in visual.izing the flo-vr if, at 
i· 

,·.this point, we give some typical dimensions. , For the Number 7 White oil 

. (density~ p = . 87 gm/c;?; surface tension, a = 35 dyne/em; viscosity, 

iJ. = .57 poise). flowing down a wire of diameter,;~:2S, of .079 em \vith a 

frequency, n, of i drop/sec. 
. c -·2 

The volumetric flov-r rate,· q, is 0. )oxlO 

.. cm3 /sec. This value and the others to be cited depend on the size of the 

drop,. V = qjn, which can be· controlled by the geometry of the apparatus 

· at the point of drop formation. The drops trave~ down the wire with a 

.. wave velocity, U, of 2.0 em/sec. The maximum drop diau{~ter> 2H, is .21 

.em, the diameter of the film, 2h, is .11 em, the film thickness, 5 = h-s,. 

is l. 5Xl0-
2 

em, the. drop length, D1 , is ~ 35 em, and the wave length, /1., 

is 2.0 ·em. The veloc:ity at the free surface of the film connecting two 

· drops, us' was calculated by assu1ning a fully developed Parabolic :flow' 

having the measured film thickness. It was found to be .16 cm/,sec indi- · 

_·eating that the liquid in the film moves much more slowly than the liquid 

· .. in the circulating·· torus. The results pf the measurements for the other 

flow c!:onditions investigated are listed in Table II. 
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There is a large amount of li_terature avail~ble on transfer to' and 
:':-~.:. 

' . ~- ' ·. 

·. ~: · . .-· 
· .. -·. \·._:.·. 

. -; .. 

,. .. ·: :- ·: .. · · from. droJ?s and falling films. Here we shall refer briefly to th~ in;~t \ ; • ~ ;.r ·_, . 

.. : ' · ..... 

' .. ·-· 

:: :' .... ·.··:· 

. • .. 

pertinent. papers · orily . 

A. ·' .. _ . 

•, : 

~ ., . . ... 
.·: :· .. ; 

Several p~pers ·have--discussed the importan~ contributions of the. end 

'•;. 

'• ... 

•,. ''• 

··effects to the total mass transfer-to a d:rop_l_-lO Licht aridc?~waY?have,·_. '·_ ._, . 

. ,• . ·_ shown 'that there ar~- three distinct contributions' to the total mass trans-
. ~ . -> ... -~ ~ 

.. _. .-: ·· -fer: 
.. · .. ·.' ,.,,,. 
f : -~ 

entrance effect (including the time of formation and ·time to' reach . 

- .constant -:elocity), free fall per~od, and the ·time of ·coalescence. - 'E1.e 
. . . 

.... ' 

. ~:· ; ' ' ' 
--.-- \. 

' ' 

.. //' ' . " . _.-<· : . . •. _:; -:· .. , ~ 

.. ~ . ' 
· ·· end effects, i,ncluding both the entrance effects and the coalescence ...... 

~ -·::.: ·:;-.• effe~t, b:a:;e been difficult to separate into distinct categories.· 'po;o-· < -
-_. 

. .-' . ·.·· .. ::·· 
. . '~ .. ··' v~ch, Jervis, and_'~ass10 have studied the contribution to the total-. 

·_ . ~~-- ·.: ... ·· .. 

. . 
' I 

. ' . -

'· ... ··. '';, ... ' 

) ~- ;:, • . i., 

·-.:._.; 
mass_transfer during the time of formation and have obtained-experimental 

·.-.:· ... 
;< data. ',They have reviewed the existing theor~es on mass transfer during 

. -... ~ ... 

:.- the formation 'of a drop and have' concluded that all theories fit".' the 

· · · : general equation .. __ , . 

'•. 

· -.· .where 
·. ~ •:. 

•.• ! ...... 
Cs_-= saturation or ·equilibri1JID conc~ntration-of 

· diffusing species . ·. - , ~ :- . .. 
'· ·-~ ... .-. :. ! ' ' . • . 

. .-::-.-· 
··~ .; . _~: . ' 

·.,.; .··· 

-.. ; 

'. 

-: ..•.. '. 
. ' . . . 
-----.--. 

. ..... ' 

.-<-· '~ •. !'•'· 

·.·_, _, .. 

.. ··--

' , In '• ;"" 

.. ---~ :.. ... ' '~ 

·~- : . . 
... ; - ~-' .r . :' :. : '.· .. 

I-·, ·. ;-· .. -co.= :·initial' concentration>( diffusing sp~cies ... .:~ .· ':., ~;. 
/ . .: . . .· ,. . ... ' . . :·~ .: . 

• .. 

....... · 

..:...,,• .: ','.· 
.· .•( 

:i:·:.. ':\ :·_:;.~- ~·:<= .:' '• -1~ · •• · ~· .... ~ '~· . • ~~::' 

... -:':>' '>: ·:_, ._~;- 7 diameter. of d~o; ahe~-'-:~;;~~~~o~>-(after·:_t~) 
( .... 

diffus i vi ty-. .,, ·. ·" -: ,•', .:··._···. 

'· ,:'(.·· 
. .,· .• 

~. ·~· · .. · .. ·-:· 
~ ··.. . ':. .. ' ''"·· • -~ ·'·1.-'·· '.: 

""_ .. ·. :: _:: ·t/:~ time o~ ~ormatior/ ._/·: :,. ;!· ~ · ;' ., : 
,·. '(I • :·· : ., ' •• ~:.. •• , .'( ' • ' ,, _.. ~" 

i .... 
.·,·;.:,.. .: 

' .·.,_·. ::~. ~ •! . 

·~ •. ; ·,1 ' 

·,.-. .. . . ..... ~ . The nunierical constant . in,. the equation assumes/ slightly' diffe'rent ;values 

·•,: .. 
• J. ·.' ,_ 

I 

'• . .-·. 
·-,.-;· 
.- .. ' ,. 

- __ ,· 
. -/. 

~. . 

. ·/::./~· .. -·.·.:·~.·- ' ' . ~- ', ·· .. ,. ~.-. . 
' . _., . . . ' ' ' i . '~ ... ' ~ ~ : ~ 
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. for the different theore:tical calculations. . Their data correlated best 

vrith the eq_uation proposed by Ilkovic where the numerical constant has 

. the value .JJ2/(. 
' ' . . . 

At present one widely acceptedmethodof accounting·for the·end 

effects experimentally is the method described.by Johnson and Hami~lec. 3 

They have combined the entrance end effect and the coalescence end effect· 

··-:-"·· 

·_,_. 

···.·. 

'' ' 

into a single term, EF; they have also defin~d a f,'ree fall fractional 

approach .to eq_uilibrium,, or efficiency, E. , . and a total fractional ·. . . • m 

.··. :approach to -eq_uilibrium,. or efficiency~ ET •.. ·They show that 
'j'. 

E m '. l ~ ' 

Next they have given methods to obtain the'combined,end effects efficiency, 

EF' for two separate conditions. .If Em< 0.5 (low efficienc~ region), 

·.they suggest a plot of ET versus the sq_uare root of. the drop fall time. 

The extrapolated value at zero drop fall time' can be used to obtain the.·. 

value of EF from their semi-empirical eq_uation. 

ET, .;o: 905 (l-EF) / w:~ t + 0.0189 + O. 981EF 

ET ~ overall efficiency 

.EF = .. combined. end effects efficien~y 
"' / 

· R = dimensionless correlation factor 

/:Y= molecular diffusivity · · 

t - free. fall contact time .... · 

: · a = drop radius · ' ~- ·. .. :· . ~ -
. . . . . 

·~ .. 

:Fort= o, EF:= (ET- 0.0189)/0.981. .·For higher efficiency runs,.i.e.· 

,· 

Em> 0.5, they suggest,the use of ln(l..;ET):versustime:of contact. ·Once 

· · . again extrapolating to zero contact time giv:es a value of E:F obtcd.nec1 

. _.·, 

·.:-. 1 ·., 

' ... ·'• ' ' 
' '.' 
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from the equation. 
'., ~-

.: . . ·. 

·,, 

,.· '· ... ,. 
For zero contact'time 

'I' 

,1' ~~ 

. . ~ . •' . . ·. -: .. ' . ·,,;. : , •~• . E~ ···::· : 1 . ·: 

(l~ET) · 

6B1 , 
. . ;_..,. 

:' ',. 

i .. 

-. ·· . 

... 
:,I,,,··, 
·.;: 

'.••. 

.,•: 

~ . ' : }- . . . .. • . ····. ' ~ ' 

., . . .. <"· 

-.~' :: ·. ; . . ···, 

:.·. ·"'' .. 

·.,; .: 
·,' 

'1·,· ._ . · .... 

: '~ I < : 

,·, . 

:I · .. 

. ' . '~' ....... ' .. . . ; ' ' . - "" . 

.. · .... 

·-·,i• . 

'1,_' . 

.~ ... 

I~-' 

' . . ' . . . 
· B in the equation is a constant. 

. . \:.. 1 . '.' . ' •.', 
For zero :.:continuous phase. re#stance.: 

~ . 

.. · ~ ... " . ' . .···. '·': 

.' .. ·' ·t.he value for B
1 

is 1.29~ 
~·· . .. ,.' 

.... : 

... ·· '.-:·· ;. ·. . . . : '' . 11 
Skelland and Wellek in their· study of mass:· transfer to · drops have · 

·: ' 

., 
·" 

.·· . 
-; .. . " 

pointed out that ; if the interfacial' area. of the .. co ale seed layer is made ' . ~ ... 
. '. 

.·' :'· ... · 

... :;.;;::very. small {approximately 0. 5 cm
2 

or.less), ·then .th~ coalescence end 

' '.~ . •.·.' 

··.· 
->' . 

:;' . 

/ 

' :effect is reduced to a .minimum. 
' ,· 

. A literature search on the study of total mass transfer 'to a drop 

re'veals that an extensive amount of work has been carried out on' this' 

'·.: ;··: 

• .!•' • ~ 

•• ·~ ' r • 

.. ' :• 
, .. ~ .. ' · .. b.. t 8,11-25 

.. , ·.:.·:'.: .-<·.·· ... i .. su Jec . , Most studies consider the problem of. fre~ly falling. or ·i:.: . 
. . . . . . . ·~ .··. ' . . ~ ; . . 

'. : .. . •. 

·.·.:.·.·, · ... rising drops (or bubbles) in a continuous fluid phase .. The ·important_· ·. 
... ~. ·. • i ' 

....... 
~- . ' 

~: .. <~~--~·. ·· ... ·, .. ~ .... . ' · "·. ·. · fact to note is that no two drops are, in anywa~. interconnected (except:· 

:. perhaps by the wake they leave behind). :The present studydeviates sharply ·• '' 

from others in that single feature~ ·The oil drops descending the Hire 
' · .. 

' ~ ~ 

; . ~ ~ are interconnected by a t;hin film on .. the wire.' Consequently it becomes. 
' ... 
~, 'I! '·· ' . ... ~<: .. >" ' ,. •'. 

. '''. necessary to study 'l?o~h 'the film.' bet.,.;.een ;~he. ,oil;d;ops and the :drops· , \ :-·:· ... ( 

··· · ·themselves. I·'· .· .. ·,··.· 

.... 
' . ' 

.J,,,' 
t : d 

'•':.: 
' '.; : :·, ' ..,_1 'I~' ·< 
:' - .. 't.-

•• : '1,_ . ~ . . ·· ... <: · .. K.·,· Film ,. ' .. -.:.'. ·: ,·\;-. ..... 
• . ·,, , • •b. ' l I, • . : ~ •• -. :- • I ' . 't . ' ·- ' . ' 

: :· -· '· ~c : _.- : . ' , ,· 'i,.. •, ,' ~·. ; ., ,_.·~ ' 

··· ... -... 

·.;~ ... ~·-' . : 
' • r. I .,, ;,- ~" ; , ' ' 

·. ·: 

.•:J· 

. :· .. ·· 

.. '· 
..:·' 

~ ·' >' ·,· 
' .. 

•·l 
',· ,-,, 

·.,, .·.· 

, .. 
,· •r'. . •• ,,, - ., • • . 

.. . . In the literature there ~re se:Veral theories .describing the ~ass:',.~ .' '.; · .. ·v 
. ... . .; . . : ~ . . .· . . . . . . . ' ·., ' ' . . ' / . ., •. . ' ' . . 

transfer" to. a ·liquid fi~·i> .· Le~~~· .and, -~i t~~27'po:stul~t,ed. a sta.gnant · 
I ~ ' .: \ . ~ -: -.· _,., 

. ··:.: .·.: ... : 
' c 

;' . ."',. 

' ~ . , 

~ . ' 

·,.. . . ' 

·,,· , •I 

film next to the·surface··:~:f;the liquiq,.laYer~Theyas·stimed that·the 
~-· .• .--~-····.· .,~: ... 1,· .1 ,• .~~ . .- ·,,\.; · .• ·, . 

.. ~ .. concentration' gradient e~i-~ted i:nhy'·;irl' the f.i~ •and· bey?~?-. the filrh the·"' 
~ ' :. . . . ' . 

. -···· ;~ . 
:;:.·_.-· .·.( .t 

;, .. ,· 

~' : 

.~ ' . . 
,; ..... ,. 

. ' :~ .. ·~ •(. 

I• ,! .. ··.· 

' '' 
.;' ; I :; 0 '~ ~-.': ·/ , • ::., 

: ·•_ . : ' : • rr,. • .. ... 

.. ~ ; 

'· '; ~ ·, 
/. 
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' ' . 
liq_uid was well mixed. This led to an eq_uation which , shmved that the mass 

transfer coefficient (k1 ) was proportional to the first povrer of the 

diffusivity. The relation was given by 

~here xf represents the stagnant film layer thickness. The thickness of 

the film.is accessible through experiments only. Further) several experi-

ments by different groups have revealed that the mass transfer·coefficient 

varies as the sq_uare root of the diffusivity. in many cases. 

Higbie
2S advanced a theory in which the mass transfer was proportional 

to the sq_uare root of the diffusivity. He considered a semi-infinite. 

· liq_uid layer) henceforth referred to as ·the film) ·in contrast to Levris 

and Whitman who considered mass transfer only to a fraction of the liq_uid 

·layer. The main assumptions made by Higbie. were: (1) The ·surface of 

· .. the film moves at a .ur1:iform velocit·y) (2) the interfacial concentration 
I ' 

is constant) (3) the falling film is in laminar motion? (4) the diffusion 

in the direction of the flow is negligible and (5)· as .far as diffusion 

is concerned the film can be treated as if it were infinitely thick. This. 

last assumption restricts the theory to "short" contact_times. These 

assumptions led Higbie to the following equation 

where (k ) = average mass transfer coefficient L avg 

f) = diffusivity of the solute 
A 

8 = contact time) (=Z/u ) . ' .· s 

Z = height of column 
·,. 

u
5 

= surface velocity. 

. ·. ,;-.•,. 

'· 
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Emmert and Pigford have studied the problem· of gas absorption in " · 

· falling liquid filius. They considered a parabolic velocity ·profile in .. 

_, __ the falling filin with the following boundary conditions: the velocity 
' ~ - . . . . . 

< ~~ •• 

:.· 

. ., .. .,_ . 
. . 

.' '•C . '• 

'- ·. 
~- . ·.· ·. _,: ·<' . 

'. 

... 
. ' 

. i.s maximum at the gas-liquid. interface and the .velocity is zero at the 

solid-liquid interface. This situation vras mathematically described by 

.. Pigford in the follovring equation: 

: .. -. 

. ·-.·. 

'The. solution obtained was 

· · [·1·: ... ·(x ·)2J dA c 
=us - If . dz ' 

. F : 
_.._, 

.i 

.. ;,., 
.·, '· ,·, 

i."c. 

.... · .,_: 
! -·· 

.·.· 
. ·- :: '; ·' 

= o.'7858 ~~(-.o .. 512l p) +. 0.1001 exp(.:.39>3i p).'+:~ .<:" . 
. l 

· .. ·· .. where.: ·. ,.. A. = solute concentration at the transfer interface 
~ 

. --~ ... ' ' 

= average inlet concentration . •' 
. ': .·. ·-:··· 

. r.~ . 

·.· }'. 

.. ...... ·., 
'•. 

,.;. ,. 

/' 

. ; . 
...'''i 

··· .. ·. 

.' '• . 

··_' .. /·. 

-... ~ = average outlet concentration 

p = ffA8/BF 2 

·-·. ·., 
.... · .• i 

.. , ·'. 

·B =actual filin thickness 
F.· 

·•' .. 

. . . - . 

·., 
' ' 

; '•, ·.This solution can be simplified under· special conditions.;. Fcir short 
:, 

,· ! . contact times· the. equation reduces to 
--i·· . • ' 

.. ,. . 

,_.,._ ... 
.' •.-. 

:···: .. ·. 
··. 

', 

·.~-~ 
.·.A.-A 
', ~ ~.~ 

. .. 

·3 It; zj B2 · . \·.:', /,. ·: · .·· 
1/' A 7T Fu.. . . .:· : · .. : '. s .:·"·'.· ....... • . 

.. -~· 
:'' 

,.·. ·:.r .. ' 
or in terms of. the mass transfer coefficient.·. o.'· · 

'· ', 
,• .,·_. 

.,_·. 

.. 
- .t.· ....... ·_ .where 

'· 
.... 

. · :' 

,·r 

r ··~ 

·. (kL)l.in. = · .J6 bAf/7TZBFp . · .... ·.· . 
' .: . :: .. ' ~' ' ··. ':·. 

· .... -... 
' <· .. ·:.: . ·, 

.: ... • .. ' • . .'~o '. .~ :'·· :: 

== liquid density. . . ·p ·.,1.: 
. . · . 
. •, •'I·' 

.;. 

r .. - :mass flow rate (Mt/L) 

; ;:: 
.. ' ~;~. 

. ·' 1 'I I 

. , ·', ...... 
.' ' . : ' ' ~ ' ' ' . 

; ' 

' .. .... 
. ~ . . .. 

.-·. .· .. ,( 

.. ,.,·. 

,• I•, 

•' 

·,. 

,·, 

'',·;.·· 

'· .• 

.·, 

'···. 

·.:· '' 

.. ~- . 
. <·. 

V. 
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= mass transfer· coefficient based on log
mean driving force. 

The above analysis is equivalent to Higbie's analysis for short contact 
/ 

.times. For long contact. times the equation. becomes 

The film thickness, BF' for the laminar, ripple free flow dovm a vertical 

wall is given'by 

. \ 

. where ~ is the liquid viscosity. r~~erent in the derivation of the 

equation for the film thickness is the assumption that the surface 

·velocity, u: ., is 3/2 the value of the average fil.rn velocity. Although 
. s 

derived for a non-rippling film, the equation for BF should vrork well for 

an average film thickness even in the case ·.where rippling occurs. Emmert ·-. 

and Pigford point out that the derivation for BF has the implicit assump

tions that there is no slip at the wall and pgas ~< pliq· The analysis 

of Emmert and Pigford is valid only for low Reynolds numbers. Beyond a 

certain critical Reynolds numbers ripples are apparent on the surface . 

. &'1 extensive am::mnt of study in wetted vrall .columns has shown that vrhe·re 
( 

there is rippling in a.falling film the mass transfer is significantly 

increased and the data are usually _correlated in the following form: 

.· Sh = a(Re)b(Sc)c, _the ·constants a, h, 'and c being obtained empirically. 

C. Drops 

Turning next.to the mass transfer to drops' many equations--both 

semi-empirical and theoretical--have been found in the literature. 9 The 

model for rigid drops is an extension of the well-knmm theory of transfer· 
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:·,-... · 
'·:·· ..... !"'". ~··, ' 
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' ~-. 
. : .· 

.··'. 
·,:. .~. . 
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.·: ~16-. 

•• l_ 

·.( 

·"· 
'i' 

't·,. ~ . . 
_;_. 

j • .•.• 

··.· .. ·. ·--~:·, '. . 

·.•. ,. to solid sp~eres; .Various studi~s have.been ·carried out solving diffusion , 
t.:' 

·· .. ·· 
... equation stipulating the. various boundary· conditions.. The· most .,fidely ... 

:'· 

1J.Sed correlation for internal transfer 1s that· of Nevnnar ...... '1: ·, .· 
'.:. , ... 

. . . . . . . 

·._··, 

· C · ~c: ·. , 
· ' . out 1n · b oo 

E = = .1- 2 ,2: 
C s c in . 7f n=l 

2 2 .; 

_. ~-~ ;xp [-n :~7'8 J ..... · 

. \,: 
.. ..:._ 

.. _ ...... 

' . ,. -~ . ~ . ; ., . 

'!':,. : ~.'': This eg_uation assumes a constant continuo~~ phase concentration (teinp~ra> 
,··,. ' 

.·.~ '•' . 
·...... .. . ) . ,, · .. ture .. .,. and also a negligible continuous phase 'resistance .. ' Vermeulen has 

_ ... ' '··. 

fotind a simple but accurate representation .of the above equation: · ... \,:·. :-

·.) .. 
· .. ,.·· 

E = [1 

. ~ . - ; . 

"' .. •' ,· 

-:-.-
. ·· .. ·! 

. -..... 

-.:'._ :· ... : 

. ' ~ 

. _.· .: ~- .. 

. · .. 

'• ··~ 

-~. : . ; .· 

'• The transfer. to drops is usually more compl~x than transfer to rigicf . ·. ;_ 
. . 

, ... spheres. 
: '· 

There are two main reasons for. this·. complexity: . Fir~t.the·; .. 
·.• 

. ........ ........ ·: ;,., .. · 

frictional drag· surrounding a drop may induce circulation of.both the· 

.: · interface and the interior of . drops. Second, a drop may deform from· a · 

spherical shape. · A third complication, oscillations, may occur if 

. '.t 
-::. .. . : ... ,..,. . ~. '-~ . .. '., .. . _ ... 

• •• 1 

. ·• 

.. . ' 
··..::.-. 

Reynolds numbers are high. Ha~~los and Baron1.3 theor~ti6ally. analyzed:.~· 
.· .., .. ;_ 

· . 
. the problem using an eddy diffusivity as a function of position in the ..... 

·,drop. 
. . . 

Their·circulation.patterns 'inside a·drop deviated markedly .... 

: from that used by Hadamard . .30 Further their model assumes that tb~ 
. · .• ~ t .. , . 

.. ' ·~ 

• ·~1 ,· :· ···,. 

... ,'· . 

· circulation in the, drop is fully.developed. T'.aeir final-result· for the-~''·.· 
, ... \. ... '' ' ' l • . :· '. '· -~ -~ ·: .. . . i _: .. . ·:· ' ' 'l" 

·mass trans;:rer :to a drop was 
- ...... . ' .. ! .• ·· . . . ~ 

.,· .. : .... ... : 
' ... ~ 

. -· ~-- . 
; ; . 
I _- .. <), ~\ ·,· Nu. 

J.. 
= 0.00.375 Pej__. .-·· .. :~ :.· 

. ·:, f • .. 
.:··_, ... 

·,• .. -
'. 

-:· ~-· 

I'; 
i 

... · ,. 

.. ;··. 
. , 

'•> 

. . . .. ~- . '.' . 
~ ·, !' " ·. ' . ' . ' 

, , :. · ; · }·.:; Nu :·.·;,'dispersed pha,se· NU:ssel t nurnl;er, · kd/D 
. ·' ,. : : ... J..::. : . . ' \- . ''. ; ... . . . . . . ... . . 

. _., . 

··.j',<• 

' '.· ~-' · .. : '·· . 

. Pej_. = modified .,dispersed· phase Peclet number· 

. , = (dV/D)f(l + J-Ld/J-Lc) · .. _· ... · ,. . :, . · ::.:<' 
• • l .. • :· ~ • . ' ', ~ "; . l '•. • ' ' • .._. • : ' • ',~; ~ •· _. ' .\' 

-·.:-
,· \·' ...... '' 

··t;. 
.· .. ··· : .. ·: ·~ k ;. niass'· transfer coefficie.nt · ., · .. · .. · ·. ·. ·· · 

I'_.._.,<'·' 1 :• > ' '•, ' ' ~. 

''!• ~ ~ ,; . 
·: ·:. 

I ··) 

; · ... 
,.. .., :• __ : .. _. ·.· ... · 

.:·.· ' ~ ' ·. ;._, . ' 
; ':;..· .·;_._ .J 

_.,.· 

. ,. ~ . 
't. 

\1. 

-·,·' 
· .. • 

. · . 

" ... .. 
'~' . 
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d-= drop diameter 
. ,_ 

D = diffusivity ; 

·. V = drop velocity 
., ... · ( 

f..l.d,f..l.c = dispersed phase and continuous phase 
.viscosities 

In this equation a concentration difference driving force -vras used.· They. 

were able to correlate their data better with, an activity difference. 
11 . 

Skelland and Wellek performed a dimensional analysis and obtained 

asemi-empirical equation to de~cribe the mass transfer to drops at 

Reynolds numbers up to 300. 

where 

:' 

.-·-

. -

'. 

.Sh = 6. 142 Tm-0.141 We0.769·;o.285 

Sh = calculated She~wood number, kd deiDL 

Tm = time group, 4DLt ld c e 

We = Weber number, d .if P I cr . e . c 
- . ' ~ 2 4 

P = P group, ifJp c I gflc (Sf') 

k 
d 

= calculated dispersed phase mass ~ransfer 
coefficient · 

". 

d = diameter of a sphere having the same volUme as 
e. drop 

D1 = molecular diffusivity :of solute. in dispersed 
-phase 

' 
t = contact ·time during _fall c 

u = termina~ velocity of drop 

pc = continuous phase density 

(j = interfacial tension ·-- ,._ 

-I 

g = acceleration of gravity .\··· 

!lc = .continuous phase viscosity 

-

'.-

-I 

···~ "" 
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.·: k" 
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.·_. . 
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'. 
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Kronig and .. Bri~~24 .f6rmU:late .. an ~~uatiori.·based ·on ·the ·foll~v;ing·· 
. ·. ·, . . .. ·•·. . ,, .. 

' ~· _>lo L > '': 

~ssmnptions :- constant' continuous ph.ase''temperature ,:. negligible continuous.· 

phase. resistance, Reynolds· numbers < 1> and.~streamiines. are·· aiso'. iso-. ' ,. ' . . . .,. . . ,. -. - .. 

·thermal lines: Includi'ng the: effects of internal··,circu.iati~n on diffu~ 

.. ,\, 

'. ~ ( ' 

.·.,. 
':.·· 

.· 

·'•' I \·' 

. ,-,, .t • __ ·.;. ·• 

·: .. 
;, . 

.. : .. 
·-:.. ·. ~··. 

. ,•.· 

"·· 

. ~ .. · 

.·· ... 

. ... _. 

-. ,·. <-.· 

···. 

·-,·· '·· 

·. ,._-

.-~· 

·' .. 

. ·. 
,·,_, 
•' f. 

I ;" .• 
r;. 

· .. ,. 

/: 

... 
'· .,. 

sion their final result was .. 
:/ ,· ·,' -~ . .. (. 

. ,'! • : f• . .. . ' ~ 

. ·. ' ~ 

whe:re . E .= fractional approach· to equilibrillin. 
. ~.,.. ' ·-~ .. ' 

- . . . . . ...... l . 

- eigenvalues· and vreight.ing· constants. -. ,. . . 
'\ 

;. 
ex = thermal dif:fusivity. ·'· 

t 'contact. time 

... . : ·-" ', = drop radius 
. '·\ 

· .... 
,·,,·. 

·-_I'-
.·, 

· .. ·.:.;.• 
"·,, 

.-'·' 

E = .(1-exp(-2. 25 rirr2~/r2 .)/-/2 . 
. : ' . ~ ; ··.·,·: 

:··., ..... -.- ., -~ 
·:_,· 

.. · .. : ~ • I • 

• ·,J ' .• 
.. ... 

to. though the above analysis has been .carried out''for a heat: transfer' 

. ' 

,·_._ .. 

. _:•,. 

.·; 

. _;.· 

.: :..:· 
•.( 

.·· '• 

'~ :. : . : 

I 
;,., 

. .. ~ . . ... . 
· .. . , 

study on' drops, it should be eq_ually· applicab~e to a mass transfe.r prob _. .··:;~ > 
-~~ 

-·~ . 
..... ', _ .. . . . . 

lem with appro_Priate changes in paramet~rs: .~' 

·.·.·· ... : 
.. / 

--~-

·' 

. . c ; c ... £ ;·· out- in 
.. ,... · C · -C . 
...... sat l.n 

.• ......... ~ :1:.' 
I 
~: 

· ·. -2·:25n.~-it/~2 1/ 2 . 
- (1-:-e · . , : . ) · , 

'·.• 
. \ ·~} -.~. •. ( . 

·.~ • ;' :, ' ,, ' I . • . 

·'1. 

. ·,_. 

-·.r . .-: ._ .. 
·'. -~-

~ '·.· . -: . 

+ • '. 

·. J; ·: ·.-. -.~ ~-. \ '' ~ ~; -- .. :·.-<. 
· ... ···~out:·=, average outlet_ .concentrati~T.i of ,d~~p ,: 

., 
vrhere 

' ~ ·' -.. . 'h 
" 

':• 

'-'· .. 

j • • ·: . -~ !' . · ... ·. 

. '~ . . -.:.: •' 

'.· 

-.,_ 

·.;. .~ .. 

.-.~-

·' .. · - •' ., , . ~-· ~ . 

. : __ c ·\::.::·--~average ·in~·e~ ·.c'~~cen_t_ra~ion. ·_o~ 'drop·
'in. ,., 

c! -'·.: = saturated concentration of drop>·, 
. sat. · . ·.· .. 

._· .... 

. . . · ·. JJ =:molecular diffusivity 
. ', .. ; :. ~ . ' ~ 

- .... 

• .. (:~' .. ':. -~ . ;.·.,. ·, 

. : ;,-·~ .r ~ 
--_.:.·.· 

·. ! '•' · .. 

:; . :' ._.-.. 

. . -. ·_. )-:<···", . . . . 
· Comparison:of the above eq_uation·· for 'circulating drops to that' for 

' .. .· · .. ' .. ·. .. ', · .. ,, . . .. 

'· ... ·.- .. ,• .· 
.-•• _1 

' ' ' ' . . 
' ( . .,.~ . ... . 

;_·:: ._; ,;' .. ··'·:• .. ~ . ::. ~ 

.,, -. 

·, ~ 

l;:. 
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·., rigid spheres reveals that the molecular diffusivity in the rigid 

. spheres equation has been replaced by an effective diffusivity) i.e. 

/:}· ff t• = 2.25 L'Y. e ec ~ve 

,- '.-

i . 

,J - . ·l 

. ' 
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'. 
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III. APP A.f\A.TUS AND PROCEDURE . 

. ' . ~ 

In this study "t1he (liquid side controlling) absorpti6n of co2 gas 

. by,white.oil drops moving dc:>vnla vertical wire ''ras measured., Several 

·. differ~nt grades of white oil are available from Standard Oil Company 

·.; .. · .. of California, and in this study grades Nos. 7·,. 9) and 15 were used. 
.. '·' .· 

. :.·· ... 
. ' . ' ' . 

•. The pertinent phy~ical properties of the oils used are sho-vm in Table I.· 

'. ', 

. '. '· ,· 

.. The densities and surface tensions are catalogue va:hies. The viscosities .· ~ 

·:. :. 
were measured·· in a Haake ( Couette type) viscometer and vrere f~und to 

. . ' .. ' . ~. 

· · agree witp the catalogue values. The saturation concentrations and 

diffusivities of co
2 

in the oils were measured by methods vrhich wi.ll 

be de scribed shortlY,/ 

The apparatus used to measure the absorpt1on is shovm.in Fig. 3.' · 
' ' ' . . 

. i . · It consists of a reservoir in which the oil to be tested is stored. 

: :1' 

' I • ~· 

. The reservoir is connected to a 13-gauge syringe needle and the. flow of 

·oil is controlled by a needle valve. The· exit end of the 'syringe needle· 

vras cut perpendicular to ,the needle axis and machined to a smooth surface . 

. The needle enters the absorption chamber through a three holed rubber 

stopper at the top of the collli"llll. .The other two holes on the stopper .. 

· . ·contain a gas outlet and a thermometer. T'ne· absorption chamber. is 2. 5 

•'' 

i. 

•'' 

' 

inch o. d:' heavy wall glass tubing varying in lengths from 40 em to 3 . 

:em. 
. 

At the bottom. of the· chamber is another three holed rubber stopper ... 

which contains a take-off tube in the middle· flanked by the gas inlet · . ·.'·,," 

... ·,':. ...... . '(' ' '. ' .. · . ' :. \· 

and a .tube .leading to a :manometer. The~ take-off tube is a 3-irich long,· 

1/4 inch i. d. plastic tube and. is connected directly to a Van Slyke 

manometric gas analyzer.. All connections in the apparatus are made -vrith 

tygon tubing. A piano wire dovm ....;hich the drop~ or~ oil move is stretched. 

. \ 

v' 

··.· 

,.1' 

,,·J. 

. ~ 

"' 
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To Van Slyke 
analysis 
chamber 

Needle valve 

chamber 

Coalescence tube 

Manometer 

Gas saturator 

Note: All conections are made 
with Tygon tubing. 

MU-35939 

Fig. 3 
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taut through the syringe and take-off tube~ A' little ad~ustment is 

usually necessary to insure that the wire is vertical and centered at 
. . 

1'. 

the ~y.ringe exit so that the oil drop~ form and move with angular synm~try 

.. about the wire .. Wires of 0.031 inch diameter and 0.020 inch diameter 

· · vrere used. 
. , . . . ' ' . 

:·Dissolved gases were removed from the oiis by heating the oils. 
I ~ . . , . . 

· . under vacuum. Wnen a sample of oil is transferred from the vessel in 

which it was degas.sed to th~ reservoir of the absorption appara,tus, the.· 
. . 

oil is. exposed briefly to the air permitting some gas pick up .. Precau-

. 'tions vrere taken to avoid trapping air bubbles in the oil. 

'• 

Oil flows from the reservoir through the syringe ne,edle ont-o. the 

: vrire. The flow rate, ·'is maintained and controlled by the needle· valve 

· q_uite accurately. To insure negligible gas phase resistance to the-
' ' . 

··• transfer the oil.is ·contacte~ _with pure co2 gas.· CO· vras also .used . 2 

because of its relati,je high solubility thu~ facilitating easie'r concen:.. 

·. tration measurements. Carb~n dioxide gas enters a~. the bottom of the 

· absorption chamber~ Before the gas enters the chamber it is bubbled .. 
through a column of the' test oil. . A very low flow rate of co2 gas 

.• 

through the absorption chamber is maintained to keep the partial pres.cure 
. . . .. . 

·Of carbon dioxide gas at 1 atmosphere .. A'constant .level of oil was 

maintained in the take-off tube so that the column length for absorption ... 

was the same during the .run. ,. The oil was allowed to fl~w through the 
.. 

:·: 

/ · .. 

.. ..... 

... _. ___ ,. 

... . ~ .. 

··.take-off section .for. at least one complete residence time before. a ' ·' ·. ~ . ' 

sampJ:.ec was taken. · After this· period of time a sarnpi~ is dravm into th€' .. · . · 

Van Slyke apparatus for· analysis. 

The Van S;Lyke manometric apparatus (Fig. 4) :Ls an analytic device 

_:;·v.: that works on a simple pri:r;dple. ·'A sar~ple of'the.liq_uid (oil in-this 

.··.·:,. ''J_-, ~l 
1. ' ' ~ 

,l :: 

'·. '· 
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. ·Fig. 4 - Van Slyke Manometric Gas Analyzer 

(A) Level 2 for mercury reservoir 

(B) 1'11anometer 
I. 

(c) Mercury reservoir 

(D) Level 1 for mercury reservoir 

(E) Stopcock 1 ·' 

(F) Analysis chamber 

(G) .Stopcock- 2 
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study) is taken into a chamber. A vacuum is created in the chambe1· by 

controlling. the level of a mercury reservoir. At the 10'\·rer pressure in: 

the chamber gases which dissolved in the ligy.id sample are boiled o:ff. 

The boiling is facilitated by stirring the lig_uid vrith a magnetic 

stirrer. After boiling) th~ gas is compressed to a knmm volume. The 

pressure of this compressed volume of gas _is read on a.connecting mano~ 

meter. Knowing the pressure) volume) temperature and the sample size it 

· H; easy to calculate the concentration of the dissolved gases in the 

lig_uid with the aid of the ideal gas law. co2 can be considered an 

. · ' ideal gas since the pressure is low (1 atm) and the temperature is 25 °C. 

.. , 

Even if the vapor pressures of the oils are sig~ificant they introduce 

no error because they are subtracted out when differences are taken.as 
., 

is shown shortly. Etched on the analysis chamber are graduations of 
., 

0.5) 1.9 and 50.0 cc. A 1.9 cc sample is drawn into the analysis chamber 

·of the Van Slyke apparatus by opening stopcocks 1 and 2 vrhile the mercury 

· reservoir is at level 1. (Refer to Fig. 4) It is important to drmv the 

lig_uid into the ana:J_ysis chamber _slowly to pre':ent ilnmediate boiling 

· and loss of gas. 

Stopcoc~ 1 is then closedbut stopc~ck 2 remains open. The mercury· 
' . . . 

·. · reservoir is then lowered below the level 1 in order to lower the level 

of the sample in the analys~s chamber to just above the 50 cc graduation 

mark. Stopcock 2 is ·now closed and the mercury reservoir placed at level 

2. The oil is now stirred with the aid of the. magnetic stirrer and care 
·' . 

is taken not to stir the mercury below· the oil as well.. Stirring times 

can be varied with the aid of· the timer.: Times varying from three to 

six minutes were used by the author. After stirring is cow~lete _stop-

cock 2 is reopened! enough .. to cause the liq,uid level i,n the chamber. to 

' \.. 
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slowly rise. It is imperative that the rising of the level be slow· to 
. ' ' . 

- •, 

prevent oil adhering to the walls of the chainber being entrained in the 

· ·· mercury. T.ae upper meniscus of the oil is brought up to the 1.9 cc· 

graduation mark and stopcock 2 closed. Thus the gas that has been 

boiled is nmv compressed to a volume of 1.9 cc. The CO!'l"esponding 

.-pressure of this compressed gas is now recorded from the manometer. 
. . 

·Stopcock 2. is once again reopened and the _liquid level allovred to rise 
•,. r 

Until it can no longer rise. (This simulta..YJ.e'ously allovlS the' mercury 

- . in the manometer to reach its maximum level.)· Stopcock 1 is novr opened 
. \ 

and the gases ejected on the- ejection side;' the. stopc:oc~ needs only a 

. '· . slight opening and care must be taken to avoid the ejection of any 
. •'. 

·substantial amount.: of the liquid. Stopcock 1 is novr closed. -.It is· 

extremely important that stopcock 1 remain closed until th'e ie.vel ' of 

: rhercury in the manometer and the level of the. oil in the analysis chamber 

·have reached their maximum. If the levels have ·not reached their. 

maximum and stopcockl is prematurely opened gases and oil in the 
·'(, 

·ejection tube are sucked into the analysis- chamber thus contaminating,·.·· r. 

the· test sample. After the ejection of the gas _the sample is once 

again lowered in the analysis chamber for further degasification. 

,/ 

procedure is continued until two successive pressure.readings are 

·identical. Generally. five pressure readings-vrere'necessary 'ivith·the · · ··-
' . ; 

last tvro being equal. . Representing the five, _pressur~ readings by ·: ··:··.,. .. 
'.... . l, )l, 

. P1 ; P2 , P3' P4' P5 = p4, one may compute the partial pressure of t~~ -·· 

~.. ... .._...., .............. ' 

,.; 

.... ',. 

' ' ~ . 

.. ·. 

i' 

(' . 

·~· 

.·.J.' 

•' .. . ~ 

':'It ol. 

dissolved gas as follows:- .. ·. ,. 
.. ~ .. ·~ 

' ' 
·, .' 

'· ·.- .. -... 
''• 

~ ' . 

.;.. __ .. 
'. 

' I •, }• 'I 

_Kno-vring t~e volume, V, of. the compressed gas in the cha..'1lber/.the- --
. •. )_ ' . 

-. 

'·.' 

,·:-
·.I·" 

l. 
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temperature, T, one may use the ideal gas low to calculate n,. the moles 

of the dissolved gas: 

n = ( P) ( V) /RT 

The concentration of the gas in the oil is obtained by dividing the . 

volume of thesainple' into nand converting to appropriate units. 

Tvro separate samples were analyzed for ·each run. If the P values 

agreed to 1-rithin 5%, the average value of the tvro readings 1-ras used for 

.the P.v:alue. If the two values .were not.within 5%, a third sample vras 

analyzed and the P values which agreed within 5% were averaged. If no 
' ' ' . I 

. tvro values of P. were within 5% p.ll three valU:es -vrere averaged. 

TJ:o..roughout the calculations the P values have .been used as concen-
( 

trations since ratios of concentrations are alvrays used. The tempera·~-- . 

. tures of the ru...'1S varied from 24.°C to 26 6C and thus an average of 25°C 

was us.ed. The vapor pressures of t):J.e oils used in this experiment are 

. negligible. 

The amount of co2 absorbed -vms measured for each oil flo'lring down 

the 0.031 inch diameter wire ~or a series. of lengths and flow rates. 

Absorption into the No. 15 oil flowing downthe 0.020 inch diameter 

· wire was also measured. 

The frequency of the drops was measured by counting the ·number of 

drops flowing past a fixed point in a given time _period. Three measure-

. ments i-Tere made and the yaluE!s were averaged. The flow rate vras 

measured by collecting the oil,. at a given drop frequency, in a graduated 

. ' 

cylinder for a known period of time. Tne wave velocity was measured by 

timing a drop travelling a kno-vm length of column. Three measured 

··values vrere averaged for each flovr condition. 

The saturation concentration of co
2 

in the No. 7 oil '\·:as measured 
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. by bubbling co
2 

in the. oil. for seve:r$.1 hours . and analyzing the . sample 

in the Van SJ.yke apparatus. A, mass transfer run w·ith the 30 em column 

'. 

·'..,. 

indi.cated ·_that over .95% Of saturatio·n was achieved. ·A r1..Ul vri th the· 4o ·. · 

'. ··. ·,_ 

cm.column reproduced the saturation value to within·l%. · Hence mass· 

transfer rUns with the 40 em columns. were used to measure saturation 

concentrations of C02 -in all three. oils. The drop :t:requency 1vas 

. approximately 1 drop/4 sec. 
. • I 

Photographs -vrere taken with a Linhof camera. F-8, 1/400 sec 

setti:rig!3·~with ASA4oo speed sheet ,films were used. Measurements w·ere 

.. 

. \," .:-.-. 
made from.the negatives on the Vanguard analyzer. 

'·,. :: .. :. 

. ~ < 

The·measurement of the diff'usivity values needed in this·work 

presented a unique problem. The only lmown data on diff'usivity in 

white oils ar.e tho~e published by Sage and Reamer. 31 ' 32 · They have 

. 'worked at elevated pressures. An·extrapolation can be made for atmos-

pheric pressure; but only.at the risk of a large error. Consequently. 

the established method of the diaphragm cell could not be used because ·.· . 

this method. does not permit absolute measurements of diffusivities. 

After several methods of absolute diff'usivity measurements were investi-· .. · 

gated, the followi~g was adopted. 
,. 

,' 
A 10 cc sample of the oil saturated with co2 -vras injected into ·a 

special cell. under an atmosphere of co
2

. The' cell (Fig. 5) is 9.5 em· .. ~ .. '· 

in diameter and 5 em in height. The bottom is an optically flat surface. 

Openings into the cell for titration, gas entrance and exit are provided· . 

at the top surface. The cell·was floated on a concentrated cellulose-. ·. 
-vrater solution. This thick, visco-elastic 'iiquid appeared .to ~e very 

.. effective in da..'1lping. out room vibrations. Because the· oils :v.rere viscous. 

' ' ·and the layers l·iere thin and because the gas above the layer of oil 1·1as 

. .' 

·, 

.. · ., 

.·· ~ 

. , ... 

.. .. · 

•·. 
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Fig. 5 
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stagnant' convective currents in the. oil layers are, thou.ght'. t~ ·b.~ inil1.imized .. 

After the oil h_ad. spread out into a. thin··. fiJ.m · ( approxinl~tely 0. ],5 em·· 

. thick) the yo
2 

:above. the .ofl ~as·e~acuat,ed bi p~li~·g a :slight ·.;acuu.rn 
'• '' • • o• • • t ' ~ '• 1 ; < •W ' o ' ~ 

for. 1 minute. The . co2 . in the. 6il;· was then allm·ieci to de sorb into air 

·'for 30 minutes. ···At the. end .of this· ti~e period a slight. vacuum ~·:as again::: 

pulled for 1 minute .inorder .to evacuate the desorbed_co2 . Next a known 

volume of . 00492!i Ba( OH),2 solutio~ was added, to the cell and. the oil and . 

· <caustic mixture vigorously .shaker.·· The 'exce~s ;13~(0~)2 vras titrated 

~ .. ~. : 

.·., .. ·· 

. /·. 

'•: 

· to the phenylphthalien end point witir 0. oi M HCl. · In order to ·check the 

.. ··.·initial concentration the sa.-rne pro~edure was' ·followed e~cept for the 30 
'-: .. ~~ . . . r ...... 

·.' : min desorption period. The diffusivity was· thert calculat~d from the 
'(;_. 

.::_-.;-. 
' . ' ~ . . :.analytical' solut_ion/ ·for_ the transfer 'from .an . ini t_.ially Un{form· _slab vrhen ' .~ •. ' .. f • 

. . . . . 

•, · .. . ~· ,' ' the surface 'cond:i.. tion is suddenly·. chang~d. 33 
.. ·. ; ; . ', . . . . . . 

The:r~ vras very good repro~· .. ~.:': · , .. ' 

· ducib~lity in the case of the. 7 and, 15 oil but the ~repr-oducibility was:_· .. · • :~:.-· . 
. .. . 

. ,,-
_ .. ·: ·. . . -~ 

unaccountably very poor for the· No. 9 oil. The· calculated v8.lues of the ~1 • ·-.. • 

' .. 

d.iffusivities are: .•.. 
__ ,.' 

· .. 
.•' ~ 
·~ 

-:_·. 
. ' 

No. 7. o.il---56cp--3-9.Xl0"":6 .cm2/s.ec (average of 3-~s) 
;·· 

:- ·· .. ·' . ·. . ~6 2 .. 
No.9 oil--.,.72cp--1.7x10 ·.em /sec (average of6 runs) 

·,. .. ' .. : ' '' ., .· ' . · .. · ... '' '6 ·.· 2 .· . :· ' ' ' ' :· 
·No. 15 oii.:.-:-135cp--2.4x10- em /sec ,(averageof 3 runs)·· .... 

,._,r , 

.-:.~e .diffusivity i~ une~p~c~ecllrl~w forth~ :N~-·:9ol.i> This h~~ been~.: ~: .. f~~·· ··· 
:. attributed to the di,fficulty in the reproduction of the value,. which• . •·,_.::.,' .. · ,: 

· ·' · : ·:·: varied from a low val~e of ·. 65xio-6 ~r/-/s~c to a. hi~h ;:,.~lu~ of . , . :·: : . .. : . :-:·:.: .... 
•.ft'' --~~· • .• /· ... ·,,6··· ·- ;-. ·.--:~.·. ·.• i.:.. - •·, (,:· ' . . · .. ··· __ :· .. ·._~i.; ,1: 

.. : . · ,:: .. :_.; 2.8XlO-. cm2/se~~ .. The diffusivitie; w:ere.plotted as a function of:·~'':.;': .. ·:~ .. : .: .': . 

I. 

. .... . ; : :·.:· . ·. . :viscosity on log-log pap'er. · A straight li'ne was d.ra1-rr\. connecting Nos~: .(':.;.;•.' : ': . ., 
. • ' ' . • .... \ ' • ~ 1 • 

.··.· 

''),, 

·'.. .~ • ~ 1 •• 

.r. ; ·•· o' 7and 15 oil values. The diffusivity value for the No ... 9 oil vras 
• f • '. : ' • • • .! · .• ··>: .. '. . ' . < ' :' ~- . ' ... '' : ' ·, 6 2 ' . : /·; 

. obtained by. interpolation. . ':Ole value. obta:L.ned vras 3_: 3X1o ~ em 1 sec . ·. ·. , , 
' .. 

.. and this value has bee~· u~ed in. ail calculatio'ns: . The extrapolate-d' '. 

· .. ' 

. i 
f ' 

" . 
·' 

. ~- ~ . ' . 

,!',\I' . 

. ·,: 

· ... 
l o 0 I , . ,.r. 

. . .,_: 

. '· 

•. 
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... . . ~1 7.2 6 2 
values from Sage and Reamer) ':J predicted a value of 1. 5-3. ,0><10- em /sec 

for the co2 -white oil (56 cp) system .depending on hovr the curves vrere 

read. It is assumed in the calculations that the molecular weight of 

the solute molecule varies to the -·0. 6 power. 

·i 

\ 

·.· 

... :: ~ 

' : J .- •• •• 
., ... . •," 

.····. 
,. .. ,. . · .. ,,· 

'I: ~.' '"· ,_, 
· ...... 

j '.,, 

·.\· 

:. ' 

·-· . 
i -· -~ ' ~ ' ; . 
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,.• ·. '.' ',. 
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TV·.· T'rlEORETICAL MODEL 

A. Fluid' M~chanics . 

''·· 
-~ ~ 

.. 
; •I. I 

.; ·. .. , ' 

,. 

·.,,,. i. 

•,'' 

.' .. · 
,•-.·' 

··:.;·. 

Before proposing a model for the IT~ss transfer one should first 

.. '' ' ; 

. _ u...'1derstand the fluid mechanics of the; system. Based on the external 

· · geometry of the CJ.;rop. (see Fig. 1 for photographs) and obs~rvatio!).s· of 

the motionof small carbon black particles introduced into the oil, a 

fairly clear picture· of the flow pattern energies .. Three .conjec~ured 

streamline patterns are shown in Fig. 6 .. 
. . . 

To redu<;e the patterns to •· ... 
- .. '' 

. . . 
those for equivalent systems in steady,state the .streamlines are drawn 

·in a coordinate moving vlith the. wave velocity. 

., . 
. . - ~ 

· .. 
·;·\· 

( 

','( .. ·.· ....... ' 
,.._' 

... ' .. 
. ··•··· .. 

'.' ~ ' 

_,.. ..•"'. 
~- . 

For the noncirculating flow represented in Fig. 6a' all ~arbo~· black-:-<. A• 

.;1 ~ 

. ·~ 

. particles in the 'oi,l_vlould ~ave upstream relativ~ to the drop .. For flovi' 
. ' 

with a double circulating loop, as represented. in Fig·. 6o, · particles· ·- ". 

. ~ . ' . ' 
' ' ' 1,l' 

.... ··~ ·' ' 

•;' A<,: 

outside th~-loops wouldmove-upstrea.nl·relativ~ to the drop while those 
I '· 

.. : .... : ~ ' 

-·.····· 

. within the circulating ·looRs would travel down the wire with ~he drop 
..... '~-,. ·. ~ 

. (i.e. with. the w~ve velo~ity). . Of~ those particles moving· with the dro~, ·. · 
,·. : ~ . . 

the particles caught· in the circulating loop fa~thei- from the wire 1voulci ' 
'• . ·-·· .. ··-·: · .. 

circulate counter-clockwise, as viewed in the_ 9-rawing, while. those caught 

:· in the loop nearer the· 'lvire would circuiate clockwise.· For the flow ivith 
.. . /. .· . . .... 

a single circulating loop as represented ·in Fig .. 6c, again those particles· 

.. 
·\~ ·. 

~ ... 
:···. ,:,.._ . 

.· . / < ·._·, 
-... ,. _.: . . ., ' . ' . .·· .·.: 
.. '' ··. outside the ci~culating loop would move upstream, r'elative to the drop·.. . . . .. 

,_i· ... · 

····while those wi tJ:in the: l~op .would trav~i: d~wn; ~he wire· with the·· w~ve. 
... 

1 ' ~ 
'· 

.·. 
· .. , ·. .. ~-- .. velocity. As drawn in the figure :these later I'arti,cies 'lvould ·rotate in 

' . ~-· ·, . 
. ·.j 

. the clockwise direction~ :_It. is' also'possible. fo; imagine a flovl i'iith a 
. .- ' ' :-. . ' ,;. . ,• ( '. . ' ' --~- ~ . . ·. . . . 

.... 

single coun~er·.:.clockwise ·circulating lopp but this is physi?ally less 
: ' ' .. ~ . 

likely because then the regi~n of high~st', liquid.;:Velocity ,.;auld be 0~~ the 

- . side of the loop nearer ·.the viire .. ·. ·, ,. 
~ ·. ·. ~· . . . . . . . . .-...• 

.. ; 
'"· ,i;' 

. . ' 

·.' I· •• 

, .. , 

'•.,. .. . 
)", . ' ~ .-.: .. : ~ :. ·.· ; 

• ·., r '·~r .. 
:\- 'j,. --;: •• 

. ··, . .,.: . • ',! 

;··· .. .- .... · ...... 
i' 

-··. · .. J· '< 
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·. Fig. 6 - Possible streamlines in a coordinate system moving -vrith 

the >·rave velocity. The arrovrs indicate the direction of 

flow in this coordinate system. 

(a) No circulating loop 

(b) Double circulating loop 

(c) . Single circulating loop 

./. 

·.·' 

',,· 

.· . 
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(a) (b) 

Fig. 6 

(c) 

Zero vertical 
velocity 

MU-35938 
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·When carbon black particles were intr6duc~d' into the flcn·i some of· 
;,.··· .... . , . '. . . 

the particles 1-.rere ob.served to move upstream relative to the drop 1vhile 
. ·, :,· .. . ,\, ....... 

. . . 
. others moved dmm the wire with the drop circulating in a clockl..rise direction 

. . . 

(as viewed _in the fu.awing); 
. '~ .. No· counter-clockwise circulation >·ras ob~erved. 

. · · .... This would lead to the conclusion that there i's a single circulating loop 

vrithin the cb:op. Since' the c.ounter-clockwise circulating loop of Fig. 6b 

.... -~is closer to the outer surface of_ the _drop, particles would have to 

·.circulate counter-clockl..rise 1-.rhen they are introduced near the sur'face. 

Several introductions near the surface resulted in only clocblise 

' .. :. 

·.··.·. 

circulation·of particles._ It is therefore concluded that iri.a coordinate 

system moving with. the wave velocity, the drops have a single ~irculating ... 

• ··loop and the circulatio~~· is clockl..rise, as viewed in the drawing: . The 

. eirculating fluid forms well defined tori which move dmm the wire with· :-
.. 
. •.· 

.·• .. 

,, .. ;.,· 

. ·~. ·. ' . 

,','I 

" . . ~ ... ;, . . . 

. ~ ' 

·.·the wave velocity and retain their identity for long distances. ~ ..... , .. 
· .. ,; 

. . . 
. ,. :.•, .. ·. 

Carbon black particles in the film betweel'l: drops or near the surface . 
. . -:_.·, 

· .·. 'of a drop were observed to move much more slowly than the wave velocity, . '.: 

:i.e. ·the velocity of the bulge· and particles undergoing circulation. 

This qualitative observation is given some quantitative support by· 
' . . -'·. 

calculating the velocity of the free surface of the film under the 
... ·., ;, 

• I' ' ,..- '·, ' 

assumption of· fully developed parabolic flow having the (photogr~phica~ly) ·., ._ · ·. . . 
,. •. • '; :, ;·, \, ... ·,.,- •• • ..... ~ ' ' ·1.. J • • l 

· · measured ·film thickness .. The· surface_ velocity,, us' is ,giv.eri by the. 

·:formula 
·.,.. 

u = . s ,, 

. ;_: .... · 

'·· 
. . ·~· ' 

_., .. 

. ' 
. , I • 

.• ·.·· 

.·.:... 
i• 

·. 
... 

',• 

.·.· .. 

· ···· :This· calculation. showed that· the. ~aximulri velocity 'in :the·fi:Gn 1v~s on the ~~: 
·. . ,.. ' ,. 

, . . I . · · · . " · · 
1

•• ... : •. ·.. • • • 

· order of a ,tenth of ·the measured. wave velocity (se·e ·Table. II);.· One ~ · ' . 
. '•; 

. should also ,note that the thickness of the drop;. as measured by H-S,. '-

.. is larger than the. film thickness by about a factor: of four ... These tvro 

.'· ... .·:.: 
.',•. ·, .... 

' . . . ' ~ 
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observations, the smallness of the velocity in the film and the thinness 

of the fiL'11,. indicate that the . bulk of the liquid is carried dovrn the 

wire in. the drops as circulating tori and the film betvreen drops can 

be regarded as essentially stagnant. 

·B. Mass Transfer 

A model for mass transfer is presented that takes· into consideration 

both the film between· the drops and the circulating tori. · Consider the 

following equation.which defines the concentration of gas in the oil 

being carried out of the absorption chamber, P · . out' 

v1here 

Pout = 
.... 

qFPF + qTPT 

qF + qT 
( 1) 

. q = vollli'1letric flow rate of the film (liquid exclusiv.e of the 
.· F 

tori· 

,. 

qT = volumetric flo1v rate of the tori 

PF = mixed cup solute· .concentration in the ·film at outlet, and 

PT= mixed cu];l solute concentration in>·the .tori at outlet. 

Because the filiD drains very. slowly and is very thin the measured flo1v 

rate is mainly that due to the circulating tori. In other vmr·ds, 

qF << qT. Consequently one might also expect that q;PF <<_ qTPT' at least 

·. for moderate contact times .. Equation. ( 1) · then· become~ 

p ~ p 
. out· T (2) 

It is therefore necessary to concentrate mainly on the circulating tori. 
\ 

The model proposed below is an extreme case, assuming complete "mixing'' 
. -x-

vrithin a drop. ·The extent to which. a drop can be considered completely 

7'· 

' (except for the region immediately adjacent to the drop surface) 

.. 



·I':. 

.·•,' 

!' 

·\,· 

,._,: 

· .. ·•'• 

·. ;_' '.''· ... 

/ 

mixed is difficult to assess. a.~d 1vill be . discussed shortly .. In a .. ' . ·;· •.· 

coordinate system moving with the drop the volumetric flOYl rate, Q;, 'into. 

·.' 
and out of the drop is 

. l . 2 2J'. 
Q_=·TI (s+6) .. - s 

. ·.. ·.·· ... ·-·s ... 
U = 2Tis6(1+ 2 s) U 

. .. · ..... 
where s = wire radius .. 

.··' 
. ··s = film thickness, and 

U = wave velocity. 

·· .. 

' .... ,· 

J' 

(3)' . 

:_.',!:.' 

.:,_.·. ' . 
. ' . ~ 

• j.:' 

rnhe~ent.in this equation is:~he assiunption t1'!-at the film is 'essentially 

. stagr_J.ant. If 'the film becomes saturated before a drop reaches it:, a mass 

··.balance on the vlell mixed drop gives. ' ''·· . · .. ·, 
.; f ·,· 

; where· 

.·and·· 

I 

d.PV d - - Q(P -P) = · -V -· . (P -P) 
/ d8 - 'S . . d8 · S . 

P = concentration of solute i:ri.the drop 
·-: 

P = saturation concentration· ·of solute . 
s 

8 ~·contact time of ~op 

v = volume o,f the drop. 
-.'. 

.· 

•.. (· 

-~ . ' 

·· .... ' 

'· ·', 
( 4) .. 

~ . ' .. . ,• 

··: 
, ... ·· .. ... 

;.· . 

. · .. ·_.· 

Here any gas absorbed through ,the surface. of the drop is ·counted ~s being · 

passed into the film above the drop., With the_· boundary conditions 
·. 

at 8 = 0 · p = P .,· and 
·.~ ·.· ,:·'. 

·., .;." : .. ,. (5)-: 
- at 8 = 8 p = p '. ' '•'' ·:,I ·,; 

-·;. 

Equation ( 4) . can be integrated to yield. : · ·. '.··.-.·.· 
.·:·,·. 

-:. 

• • • . ·.' '\t .· : .. ~ .• ·• .• ~ .. · 
, p -P . s 
·p -P. s . ~ 

= exp . c -Qe/vJ 
{. '·. 

· .. ! 
..... · . -· 

.... 
Eq.· (6) results in.the fol:J_owing: 

~ · .. ' 
.· ,· 

r' .. · 

.I. 
~ . . ·'. 

. ·.···. , .. 
. i (' 

.. ' ., .: .. ·. .·· 
., ........ 

: .": . _,_;~ ;· ..... ' 

.: '(6) 

. -:: 

,, .· 
'· ~- . ~ ' .· 

~ .. 

< '· .. 
. i·:·' 

, .. 

. .. · . 

· .. :.' 

, ... · ••• !" 

·.,. ' 
'•. 

..... 
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v 
( 7). 2Trso 

Several questions arise in this model. A brief ans1ver is given to 

each of the questions: (1) Does the film become saturated.? (2) Is the 

drop 'ivell mixed? (3) Hmv are end effects determined? 

(1) Does the film become saturated between the passage of succesive 

drops? The criterion for determining· vrhether or not a film is saturated 

'ii t . 
1-rith the solute is given by determining the val1,1e of.·.~ 

2 
where Jj is the 

0 
molecular diffusivity_, t is .the exposure time between successive drops 

and,o the film thickness. If the value of the gro1,1p is greater than 

unity_, then the film is essentially saturated. The extreme values for 

the above quaptities_in .this study are: 

-6 2 
5!2J = 3 .9x10 em /sec 

t ~ == 3.5 sec= 2.3 sec 
u 1.5 . 

-2 
5 == 1.5xlO em 

ifith the This is far belmv the required value 

of Q~ity for saturation. This implies that the film is far from saturation 

and in fact penetration theory seems applicable. 

Since the film is not saturated'the differential Equation (4) 

describing the F~ss balance becomes: 

~V = Q(P' ~P) a.e . (8) 

'. 
'where P' represents.the·average solute concentration in the film before 

·entering the drop and is ·e:>.-pected to be given by an equation of the form 

(9) 





i 
i. 

',·. 

p -P 
s 

p -P. 
s ]. 
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= l 21is ( 1· + --2) ( 4J) )'l/2L 1 

exp - (q/n) 2s TID J (15) 

(2) Is the drop well mixed? Although good circulatio~ is observed 

inside the drops, it is difficult to judge whether· the .drop is -vr<:::11 :.ni;.::ed. 

·The mixing of the c1rop is also dependent on the wave length or the number 

of drop lengths the drop falls before occupying the position of the 

preceding drop. When the drop falls through' several drop lengths, i.e. 

at low drop frequency mixing is facilitated. The assemption is least 

,reliable at high drop frequencies. An indication of the validity 'of 

this assumption can best be obtained by noting hmv well the proposed 

model of complete mixing correlates the experimental results. 

(3) Hmv are end effects determined? It is difficult to determine 

the separate contributions of the entrance and coalescent end effects to 

·the total mass transfer. The entrance ef:f'ect consists of the gas absorbed 

vrhile exposed to air, mass transfer during drop formation, and mass 

transfer during the time needed to achieve constant velocity. The former 

and latter parts are difficult to analyze mathematically. A mathematical 

analysis for the mass transfer during drop formation yields an expression 

similar to that proposed by Ilkovic as presented by Popovich et al. lO 

Hen·ce, Ilk.ovic 1 s equation vlill be· used to determine the mass transfer 

9-uring drop formation. The determination of coalescence end effect is 
. . . .. 

also.d:l.fficult for.mathematical analysis. 
. 11 . 

Skelland and Wellek have 

2 reported that· if the area for coalescence is' less than 0.5 em , then the 

mass transfer occuring coalescence can be considered.negligible. · This 

criteria will be used in the analysis o;f the results. In order to obtain·.· 

the combined end effects contribution a plot ,of gas abs'orbed ·as a 'function 
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OI~ colu.rnn length vrill be extrapolated to zero column length'. The· 

intercept of such a plot should yield th~ contributions to the total 

mass transfer_by the end effects. 

The model proposed is admittedly crude. Although many improvements 

can be suggested; the roughness· of the model·does not ,;rarrant these 

refinements.· 
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V.: EXPERIMEl\TT.ilJ-' RESULTS .r.u~D DISCUSSION 

The measured and calculated values in this study are pre sen·t~ed. in 

Table II. Tne mass transfer obtai~ed are tabulated in Table III. The 

.results are also plotted in Fig. 7. The vertical lines in these figures 

·represent a 5% allo-vred error in the measurements. ·several methods for 

plotting the data were tried. 
p -P 

. . p 
Among them 1.;ere plots of ln(l- Ps) vs L 

and -1--- vs .fL. 
s 

Ho-vrever, these curves indicated that there vrere 

extremely large end effects. These are contrary to the expected results 

as discussed below. The lattermethod of plotting also has the disad-

vantage that for high efficiency studies,· i.e. vrhen mass transfer occurring 

is beyond about 60% of saturation, the c~rve becomes asynwtotic to the 
. . . . . . i 

saturation value. The method chosen to plot the data, ln[l-(P/P ) ] as s 

a function of column length, suggested by Calderbank and Korchinski, 
25 

has the .advantage that even for high efficiency studi.es the line remains 

linear. Most of the data obtained in this study are situations in -vrhich 

over 50% of saturation value of the solute concentration is achieved. Both 

methods of plotting results in straight lines for low efficiency studies. 

The extrapolation of the line to zero column length vould gi've a value .for 

the coni'oined end .effects. AB·. seen from the plotted lines, the ordinate 
' ; . 

intercept is l vhich implies that the contribution to· the total mass 

. . 
·transfer by the end effects- is, to -vrithin experimental accuracy, zero. 

There are two main contributions to the total end effects: Iliass 

transfer during drop. formation and mass tr:ansfer d~ring coalesceri~e. 
' . ., • .... ·... . . ''. . ll . . . .·. 

As has been mentioned earlier Skelland and 'tTellek have suggested that 

if the total area for coalescenc~· is less than 0. 5 cm2 then the contri-. 

bution to the total mass transfer by the mass transfer occurring C.uring 
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~ 
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Fig. 7 c 
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Number 15 oil, 0.020-in. wire 
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Fig. 7 d 
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coalescence is negligible. 
' /. 

In. this _studY, .the coa.lescence occur~ed in ·a.· -
.··· .. . .. , ·:f·": 

': 

. . ·_} 

: . ·,· 

. . . ' -.~ . 

; . .'· 
··approximately 0.3 sq. em.··. This is less than 'the suggested. limit o::' · 

:0.5 sq., em. Henc~- the contribution to the total mass transfet by,.·~.· 

··coalescence has been assumed negligible.· 
··,. 

' ' ' 

·"' 

Popovich et al. ~~ in their· study of mass· trah.sfer to drop~- _du~:Lng ·.• :_,· 
... · .. 

···equation proposed by Ilkovic .. Rearrangement .of :tlkovic 1 s equati6n 
' . . 

yields the following: 
I 

c after formation 
c 

s 
' . ~ ' . ·,· .. ,., 

·, ' ~ 
·. ·" ".· Y:: 

i . ~" • .• / . 

' ", . . ~ 

.. ·. 

For the No.l5 oil_,. o.o3i.in~h wire and .1 ch-o~/6::~~c-,t:ne· c'ase where.' 
' ' . 

.• ·.·,.· 

··.·· 

/ 
. formation effects should be most prevalent, the values .are': . 

c 
c·= 
's' 

18 
7 

.. ·.: 

= 1/h = 6 sec· · 

·. qt - V = 6. 48><LO -3 . c~~ . f 

[;·· = 2.4Xl~-6 cm2/sec·· 

-:~: . 

,· .. 

· ... ·;:-
i 1/3 . -6 1/2-: . . . 

( 47T '). (2.4Xlo x6) ... =. 0 .. 015 ; .•. 
3><6. 48 l0-3 7T ... 

. ~--. 

; -~--- . 

. .... · .... 

. "'' 
. ··.t ... • ·:.' .. 

'.'1. 

·;,, 

·.· .. 
.. , 

_,.;.· 

I. 

. . ... ~ 

-~ .. 

.•;.•. 

·.'.• 

,>·; 

• , '· • r', '' • . ·.,_': '. • ~·· • I , \ ~ ., 

The total :mass transfer, observ~d for the abOVe condition for the'· lOi•Test 

column length i; 0.79:, .Therefore t?e.fo~mation e.ffe'ct: i~. negligible~ '. 
' ' (, .~ .r . • .• "t ' ' . 1 : • .; ' ~· • .f 

· Other flovrs yielded values 'ranging ·from 3 to 6%. of the ·total mas:s t:ransfer. ·· · 
··{ 

These values are well within the -a'ccu~acy· of the: .e~erimentalresults; 
• ' • j ~ . .. • : • • ·:· . : • • • . • • ' .• •. • " 

' ' 

. Hence the conclusion is reached that within ,expe:r:imentai. accu'racy the . ; . 

''·' rn.ass tran'sfe~ ·during drop formation is negligible. .{\ndther 'possi'Ql~ .• 
. , ,: 

'•,' 

source of 11 end effect11 ·is that due to solubility bf :air_ before drop 

formation ... The • degassed oil is e~posed to:' air vrhile irt:· the reservoir~ 
'.: . . . ., ' ~. ' .•. . ' . . . . ~ _, . 

1 · Air is absorbed by the oil mainly by diffusion~' Air· 'is~ l_ess so_luble than· 
·., \ .; .. 

. . ·.: ;,. · .. .-'. ·····' 
• /;'_'· 1 • • • .... ,•.: . I' 

' ; l ~ . ' '··' 

I, ,I;' 

! ~-- •. 

., ... _., 
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carbon dioxide in hydrocarbons. It is therefore reasonable to expect 

that air is less soluble in white oil as "lvell since while oil is a 

mixture of hydrocarbons. The diffusivity 'of carbon dioxide in "l·lhite oil 

' ' -6 2 
is 3x10 em /sec. Therefore the diffusion process :is slovr and hence 

mass transfer is small. 

Consideration of the above facts leads to the conclusion that the 

combined coalescence and initial effects (including the drop for!T'..ation 

contribution) are small'in comparison to the free fall effect dv.ring· 

mass transfer. Hence the line resulting, in th~ plot of ln[l-(P/Ps)
2

] 

as a function of column length should pass throu~h the point (0,1) . 

. This is borne out in Fig. 7. 

Figure 7 also shovrs that the gas absorbed. is a function of drop 
2 ' 

frequency. Figure 8 is a plot of the slope of ln · [1-( P /P s) ] vs. · L line ' . 

as a function of drop frequency. The consensus of the four separate flmv 

conditions seems to be that the 'slope is inversely proportionai to the 

square root of the drop frequency. The slopes seem relatively independent 

of the viscosity but depend on the drop size. (Compare No .15 oil, 

. 0.031 inch 'lvire to No. 15 oil, 0.020 inch wire.) .These observations are 

in.agreement lvlth the model proposed. Let us take a closer look at the 
,/ 

model. Equation (i5) for zero inlet concentration reads:. 

p ·_p . ' ' ' 
s = exp l- 4-rrs ( l+ '..2)( "g) l/2Lj ( 16) 
Ps g/n 2s 7Tn 

. It is easily shmm that a plot of ln [l~(P/Ps) 2.] vs. L' would yield a line. 

ivith .a slope that is easily correlated with the follo~ving. group:. · · 

slope ( J..''() 

I, 
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0.5 
"i1 Number 7 oil, 0.031-in. wire 

'E 6. Number 9 11 
, 

11 11 

u - 0 Number 15 11 
, 0.031 -in. wire ,......., 

(\J • Number 15 
11 

, 0.020 
11 11 

~ 
....... 

0.1 a_ 

I .:...J - <l ......... 
c: 

<l 

I 

0.01~--~~~~~~--~~~~~~--~~~~~~ 

0.1 1.0 10 

Drop frequency (drop/sec) 

MU-36106 

Fig. 8 



A look at Table II vlill sh01v that _the ratio q/n is relatively independent 

of drop frequency. The square root dependence on the_drop frequency is 

observed in the· relation. There is roughly a first pmver dependence on 

the -vlire size, s. . The variation in viscosity enters mainly ~Ll1 the 

diffusivity; because diffusivity enters the square root poHeJ.' the slopes 

vlOuld not be as sensitive to changes 'in viscosities. All these effects 

ivere observed. 

The group of terms i~ Eq.(i7) contains_all the variables studied 

in this work. The variables ar.e drop fr~quency, diffusi vity (via 

viscosity), drop size, wire size and column·J.ength. Aplot of 

2 . 
ln [1-(P/P ) ] as a function of L*, where s . 

L-X· 

'· 

should coalesce all the observed data. Such a plot appears in Fig. 9· 

All the points coalesce if the 5% allowed error in the measurements are 

plotted. Although there. appears to be a large scatter at ~he bigger 

values of· vx-, 5% vertical lines as dra~m in Fig. 7 vlOuld. include these 

.. points in the straight -line drmm. A. theoretical _line is also shown 

in Fig. 9. .. Comparison of the two lines indicates that the actual mass 

transfer is greater by a factor of approximately 1.5. Recall that the 

model proposed assumes complete circulation. Calderbank and Korchinski
25 

. ' 
have shown that for.a case of complete circulation in drops the mass transfer 

is greater by a factor of l. 5 in comparison to rriass transfer in rigid . · 

drops. They have included this effect in the form.of an effective 

diffusivity that is 2.25 times the molecular diffusivity. fl..n equally 

probable explanation for the increase in mass transfer can be de:c:ived by 

noting the area term for mass transfer. ·The 'area· term used.. is. the area· 
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Fig. 9 
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as s~en by a penetration theory. Because of circulation inside the d.rops 

there is effectively·an increase in the area into.:which mass transfer 

occurs. If an effective area '.vas used, the t"ViO lines can be made to 

coincide. Both these reasons could individually and collectively account 

for the observed greater. mass'transfer. The conclusion that can be drawn 

from Fig.'9 is that the model that concentrates. on the three.-stages:of mass 

tram;fer--to the film and drop, from the film to the circulating tori 

and the mass carried out by the tori--is applicable to. this study. 

The experimental data. indicates that for a given ·wire size and oil 

the velocity of the drop is approximately independent of the drop 

frequency. The product of the viscosity and velocity is also a constant 

for a giverr ivire (and hence drop) size. The volume of the drop is equal 

to the rates of the flov rate and drop frequency and depends only on.the 

wire size. All these observations are in agreement with· theoretical 

predictions. (See Table .II. ) 

There are few major sources of error in this study. First) .the 

· temperature vras between 24-26 °C. No special equipment) ·such as a constant 
. . . 

te~nperature bath) was used to achieve this.. The room temperature remained 
' f ; 

· · bet".veen 24 and 26 °C as seen on the thermometer in absorption chamber and 

the VanSlyke analysis chamber .. The oil flowing down t~e coils (see'Ffg.2). 
. . 

can.be surrounded by a tube ~hrough which a constant temperature liquid· 

can be· circulated. Similarly,. the ab. sorption chamber can be jacketed and 
\ . 

constant temperature liquid circulated·. in the sh.ell. Provisiqns have 

also been made by ,.the manufacturers·. to maintain the Van Slyke analysis' 

chamber at constant.temperature. 

The.second major error·o~curs in the analysis for.the absorbed carbon 

dioxide in the oil sample. '· 
The Van Slyke manometric· gas analyzer; a·lthough 
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an. exceiient instrument; for. gas analysis,' has hro maj_or drai,rbacks irf 

the· adaptation to this study:. '(i) the oiLcoats the<wall of the 
•,.~ i 'I ' 

absorption cha.rriber and often a very thi.li..film remains on the \vall: This 

is particulariy true' r"or the case for the. highest viscosity oil used 

in this study. (ii) The VanSlyke does not o.escriminate betwee:i1the 

. various gases present in the sample .• It merely give's a pressure reading 
•,,' 

for all the gases present in· the sample .. ' This could be· a cause 6f ·.· 

major effor if the ~-olubility of gases ·other th~n.C?2 is,large. The 

alternate method,of C02 analysis is the titration technique used in 

.. diffusivity measurements.· Here the co2 in the. sample was precipitated · . 
. . . 

>·rith Ba( OH)
2 

and t~e excess Ba( OH) 2 ~~as back titrated •11ith HCl. The-
/ t ~-

latter m,ethod has two dra1·1backs: . ( i) ·the Ba( OH)2 sh~uld hav~ minimUm 

exposure to atmosphere lest it pick up the. co2•present in air and (ii) a· 

knmvn volume of oil sample ha-s tO be injec~ed in .the ~a( OH)
2 

·solution .. : 

Ho-vrever, techniques of coalescing the oil under· a layer of less dense, . 
. · ·<'. . . . 

imJniscible liquids can perhaps be used here ... · A syringe can be injected 

. in the. Ba( OH) 2 .. Work done by the author i~ co2 -H20 systems has shovm 

that such a technique allows for a quantitative study of the mass transfer. 

The th.ird major error _is~ provided by. th~ 'diffus i vi ty measurements . 

The assumption made about negligible convective currents does not permit 

a quantitative error treatment .. Th~- reproduc.ib:i.lity _of ·the res~lts, and; 

the observed lack of. vibrations in the.thin .film seem to justify the 
. ,,·. ·:·; 

1:: 

assw'nption .. Qualitatively,_ the measured values .would b.e greater than the' 

true values because. the use of vacuum. fo remo.v~ 'the co
2 

present ~:bove. the. 

oil layer after the desorption proc!$s_s could also ··facilitate the· removal 
. . ' .,,.· . ·., 
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of some C0
2 

f1~om the oil surfac:e. This >·rould "indicate a faster desorption 

thus giving a higher diffusivity value. 

.~ .. 

·' 

.' .· 
../·; 

_.,· . 

. · 
..•. 

.· .. ,·. 



; ~ . . 

VI.. CONCLUSIONS 
'r.". 

1. A model that takes .into account the mass transfer to the circulating 

tori as vlell as the film betvTeen d:ro:ps is necessary for a description · ,. 

···• . of the mass transfer for the· flm·i: studied here. 

2. The end ef1~ects~ i.e. the entrance and coalescence effects are . 

. negligible. 

The slope of th~ .line ln [1-(P/P )
2

] vs L is inversely proportional' 
. . s . 

·'·. to the square r·oot of the· drop_ frequency. The slope is ·also .·, 
27Ts (l· .. + <:::/2 s)(4~i)l/2. ·correlated by the group -::-r.:;:: u 
QJ n 7Tt1 . . . . 

'· ... 4. .The use of the dimensionless colunm leng~h L-X· = .27Ts ( 1+ ~ )' ( 4 1)) 1/ 21 
qjq 2s Tin 

_suggested by the rough theory proposed' coalesces all the exper_imental 
/ 

dt bt . d. ·t;n· , a a o a:me uy .... ls worK. 

. . 
5. The volume of the d:rop is'-independ.ent of the viscosity .of the oil' 

/'' o. 

and.drop frequency. For.gi;.ren entr~nce geometry.and physical 

. . 
properties the volumetric flow rate is prop.ortional. to the drop 

· frequency. • d ' .·,· 

For a given d:rbp size and viscosity of .oil,. the velocity of the 

drop is .independent of the. drop frequency. · Further the product !J.U 
.... 

is an approximate constant.· 

. ·; 

f ,.·. ' . .•• ..... ,'>.:-,. 

· .... · 
:. : ,, 

. ~ . . ' . '. - .. 
I,··-,~::,· 

>: -J 

. l. !• .· . ; 

' . ~-- .... 

I, t ·, . 

. I 
j 

·.• ' ~-

'~ . 

·'· '•, t 

... 
<\ ; ~. ~ _; 

,. 
~ ,I. 

. ~ ..... .· )" 

; . 

· ... ; __ :·l 

' ~ .. 

.. ··. 

. . . ( 

_.t.. • 

. ; ~-~ · ...... · .... 
'"!'". . •':. 

I • : •: .· '~. • I ; • 

' -~ 

··• '1 . 

... · .. ·. 

¥·· , . 

·'' 

' "• I 

·I 

· .. 

•. ,· 

<. .. 



-55-. 

ACKNO'i'JLEDGEMENJ:S 

I a.m. indebted to_ Professor Simon 1. Goren for his constant guidance 

and patient supei'vision· throughout the course of this vrorl-c. 

The exchange of ideas vrith Dr. D. R. Olander and my col~Leagues 

Mr. Byron Anshus ancl :Mr. Wiliiam B. Krantz has been an invaluable aid 

which I g:ratefully acknOi·rledge. 

I am also indebted to Pat Cookson and Judy Purcell for thei:r 

efficient service and the final typing. 

Finally, I am grateful to the several people involved in the 

reproduction of the photographs and figures. 

Tnis 1·rork ,,ras supported under the auspices of the United States 

Atomic Energy Commission. 

'I . ' 

,-r, 

.,,· 



' ! 
i I, 

l 
I, 

j 
i 
I 

I 
I 
I 
! 
' 

.. ' 

-56- . '· 

Table I. Physical prope~t_ies' of t.he · oils at 25 °C 
:-: 

· S;ymbol Property No.7 I-:u. 9 TJo .15 

p 

Cf 

p .. 
s. 

Density, g~/cm3(A) 

Surface tension, dyne/c~ (A). 

Viscosity, poise (B).· 

co
2 

satliratis)ri concentZ..atiori, 
em Hg/1.9 cm3 (C) ·. · 

0.870 

35 

. 0 .. 566 

60.57 

0.878 0.868 

36 36 

0.716' 1.34 

60.54 .. 61.94 

Diffusivity.of co
2

, . 3.9 3.3 (E). 2.4 

(A) 

(B) 

2 
em 
sec X 

Catalogue value/ 
/ 

Measured in Haake viscometer 
.. ' 

(C) Measured in Van Slyke apparatus., in equilibrium with co
2 

at: 
1 atm. pressure 

. (D) . Measured in diffusion cell 

(E) Interpolated value from measured diffusivities of No.7 and No.15 oils· 
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2 
q X 10 
cm3/sec 

U;cm/sec 

u ,em/sec s 

2s,cm 

· 2H, em . 

2h,cm 

0 == h - s, 
em 

A., em 

DL,cm x 10 

ll-> 

2 
a x 10' 
c"'ffi3 /sec 

u,cm/sec 

V = q/n 
. 3 1o2 em x 

u ,em/sec 
s 

2s,cm 
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Table II . Calculated a:o.d meast,_red J:'(;:";;3ults from 
. photographs and :flmr ,measurements· 

.. _________ ...., _____ ,.,_ .. _______ ... ,.. _________ ~---·-·~ ....... --
----... --...-- ~ --···----·-----. -. ·- ----·. ---~ -·-···-· ·~· ·------ .. 

No.7 oil) 0. 031-inch \v:!.re No.9 oil, 0.031-inch wlre 

1 drop/ 
sec 

2.02 

0.556 

2 (i...l~ops/ 
sec 

0.993 

1.87 

0.467 

0.165. 

0.0787 ... 0.0787 

0.206 0.192 

0.108 0.108 

0.0146 0.0148 

2.03 

3.48 

3 d!~G~!s/ 
sec 

1.88 

0.477 

0.252 

.0.0787 

0.191 

0.115 

0.0183 

0.524 . 

3.39 

.l. dxorj / 
sec 

0.528 

1.52 

• 0.528 

. 0.293 

O.l92 

0.123 

0.0221 

'1.70 

4.05 

No. 15 oil, 0. 031-inch '\vire 

l drop/ 
I' . o sec 

0.108 

0.670 .. · 

. 0.648 

L drop/ 
4 sec 

0:168 

0.793 

0.669 

,. 

. l drop/ 
2 sec 

1 drop/ 
sec 

0.268 0.500 

0.500 

o.1oo o.o66 

0 c·:-..•. ...,,~.··/ - ...... v,:;.-..;> 

S(;(; 

1.57 

0.479 

0.221 

0.213 

0.117 

0.0192 

0.796 

3.90 

No. 15 oil, 

'.) )~· ·'"" "~ s / '.- • ........~ '-'l.) 

sec 

1.25 

0.500 

0.146 

0.0787 

0.206 

O.ll,O 

0.0156 

0.633 

3:73 

0 . 020 -inch -v;ire 

l drop/ 
2 sec 

0.611 

1.90 

1.22. 

. 0.047 

1 dr.op/. 
sec 

1.23 

2.~·7 

1.23 

0.186 0.051 

0.0787 

0.107 

o'.0787 0.07.87' 0~0787 0.0508 0.050f3 



No. 15 

D--7. l drop/ 
6 sec 

.. 

2H,cm 0.188 
... 

2h, em· 0.104 

0 = h - s· 0.0126 
em 

!-.,em 3.08 

DL,cm X.· 10 . 3.31 

·,·f' 

.. • 

'•/. ,,•• 

• "·t. 

-. ;• 

oil, 0.031-inch v;ire 

l Q.rop/ :1 drop/ 
4 sec 2 sec 

0.204 0.209 

0.115 0.114 

0.0183 0.0177 

2.98 1.72 
.. 

}.39 . 3·.55. 

.... -~ , .. 

·\. ·• 

.'.· 
I ·. ,• 

' ; 
._,.: · .. 

:; ~ . 
·.···· ,',1 · ..... 

,.._. ': 

'I ·.t. , 

. !-

. . ·:. 

' .·,.-". 

. , ,.· 

·.• 

. .. : -·.· .. 

. ··. '.: . 

.l. 
{. 

'... . ~ . 

J\Io. l ~· 
-) oil, 

0.020-inch 1·1i:r·e 

l drop/ l ri·r-cp / u.._._ ; I ]_ clr'op/ 
sec 2 sec sec -----------·-"' 

'•0.192 0.228 0.257. 

0.108 0.075 0.099 

0.0144. 0.0121 0.0241 

0.61 3.36 2.62 

. 3 .. 08 . }.63 .. 4.34 

•'.• 

. ;.·-; 

. :{':··:' 

') ,"' 
'·· .-

(. 

~- ' , ~ I ' , ·. 

. '· .. ·'\ 

., ... 
,_. ... 
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Table III. . Mass -transfer data 

(a) No. 7 oil, 0.031-inch 1rire; P = 60.57 cri1. 
s 

L (em) 

16.0 

10.5 

'6.0 

.. j.O 

-1 Slope, em 

L (em) 

16.0 

-10.5 

1 drop/sec -------
P (em) P/P.~ 1 1·,- !-() \ 2 

-\ . .:)I j,. ::; / 
.~ 

52-30 0.863 0.255 

0.807 . 0.349 

0.714 0.490 

32.29 0 . 53 3 . 0 . 716 

-0.104 

3 drops/sec 

P (em) P/P s 
1-(P/P )2 · 

s 

45.15 0.745 0.445 

~-0.82 0.674 0.546 

6.o· . 32.59 0.538 0.711' 

3.0 . 25.78 ' 0.426· 0.819 

Slope, ... 1 
. -0.058 em 

' ' 

49.84 

~-6.09 

.. 38.66 

31.67 

' . 

·. I 

' 0.823 0.)23 

0.761 o.421 

0.638 0.593 

o:523 0.726 

-0.082 



I. 

... ·. 

I • 

J, •• 
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(b) No. 9oi1, 0.031-inch.l·iire; P = 60 . 51.~ em. 
s 

L (em) 

10.3 

5-5 

4.3 

Slope, 
. -1 

em 

L (em) 

10.3 

5-5 

3.6 

-1 Slope,· em 

l drop[sec 
p (em) P/P s 

51-91 0.857 

43.92 Q.725 

37.80 0.624 

2 drops/sec 
p (em) P/P . s 

/ 

' 
48.20 0.796 

. 36.91' 0.610 

'3L.l+2. ,0.519 
·' .. 

.. ' '.' •. I 

'.;- : ( . 

' . . . 
' .. 

' : '.' ' 

.. '·.. . . 
, I ,,.; .''• ' .. ........ 

• I :-•, 

,•l .• 

'.:: . 

•.' 

~-~: . '•, ' . 

. ' 

... 
•' . . :· 

~ ..•. 

'. 
·.:'' ... 

:. . ' 
t •• • 

. : 

. I 

1-(P/P )2 
s 

0.266 

0.474 

0.611 

-0.134 

0.366 ·. 

0.628 .. 

0.731· 

. -~ ' 

··<·· 
~·. "' ' . ; .. ~ . . . .'.·'' . 

{_.' '-·· 
.... ' . . ~ . 

-~· .. 
.. · . 

· ... 

'(.. 

... ,• 

· 2.5.drops/sec . · 

~ 41.04 0.678 0.54~ 

33-54 0.554 0.693 

25.$4 
.. 0.427 0.818 

~o.o6o 

._.!· .. 

; -~ . '· .' \ . . . : -~ 

·.' '·.·. ;• 

. ·· .. >:~. ' . :.-
'··· . ' -~- .. 

., ' . ·'.:..J 

.• .. -~ : . 
> ~ I • '< I 

! ' 

.. : ' ... 
-' .. ; .... ,; .. ·,' ·. . ~...... : 

.~ -' ' ' I 

. . : '.- . : : . : .•. ·. -::. . . . . ~ .. -- ·. '.; .·. 
-~. ~ .'~ ; ·' ·.. ., .. ._ . ·~ ~ . ·) . 

. . '· .. 
.·'. 

•· .. ,; 

. ...... · __ '~" .:_ ~-- ·. :.- ' -~- .. .·• : . 
. ' .. 

' .. . -... 



I 
' 
i. 
1 

., 

(c) No .. 15 oil, 0.0)1-ineh·Fire; P = 61.94 em. 
s 

L (en:) 

10.0 

6.0 

3.0 

Slope, -l em 

L (em) 

10.0 

6.0 

3.0 

Slope, -l em 

P (em) 

l drop/._2 
p (em) 

52.86 

L~8 .88 

38.36 

sec 
·o ln 
.,!... / l s 

·----· 

0.879 0.227 

0.792 0.373 

-0.291 

sec 

P/P 
' s 

l-(P/PJ
2 

"' 
0.853 0.272 

0.789 0.377 

0.619 0,.617 

. .-0.151 

" ____ l_6:.·(::;~_l_:~~ .. :.~~~-·· ----,)-

?(em) P/2;_, i.-(:F/:t))~ 
----·-·--• •r--•~--·--·....,-~-----·---' 

5~·.05 0.873 0.2.58 

0.850 0.277 

0.516 

-0.190 

· l drop/ sec 

(em) P/P 
. 2 

p 1-(P/P ) 
s . s 

47.27 0.763 0.418 

41.72 0.674 0.546 

35-34 0.571 0.674. 

-0.108 

•" 

-:"· . ·. 
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(d} · No. 15 oil, 0.020~inch wire; . P = 61.94 em. 
s 

l d.rop/2 sec 

L (em) p (·em) D /TJ 1 r-o /.,...) )2-
.J. J. -~.J. .1: ,, 

s . ' 

16.0 

10.0' 

6.0 

3.0 

Slope, -1 em 

39.07 

32.88 

3li~-6 

25.03 

. '·' 

o.631 0.602 

0.5)1• . '0.718 

0.508. . 0. 742 

o.4o4 0.837 

-0.039 

l drop/sec 

L(cm) (em) p 'p 2 p 1-(P /P ) I s s 

16.0 36.61 0.591 0.651 

10.0 33.62' 0.543 0.705 

6.0 
.. 

·29-91 0.483 0.767 

3.0 21.20 0.342 -0.883 

· Slope, -l -0.036 em 

~. ' 

., ~ . ,., 

' ' 

• • I '• •"{: .:, 

' '~-
·· ...... .. · . .... . 

l ~ • I . . . . ~ · ... 
··,; 

:. r., 

. \ 

·',:.' 

. ' 

,. 



FIGTJ.RE CA.PTIONS 

"" 
Fig. " .L PhotogTaphs of moving dl"ops. 

Fig. 2 GeometTy of flov of drops travelling on a vertical vrire. 

Fig. 3 Schematic diagram of expeTimental apparatus. 

Fig. 4 Van Slyl~e manometTic gas analyzer. 

}"ig. 5 Cell used to measuTe diffusion coefficient. 

Fig. 6 Possible streamlines in a coordinate system :moving 1-rith the 

'-vave velocity. 

Fig. 7 Gas absorption as a function of colwrm length. 

Fig. 8 Slope as a function of dTop fl"eq_uency. 

Fig." 9 Overall correlation. 

, I 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
miSSIOn, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




