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Gas Absorption by Drops Travelling on a Vertical Wire

Py

'gS.“M. Rajan

Y .. Inorganic Materials Research Division,
S Lawrence Radiation Laboratory,
 Department of Chemical Engineering,
University of California |
Berkeley, California .

"~ ABSTRACT

June 1965 ¢

In this'work‘liquid phase controlling mass transfer has been

studied for a gas-oil system. Pure CO, is absorbed in-white oil-

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

| Circulating tori within the drops moving down with the wave velocit&

‘have been cbserved. 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 obtainéd data.

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

- First, the gas is transferred tb the filﬁ and the drop; next the gas

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

¥ . . . coalesces the obtained to within experimental accuracy.: ...

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

f(td include all thrée of these contributions. Theiproposed model



characteristic of each of these geometries.

I. INTRODUCTION AND DESCRIPTION OF FLOW

In chemical engineering there are many processes which require the

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

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

: Gas absorption, distillation and extraction are examples of contact pro-

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

geometry, gas absorption.by a liquid has been studied where the'liquid

'L”;LF_;is_in the form of a-jet; a thin film-flowing 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

»

This‘study is concerned with the liguid side controlled absorption

-of CO2 gas by a series of white oil drops moving down a vertical wire.

".tAdjacent 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

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

this thesis the word drop is used to mean the conmbination of the circula—

ting torus -with the region surrounding it forming the observed bulge or

. "drop". The term circulating torus (or tori) refers to the circulating
- loop only. To get a clearexr picture of the flow one may examine Fig. 1

which reproduces photographs of the‘flowé for'which gas absorption was

measured. Figure 2 gives the geometry of the flow and also defines the

nomenclature used. In Fig. 6C a schematic representation of the stream-

lines for the flow (in a coordinate system moving with the drops) is



Fig. I.
- B. Number 9 oil, 0.05l-inch wire
' C. Number 15 oil, 0.03l-inch wire . -

. D. Number 15 oil, 0.020-inch wire *

el M

Photdgraphs of' -moving dfops _  “ S

~‘a. 1 drop/sec
b. 2 drops/sec
~¢. 3 drops/sec

“a. 1 drop/sec
b. 2 drops/sec
“e. 2.5 drops/sec’

i}

.- 1 drop/6 sec -~
o1 drop/h sec

'L drop/2 sec =
1 drop/sec

oo

. -1 drop/2 sec
. 1 drop/sec

o ®

'A. Number 7 oil, 0.031-inch wiré .= .

T



®)]

ZN-5037

Fig, 1 a



ZN-5036

Fig. 1 b
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Fig, 1 ¢

ZN-5035



ZN-5034

Fig, 1d



'*'Fig.i2 Geometry of the flow of drops

Wire radius - =

.
I

Surface tension =

down a vertical wire.

s

Minimum liquid radius "= h.
Maximum liquid-radius = H
Wave length - =N
Drop length ' = DL :
"Thinnest film =07
"Other variables ' T

* Volumetric flow rate =q
Drop flow rate ' =n

. Wave velocity _ =U =
Film surface velocity =u_’
Column length =L
Concentration . (Pressure) = P

Saturation concentration

Pz = Initial concertration .
" Diffusivity = &
Density =p
Viscosity =
. Gravity constant = g
o}

oA e e

e b 3,
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B b= .57 boise)'flowing down. a wire of dilameter,:2S, of .079 em with a

frequency;,n, of 1 drop/sec.- The volumetric'flqw raﬁe,‘q, is‘O.56xlO

1

,drawn.' It may further help the reader in v1suallzlng the flow 1¢; at
‘;ithis point, we glve some uyplcal dlmens1ons For the NUmbeT 7 Whlue oil .

*.(densify; p = .87 gm/cmi; surface tension, c = 35 dyne/cm; v1sc031ty,

-2

P

m5/sec.v This velue and -the others to be cited.depend onlﬁhe size of the

sldrop;sV = q/n, whichvcanlbe'controiled by.the‘geometry of ﬁhe.apparatusd_:
x';fau the p01nt of drop. formatlon ‘The dropsnnfeve; down. the wire with a
e}dwave veloc1ty, U, of 2. O cm/sec 'The makimum'drop diaﬁeter;'éH4 is ;21 E
Lﬁf:cm, the dlameter of the fllm 2h, is .ll cm, the fllm thlckness, 5 = h—s,?
':'15 l.5XlO .em, the,drop length, L’ is 55 cm, and the'wave ;engtn; x,
"Jis_2.0”cm. The veloeiﬁy at the free'snrfece ef the £ilm connecting two

“drops, us, was calculated by assumlng a fully developed parabollc flow
‘ffcatlng that the llquld in the film moves much more slowly than ‘the llquld

"f1¥dflow éondltlons 1nvest1gated are llsted in Table II

' -gf'hav1ng the measured film unlckness It was found to be 16 cm/sec 1nd1- RN

fgln the c1rculat1ng torus. The results of the measurements for the other - .



There is a large amount of llterature avallable on transfer to andv

from drops and falllng fllms. Here we shall refer brlefly o the'most‘f

TA End ‘T‘ffects
Several papers have dlscussed the 1mportant contrlbutlons of the end
effeCus to the total mass transfer to a drop l lO Llcht and Conway5 have

N

,fpertlnent papers only

v constant veloc1ty), free fall perlod and the tlme of coarescence.

.' / ' ’
"end efrects, 1nclud1ng both tne entrance effects and the coalescence

i

'seffect have been dlfflcult to separate 1nto dlstlnct categorles..-PopO—f}x :

‘3v1ch Jerv1s, and Trasslp have studled the COnbrlbublOﬁ +to the total
?mass transfer durlng the tlme of formatlon and have obtalned experrmentalgt'”
fi datag They have rev1ewed the ex1st1ng theorles on mass tr ansfer durlng:JV

*the formatlon of a drop and have concluded that all theorles rlt the

ffgeneral equatlon ‘

ftotal mass transferred across the 1nterface

‘.‘ . N ’5-

v

4 saturatlon or- equlllbrlum concentratlon of
-ﬂj aif fus1ng specmes'x“v SRR - SR
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| ;for +the dlfferent theoretlcal calculatlons.».Their data correlated Best““'

'.;Wlth the equatlon proposed by Ilkov1c where the numerlcal constant has

“t1:<:the value 412/7{

into a s1ngle term, E

At present one widely aCcepted:method,of accounting5for theven
effects experlmentally is the method descrlbed by Johnson and Hamlclec 3
They have comblned the entrance end e:fect and the coalescence end effect

o they have 2150, deflned a free fall fractlonal o

approach,to equilibrium,.or.eff1c1ency, Em, and a total fractlonal

Vujjapproach to equllibrlum or efllclency,zEfr“They show_thatp."“‘ﬁ

-E

mo l—EF-

'1f,Next they have given methods to obtaln the comblned end effects efl1c1ency,

'i‘theyvsuggest a plot of E

F’ '~ for two separate condltlons If E < O 5 (low eff1c1ency reglon),

T versus the square root of The drop fall tlme.

n‘lThe extrapolated value at zero drop fall tlme can be used to ootaln the

value of E from their Semi- emplrlcal equatlon

' 'o 905 (1 E ) \/R’J” t L+ o 0189 + o 981E §

'fET =

k 'IET_; overall eff1c1ency e o

| 1“EFv=‘comb1ned”end effectsueffrclency‘ji
':i;R;; dlmen51onless correlatlon"factor iif i
'rr}§k= molecular dlffus1v1ty | - i
‘ .jtﬁé free fall contact tlme' , )

_ ‘ ;ia = dropnradlus 1 ._ .‘4
:iFor t =0 R $F€= (E - 0. 0180)/0 981 For hlgher efflclency runs,‘l e.

E > 0. 5, they suggest the use of ln(l E ) versus tlme ot contact Once

ag in extrapolatlng to zero contact tlme glves a value of E obtanncd

S
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{'l in the equatlon 1s a constant vFor_zeroicontinuous phase. resistance ..

the value for B

. 1s l 29

Skelland and Wellek l'ln thelr study of mass transfer to drops have:

'vp01nted out that 1f the 1nterfac1al area. of the coalesced layer is, made f'; v

K

;;very small (approx1mately O 5 cm? or less), then the coalescence end

T

*Qeffect is reduced to a,mlnlmum,

A llterature search on the study of total mass transfer to a droo
freveals that an exten51ve amount of work has been carrled out on thls
' 811 25 ’ : : '

ﬂsubgect Mbst studles consider the prdblem of freely falllng or'

uir1s1ng drops (or bubbles) in a contlauous fluld pnase. The 1mportant
f'fact to note. is that no. two drops are in anyway 1nterconnected (except
:_perhaps by the wake they leave benlnd) The present study dev1ates sharply S

?lfrom others in that s1ngle feature. The 011 drops descendlng the wire ;ihf;llpfi

gfare 1nterconnected by a thln fllm on. the wlre. Consequen ly 1t becomes

JTnecessary to study'both the fllm.between the 011 drops and the drOps

'“‘themselves.‘:'uh

27 *iﬁ;ﬁff )

JTJLew1s and Whltman postulated a stagnantvﬂ
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“liguid was well mixed. 'This led to an eQuatiOn_which,ehowed that the mass

transfer coefficientf(kL) was proportional to the first power of the

_ diffusivity. The relation was given by

« = &
T
~where X represente‘the stagnant film layer thickness. The thickness of

" the film is accessible through experiments only Further, several experl—

rvxﬁments by dlfferent groups have revealed that the mass transfer coefficient

varies as the square root of the dlffus;v1ty.1n many cases.

Higbie28 advanced a theory in which the mass transfer was proportional

to the square root of the defu51v1ty 'He considered a semi-infinite
liquid layer, hencefbrth rererred to as the fllm, in contrast to Lewis
o and Whltman who con31dered mass transfer only to a fractlon of the llquld

‘layer. The main assumptions made by'ngble,were (l) The surface of

"3'72the film moves at a uniform velocity, (2) the 1nterfa01al concentratlon

is constant, (3) the falling film is in laminarvmotion, (4) the diffusion

~-'u'1n the direction of the flow is negllglble and (5) as far as diffusion

. w SURRN

L is concerned the fllm can be treaued as if it were 1nr1n1tely thick. This.
' last assumption restricts the theory to "short" contact times.. These

. ‘asswnptions led Higbie to the following equation .

. »‘ - ‘- ,. Xﬁz BN
(kL)avg =2/
where (k) ‘= average mass transfer coefficient -
o Liavg . _ T T e
£, = aifusivity of the solute, = .~ . .0
@ = contact time, (=z/ué)
Z = height of column B
W, = surface velocity. |
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‘ Emmert and Plgford?6 have Suudled the problem of gas absorptlon 1n .;Wffi}f

'

:falllng llquld fllms. They cons:.dered a parabollc velOClty proflle in ..

"tne falllng fllm w1th she follow1ng bounaary condltlons the ve1001uy

fils max1mum at the gas llquld 1nserface and the ve1001ty is zevo at the x:‘s'_; k.f
:TSOlld llquld 1nterface ThlS 31tuatlon vas mauhematlcally descrloed oy

kL.Plgford in the_follow1ng equatlen:‘,.

‘“Q“The SOlutlon obtalned wa.s

L s = 0.7858 exp(-0.5121 p) + 0.1001 exp(<39:31 p) k. L

o

o

ZﬂfWhere};;' o SOiute'eencehtratienvatsﬁhe:transfer'interfaee;"*-'V“""w'

) 'average,inlet concentration"faijmlfﬁf;h' PEER
= average outlet concentratlon R X U

o ’nﬁb FF> F

&, @/B e e T

:BFu acUual fllm thlckneSS‘VTjdf;?f‘f-w'.ﬂj B

Thls solutlon can be 51mpllf1ed under spe01al condltlons Ebrishorte‘*

[N

contact tlmes the equatlon reduces to

) .
'w .

iiﬁi:a ‘..//ifz/ma u |

e FER . e S . “

or in terms of the mass transfer coeff1c1ent

R TR

. where ‘ llquld den31ty -“‘tb

| ~f> mass flow rate (Mt/L);i.‘i“:‘é.*“.ﬂﬁhn :




) Thevfilm thickness, B

wall is given by

" tions that there is no slip at the wall and p.. _ << 0.,

-15-

(kL)l.m. = mass transfer: coeff1c1ent based on log—
' '~ mean dr1v1ng force

The above analys1s is equlvalent to ngble s analysms for short contact

Times.. For long contact times the eouatlon becomes

(ighy = 5002 B

g for the laminar, ripple free flow down a vertical

= (MHF/gp )l/5 '-:

. .

. where u is the liquid viscosity{ Inherent in the derivation of the
"'ﬁf equation for the film thicknesé'is'the assumptionAthat'the surfacef

‘velOC1ty, u, is 5/2 the value of tne average film velocity. Althodvh

derived for a non-rippling fllm, the equatlon for BF should work well for

. an average film thi¢kness even in the casefwhere’rippllng oceurs. Emmert =

" and Pigford point out that the derivation for.Bthas'the implicit assump- -

Pgas << Piig° The analysis

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

“_ certain critical Reynolds numbers ripples are apparent on the surface.
An extensive amount of study in wetted wall columns has shown that where
. there is ripﬁling in a.falling film the mess transfer is-significantly '

- increased and the data are usually correlated in the- follow1pg form

"Sh = a(Re) (Sc) , the constants a, b, and cvbelng obtained empirically.
"‘C. Drops

Turnlng next to the ma.ss transfer to arops many eqaaulons-éb0uh

' sem;-emplrlcal and theoretlcal-—have been found 1n the lﬂteraturc 2 . The

'-model for rlgld drops 1s an exten31on of the well _known LheorJ of tquSLGT:

§

AT S 4 e
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B v o
hYY ;’.
; Ito SOlld spheres.. Varlous studﬂes have been carrwed out solv1ng dlf 51on ;P' @

tyequatlon stlpulatlng the Varlous boundary cordltlons.: The most w1dely

f 'used correWa ion for 1nternal transfer is that of Newmann. ,ﬁ,hff"‘rvii'3ffgfg{c;
S T EBEgmorsl o 2 eXp | s |
e TS T % e i A K
Thls equatlon assumes a constant contlnuous phase concentratlon (tempera—
flture) and also a negllgible contlnuous phase re31Seance., Vermeulen has_ﬁijf
fffound a s1mple but accurate representatlon of the above equatlon- -
-1 - exp( mr t/R >11/ P Tl
: f;Thebtransfer'to drops is usuallyimore&complexithan'transferztofri&idfﬁ'
i 'Qfspheres._ There are two main reasons for thls complex1ty Flrst the

'”a;frlctlonal drag surroundlng a. dr0p may 1nduce c1rculaulon of both the

1nterface and the 1nterlor of drops. Second a drop may defbrm rrom a“’

[

% : ‘!spherlcal shape. ‘A thlrd compllcatlon, osc1llatlons, may occur 1f
Mpf”Reynolds numbers are hlgh Handlos and Baron13 theoretlcally analyzedjiv

_ ) ¥ Luthe problem us1ng an eddy d1ffus1v1ty as a tunctlon of p031tlon in the:;

%,et:;ffx?:;f"s:pjdrop. Thelr c1rculat10n patterns 1ns1de a drop devvated marhedly N

iffrom that usea by Hadamard 50, Further thelr model assumes that the

'ffc1rculatlon in- the drop is. fully developed Thelr flnal result for the

.3mass transfer to a drop was

e

‘where |




s

~ where:

- ;17_ B

.Sh .
Sh
e

§ We

1

'1nterfac1al tens1on N

acceleratlon of graV1ty ';;'E'

t q .= drop ﬁienwter-w:; ;?
oD ='diffueivityl R
{:'iV'=vdrop veloeity-u-‘.
g&,ué,e dlspersed phase and conllnuous pnage

.viscosities

"Iﬁ rhis;eQuatioﬁe eomcemtratien‘difference.driﬁing~forceﬁwae used}- They .
- mere abie te éorrelatertheir deta}better.with‘an acﬁivity difference:

| Skelland and Weilekll performedia'dimensiohal'enalysis amd obtained-
‘.Ja‘seml—emplrlcal equation to descrlbe the mass - uransfer to drons at

'e.eReynolds numbers up to -300.

0.1ke Tm-o 1&1 o 769 o 285

calculated Sherwood number, k d /D

time group, hDLtc/de

Weber'number, deUEOc/G-
P group, o)P /gp (Aqﬂ , " 3

calculated dlspersed phase ma.ss transfer :
coefficient : : ;

dlameter of a sphere hav1ng +the same- volume as
drop . o

molecular dlffus1v1ty of solute 1n dlspersed L

-prhase. - ”

cdnfact’time during'fall
termlnal veloc1ty of drop :

contlnuous phase dens1ty - -f.w' '; L

,contlnuous phase v1scos1ty



Oowee e

Kronlg and Brlnkgu formulate an equatlon based on the fol oﬁiﬁg?-wv

,n _“ N B B s

‘ assumptions- constant contlnuous phase temperature, ne"llclble contlnuous

. s

'ﬁ phase res1stance, Reynolds numbers < l and streamllnes are also 1so-‘ ,f bt‘lt";x

"{thermal llnes. Includlng the effects of 1nternal c1rculatlon on dlffu-;u'

1

fs1on thelr flnal result'was'“g, f'fﬂﬁ>ffﬂvj;;=f

'l_= l % Z A 2 exp( p
o _1

“

t ='contact tlme

:drop radius
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.

Iy

rigid sphefes reveals that thé molecular diffusivity in the rigid

‘spheres équation has been replaced by an effective diffﬁsivity,vi.eQ

t

, - s ' ' ) S
lﬁeffective 2.25 &~ ‘ o - s



'",_by whlte 01l drops movrng down a verulcal Nlre was measurcd oeveral u\’x

‘ 'f~_d1fferent grades of whlte 01l are avallable from Stanaard 0il Company

-20-

B ' IIT. APPARATUSTANDfPROCEDURE”;-gvfng . Rr\;p'f',. "5" -

In thls study the (llquld s1de controlllng) absorptlon of CO gas

:‘*lof Callfornla, and in thls study grades Nbs T, 9;_and 15 wexre used.

'TfThe pertwnent phys1cal propertles of the 01ls used are shown in Table I

"t,;The dens1t1es and. surface tens1ons are catalogue values The;vrsc051t1es

:'lf;The reservoir is connected to a 13 gauce syrlnge needle and the llow of»""h

"J{éweré measured*ln a Haake (Couette type) v1scometer-and were found tO.:f
ﬁ:fagree with the catalogue values The saturatlon concentratlons and “

| Gidlffu81Vltles of CO in the orls.were measured by methods Whlch vlll"
:fiibe descrlbed shortly f; {d - ) ".E - ;:‘.hr‘ o ’Ai:' ’}v?a v_d*ﬁ%,.

- The apparatus used to neasure the absorptlon 1s shown in Flg '5 o

: d{It cons1sts of a reserv01r in whlch che 011 to be tested is 5tored i*

vforl is controlled by-a needle valve The ex1t end of the syrlnge needle
'was cut perpendlcular to the needle axis and machlned to a smooth surface

h,The needle enters the absorptlon chamber through a three holed rubber 7

¢

.}stopper at the top of the column The other two holes on the stopper

"

~rcontain a gas outlet and a thermometer' The absorptlon chamber is 2 5

.~ inch o. d heavy wall glass tublng vary:ng in lengths fron hO cm to 9 f -

"}=fand a tube leadlng to a manometer ‘ The take off tube 1s a 5 1nch long,_;;A

o em. At the bottom of the chumber is another ‘three holed rubber stopper jf o

i‘which contalns a take-olf tube 1n the mlddle flanked by'the gas 1nlet

' l/h inch i.d. olastlc tube and 1s connected dlrectly to a Ven Slyke
o manometrlc gas analyzer ALl connectﬂons in the aoparatus are mudc with ;"'

- tygon tublng; A plano wrre down which thehdrops{ol 01l move'ls stretched L

@
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Reservoir

Glass coils

Needle valve

Thermometer Syringe needle

| —-Wire
Gas inlet

——— Absorption chamber

Coalescence tube

~

| .«— Manometer

To Van Slyke
analysis
chamber \J

Gas saturator

Note: AIll conections are made
with Tygon tubing.

MU.35939

Fig. 3



'ﬁvtaut through the syrlnce and tahe off tube A llttle adgustment 1s ;:i 1A.7v'l;
“tgl usually necessary to insure - tnat the wire 1s vertlcal and centered at s

" the syrlnce exrt §0 that the 01l dr0ps form and move w1th angular symmetry.*njyti

“::about the wire. eres of 0. O5l 1nch dlameter and O 020 lncn dlametcr |

[5were used.

y,v

Dlssolved gases were removed from the 01ls by heatlng the 01ls-jy

rﬁ-under vacuum. When 2 sample of 011 is transferred from the vessel in dﬂf”r"fHP
"%Eiﬂwhlch it. was degassed to the reserv01r of the absorptlon apparatus, the
"011 1s exposed brle ly to the alr permlttlng ‘some gas plCﬂ up. recau~ .-

l:;tlons were taken to av01d trapplng alr bLbbles 1n the 011

Oll flows from the reservoir through the syrlnge needle onto the iﬁ{’?ﬂﬁft
'~.¥lw1re The flow rate 1s maintained and controlled by the needle valvc Jf{-u oo

':quuite accurately To insure negllgible gas phase res1stance to the .

”;transfer the 011 1s contacted Wlbh pure 002 gas - CO~ ‘wa.s also,used.

’xzbecause of its relatlve hlgh solublllty thus fac1lltat1ng ea31er concen-.v“(iﬂ‘{d

f,tratlon measuremenus Carbon dlox1de gas enters at the bottom of the -3555551

"“gabsorptlon chamber.: Before the gas enters the chaMber 1t is bubbled dﬂ?;

':fthrough a column - of the test 01l A very low Ilow rate of CO2 gas |
w“;»through the absorptlon chamber is malntalnea to keep the partlal pressure .
of carbon dlox1de gas at 1 atmosphere A constant level ol Oll was:

'famalntalned in the" take—off tube 50 that the column length for absorptlon;jﬂ '

':__}was the same durlng the run The oml was allowed to flow through the e

g,take-off seCtlon for at least one complete res1dence tlme vefore. a_ p f7

f sample was taken After thls perlod of tlme a samnle is’ drawn 1nto the ,iﬁ;;
"Van Slyke apparatus for analy31s._

‘The Van Slyke manometrlc apparatus (Flg h) 1s an analytlc dev1ce.a~jp-

f=vtnat works on a: s1mple prlnc1ple A samole of’ the llould (011 1n tnls';V',v*v Y
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5.
.‘;study)iis taken into“alchamher.. Alvacuum.isvcreated in the chanber by
cohtrolling<the<level of e mercury reservoir .At the‘lowerltressure in
3the chamber ~gases whlch dlssolved in the llquld cample are b01lco off.
"”The b01llng is fac1l1tated by stlrrlng the llquld w1th a macnetlc
' stlrrer After b01llng, the gas is compressed to a known volume. The
"tressure of thls comnressed volume of gas is read on a connectln'T mano -
meter. Khoulng'tne pressure, volume, temperature and the-sample'51ze it
+1s eagy to calculate the cohcentratlon of the:dissolved gases in the
b.llquld with the aid of the ideal gas law CO2'can be considered.an

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

’

" Even if the vepor pressures of the oils are &ignificant they introduce

. no exror beceuseithey are subtracted out when differences'are takeh,as'

vls shown shortly. Etched on the analysis.chamber arewgraduations of
;t?035,'l.9 ahd 50.0 cc. A‘l;9-cc sample is drawn into the analysisﬂchamber
‘jof.the Ven Slyke apperatus by‘opening stobcocks 1 ano.Q uhilevthe mercury
'reservoir is at level 1. (Refer to Flg L) It is important to draw the :*5
liguid into the analys1s chenber slowly to prevent 1mmed1ate b01llng
and loss of gas. | | |

l

Stopcock 1 is then closed but stopcock 2 remains open. The mercury - '

"}fvfreservoir is then lowered below the'level l.ln order-to lower the level

h of the sample in the analysls chamber to Just above the 50 ce craduatlon

s

mark. Stoncock 2 is now closed and the mercury reserv01r placed at level

. f 2. The 011 is now stlrred w1th the ald of the magnetlc stvrrer and care f"

‘.‘

Sl is taken not to stlr the mercury'below the orl as well ' ulrrlng tlmes
can be varled w1th the ald ol-the t;mer./ Tlmes_varylng from three to

 six minutes were used by the author. After stirring is complete stop--

_-cock 2 is reopened enough to cause the liquid level in the chember to
. ! . ' s ' LN

i



7f mercury The unper menlscus of the 01l 1s brought up to the 1. 9 cc=!» x-’kjﬁ

graduatlon mark and stopcock 2 closed Thus the gas that has bcen

'max1mum and stopcock 1 is prematurely onened gases and 0il 1n the -

"gfprocedure is contlnued untll two successlve pressure readlngs arev__’
r:ldentlcal., Generally flve pressure readlngs were necessary w1th the VR e
“';last two belng equal Representing the flve pressure readings by 13“';;

'vpl, p2, p5, Ph’ p5 = pu, one may compute the partlal pressure of the o

-"dlssolved gas as follows pithﬁ_ :i fitpzjfzﬁ-;;; ﬂhfu S

i

:Aslowly rlse._ It is 1mnerat1ve t at he r1s1ng of the level be slow toh S

'“v.prevent orl adherlng to. the walls of the chamber belng entrained in the L

',f b01led is now compressed to a volume of 1. 9 ce. The correspondlng'
,pressure of. thls compressed gas is now recorded from the manometer f:

:ﬁJStopcock 2 is once again reopened and the llquld level allowed to rise :.

s

untll it can no longer rise. (Thﬂs s1multaneously allows the' mercury
'xt.ln the manometer to reach 1ts max1mum level ) Stopcock l is now opened
\"ﬂland the gases eJected on the eJectlon s1de, the stopcock needs only a

ye‘sllght opening. and care must oe taken to av01d the eJectlon of any - ﬁ':ﬁ.15lfp4f;

3

“:i'substantlal amount.of the llquld opcock l is now closed It 1s
- extremely 1mportant that stopcock 1 remain closed until the level Of
;:mercury in the manometer and the level of the 011 1n the analys1S Ch&mber y]yﬁ”x’

'“have reached thelr max1mum If the levels have nOt reached thelr

;c*egectlon tube are sucked 1nto the analysrs chamber thus contamlnatlng Jﬁg;{fff'
" the test samole. After the eJectlon of the gas the sample is once ‘ﬂ"nfr\f-;-i'

agaln lowered in the analys1s chamber for further dega51f1catlon Thls ﬁﬂﬂvm\'

'

' ;..‘-n
. s,

(D -pu) + (Pé*Ph) £ ( 5-Du> L

oo

.. Knowing the volume;”V{.oflthekcompressed‘gasiin the“chamber;!tho~:r'
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temperafure; T; one may.use_the ldeal gas lov éo“calculate n;‘the moles
of the dissolved gas: ; | . Lo | | |
| - (P)(v)/r
.'r;The concentration of_fhe gaslin the oil is obfalne& by alviding hhe‘
'volume of the- sample 1nto n and cohvertﬂng to abproorlate unluS o
- Two separate samnles werevanalyzed for each run. If uhe P values

agreed to wlthln 5p the average value of uhe two reaalngs was used fbr

. the Pﬂvalue. If the two values were not w1th1n 5% a thlrd sample wa.s

| 'vanalyzed and the P values which agreed w1th1n 5% were averaned If no ﬁn:
,two values of P were within 5% all‘three values were~averaged.

Throughout The calculatlons the P values have been used as concen-
‘ftratlons since ratlos of concentratlons are always used. The tempera—ﬂ.'
ltures of the runs varied from 2h C to 26 °C and thus an average of 25°C
was.used. The vapor pressures-of the 01ls.used in hhls experlment are
negligible. | B | .

’The amount of>CO2 absorbed was-measuredlfor each'oil flouing aown".

.'the:0.0Bl inch diamefer wire_forta?series,of‘lengthsjand flow rates.
R Absorntion into the No. 15 oil flowing down.fhe C.O2p‘inch diameter
" wire was also measured. | | | o | |

The frequency of tneldrops wa.s measured by countlng the nunber of
hdrops low1ng past a flxed 001nt in a glven tlme nerlod Ihree measure-:

L, menrs were made and’ﬁhe values were‘averaged. The flow rate was' |
.measurea by collecting the oila.atea given drop-frequenev, in a éraduated:,fﬁl”
‘ cyl inder for a known perlod of tlme v.Thetuave‘velOCitvvwas.measured by_lA
R timlng a drop travellin a known length of column Three measured
‘vvalues were averaged for each flow condltlon |

-

The  saturation concentration,of_co2 in the No. 7 oil was measured



faoprox1mauely 1 drop/h sec.

‘ © - this method,does_not perm;tlabsolute measurements of dlffu31V1t1es,

- gated, the following was;adopted{

'Ineflectlve 1n damplng out room. v1bratlons Because the'oils were viscous<
: N Cy
-and the layers were uhln and becauSc tne gas abowe the layc# of 01l was

"J!K}éal ;fgﬁﬁy

+

lbyububbliné CO in the 01l for several hours and analy21ng the sample

in the Van Slyke apparatus.. A mass transfer run Wlbh the pO cm column

' wndlcated that over 95% of sauuratlon was achleved A run with the LO :.
Cem, column reproduced ‘the saturatlon value to w1th1n l% Hence‘mass

B transfer runs-w1th the_hO‘cm columns were used to measure saturation

T2

”:r concentrationsiof co -in'all threefoils. The drop frequency was

P

o

Photograohs were taken w1th a Llnhof camera. ’F-B, l/MOOvsec tf;?*Alr SO
l-settlngs w1th ASALOO speed sheet films were used. Measurements were

‘ ‘;";'made from the negatlves on the Vanguard analyzer :” Q : I [l

'The.measuremen of the dlffus1v1ty values needed in thls work S

L 7presented a‘unique-problem. The only known data on dlffus1v1ty 1n -

51,32 o

'whlte 01ls are those publlshed by Sage and Reamer. They have o

: ~ Pheric pressure but only at the rlsk of a large error. Consequently

athe establlshed method of the dlaohragm cell could not be used because AR

\L -

-

A 10 cc sample of the oillsaturatedpwitH.COé was injected into'a .

" special cell under an atmosphere of COQJ"Theicell;(Fig;-S) is:9.5‘cmvi i

':in diameter and'5 cm in neight. The'bottom is an optically flatvsurface.

N

‘Openlngs 1nto the cell for tltratlon, gas entrance and ex1t are prov1ded

N,

'; at the top surface.‘ The cell’ was floated on a concentrated cellulose—

o water solution. ThlS'tthk 'v1sco—elast1c llquld appeared.so be very

'worked at elevated pressures. - An- extrapolatlon can be made fdr*atmos—‘fi*cf5'

533Aiter several methods of absolute diffusivity measurements were investi-.. =~

2y
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5,_stagnant convectlve currents 1n the 01l layers are thoug olbe minimizedrku*:H

'”ti;Af er the 0il had spread out 1nto a thln fllm (approxrmately 0. 15 cm -

| '1”f;for 1 mlnute ' The CO 1n the 01l was then allowed to deso;o lnto alr

'7fm1n desorptlon perlod The dl fus1v1ty was then calculated from the‘v-ﬁﬂﬁfb
-A“";vlanalytlcal solutlon for the transfer from an 1n1t1ally unlform slab when’vj_'

, ”;Vthe surface condltlon 1s suddenly changed 35 vThere was. very good repro-&

\-'7K‘ducib111ty in the case of the 7 and l5 01l but the reproduc1blllty was .
f.unaccountably very poor for the No 9 01l.n The calculated values of theff_a”

.vjfdlfqulVltleS are{?”"'

'fj;The dlffu31v1ty 1s unexpectedly low for the No 9 01l Thls has been ’

'im”at rlbuted to the dlfflculty in the reproductlon of the value, whlch

@&2 8Alo cm /sec ' The dlffu51v1t1es were plotted as a functlon Olv"LJ

5l:lv1s0051ty on log-log paper A stralght llne was drawn connectlng NOs.

.Obtalned by 1nterpolatlon The value obtalned was pxlO em /sec .

- and tnls value has been used 1n all calculatlons The extrapolated BT

”_lthlck) the CO above the 011 was evacuated by pulllng a. sllght vacuum

2

fl?ffor 50 mlnutes ‘ At the end of thls tlme perlod a slloht vacuum was agaln

pulled for l mlnute 1n order to evacuate tne desorbed CO Next a known-f

S volume of 92M Ba(OH) solutwon was - added to the cell and the 01l andi::fwv"
vlﬁcaustlc mlxture v1gorously shaken The excess Ba(OH)2 was tltrated 'fj"
”“7f,to the phenylpnthallen end p01nt w1th O Ol M HCl In order to check uhelr»l

'“i;]flnltlal concentratlon the same procedure was fbllowed except for the 50

3

,HNo 7 011—--560p-—5 9xlO 6 en /sec (average of 3 runs)

No.. 9 011---72cp—-l 7xlO -6 cm /sec (average of 6 runs)

'No, l5 011—--155cp--2 hxlO -6 e /sec (average of 5 runs) ;if?

o

varved from a 1ow value of 65xlO -6 e /sec to a hlgh value of f,]

\

T and 15 01l values The dlffus1v1ty value fbr the No 9 01l wa.s viff"
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o o -values from Sage amd_Reamc—::rpl’)2 predicted a-value of 1.5-5.0x10 ~ cm /sec

for the CO,-white oil (56 cp) system.depending on how the curves were

- , read. It is assumed in the calculetions that the molecﬁla; weight of

the solute molecule varies to the -0.6 power.,.
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oIy rﬁEOR TICAL MODE L ‘:J{»nfigLVV

A."_Fluld Mecha 1i¢s.'itgﬁﬁﬁ

P

.Before proposingha model for the mass transfer one should flrst '-]ﬂi fffffr

7,

'junderstand the fluﬂd mecnanlcs of thefsystemn Based on the e ternal

','geometry of the drop (see Flg 1 for photographs) and ob ervationSjof”ff"'
he motlon 0r small carbon black nartlcles 1ntroauced 1nto the 01l a fd

';:falrly clear plcture of the flow pattern energles. ‘Three . congectured

'V?:streamllne patterns are shown 1n Plg 6 To reduce the patterns to!

S those for equivalent systems;in steady,state thepstreamlines are drawn_-“

-1n a coordlnate mov1ng w1th the wave veloc1ty

‘ BN
K

For the nonc1rculat1ng flow represented 1n Flg oa all carbon blacn

’

'trpartlcles in the 01l woula move uostream relatlve to the drop E Forvflow
Vw1th a double c1rculatlng looo, as represented in Flg 60, partlcles

cf

'out51de the loops would move upstream.relatlve bO the drop whlle those ;

'.Vﬁ;w1th1n the c1rculat1ng loons woula travel down the w1re w1th the droo

"j(l e. w1th the wave ve1001ty) Of those partlcles mov1ng Wlbh the drop,

1 ‘ e

-t,the partlcles caught in tne c1rculat1ng lOOp farther from ‘the w1re would ?v

5

'“H‘c1rculate counter—clockw1se, as v1ewed 1n the draw1ng, whlle those caught

"f‘ln the'loon nearer the w1re would c1rculate clockw1se.-_For he flow w1th

PO

',T’Ja s1ncle c1rculat1ng loon as represented 1n Flg 6c, agaln those partlcles S

v

H%'OuLSlde the c1rculat1ng loop would move upstream relatlve to the orop

‘{Whlle those w1th1n the loop would travel down the wire w1th the wave i ‘jf;g'-;i«%'

:ivtve1001ty As drawn 1n the flgure these later partlcles would rotate 1n :;y;’f‘{flv

; . O

“the cl ockw1se dlrectlon;,iIt 1s also p0551ole to 1mag1ne a flow ulth a E*fv';'-?vl
'vslncle counter-clocxw1 se c1rculat1ng loop but thls 1s physrcally leS°
“llxely because then the reglon of hlchest llould veloc1ty hOUlQ be on hef?:Tf

d[51de of'. tne loop nearer the w1re
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‘ Fig; 6 —lDOSSible streamlines in a coordinété systém ﬁoving with
the wave velocity. The arrows indicate.thé direction of
flow in this‘coordinate sysﬁen.

(a)"No circulating loop
. (b) Double circulating loop

(e¢) . Single circulating loop
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Zero vertical
velocity

(b) (c)
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" the partlcles wcre observcd to move uoStream relatlve to the droo whlle ?]f
"'otners moved down the- w1re with the drop 01rculat1ng ina clockw1se dlrcctlon j
s (as v1ewed in the drawlng) No counter clockw1se clrculutlon Jas_observed

.’fufTth would lead to uhe concluslon that there is a 51ngle c1rculat1n" loop fjﬁ'

H]c1rculate counter clockw1se when they are 1ntroduced near the surface. v
ETfSeveral lntroductlons near the surface resul ed in only»clockw1se z7”nf°
'.f”101rculatlon of partlcles It 1s therelore concluded that in-.a COordinate SRR

. system mov1ng Wlth the wave veloc1ty, the drOps have a 31ngle c1rculat1ng‘i%’;:fujk;‘

u;f;[c1rculat1ng fluld forms well deflned torl whlch»move down the w1re,withfﬁﬂ

"“Lfﬁthe wave veloc1ty and retaln thelr 1dent1ty for long dlstances

‘dwfof a drop were observed to move much more slowly than the wave veloc1ty,
:"wfi the veloc1oy of the bulge and partlcles underg01ng c1rculatlon

>¥g Thls qualltatlve observatlon 1s glven some - quantltatlve support by

'?iassumptlon of fully developed parabollc flow hav1ng the (photographlcally)
Jffmeasured fllm thlckness The surface veloc1ty, u s 1s glven by the f

‘:dfformula =

R , !
L u‘ = p€5 R R S I TR P
s 2Li Qf ?'”'Jf ;'; ?;7”‘f;' ;'-[¢v;}*f_ﬁuf*v, N
t}c';Thls calculatlon showed that the max1mum veloc1ty 1n the fllm was on the ?fi:"'

" order of a tenth of tne measured wave veloc1ty (see Table II) “oné-%?‘*7;"" A
- should also note that the thlckness of the drop,,as measured by H-S 'r’{"f~_f_ .

7uls larger than the fllm thlckness by about a factor OL Jour :jThese two |

. e
Lo .

”‘tWhen carbon black'particles.Were’introduced;into.thefflov some‘ofii

"’w1th1n the drop ’ Slnce the counter—clockw1se c1rculat1na Loop of Flg 60_];;;'*"'~

c:”efpls closer to the outer surface of the drop, partlcles Would have to S

"fj,loop and the c1rculatlon 1s clockw1se, as v1ewed in the draWLng The_ff .

N

:g Carbon black partlcles 1n the fllm betweer drops or near the surfaceE_}

i

calculatlng the veloc1ty of the free surface of the fllm under the g

,:r"',(- . e

)

Y




where -

"qF << qT. Conseouently one mlght also expect that qFPF << q

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

of the film, indicate that the bulk of the liquid_is carried down the

~wire in.the drops as circulating tori and the film between drops can

be'regarded as essentially stagnant.f

-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 equationtwhich‘defines the concentration of gas in the'oil_‘

being carried out of the absorption chamber,‘Pout:'

| aGPp ¥ aPy R
S i - €
SO Gp Ty |

= volumetric flow rate of the film (liquid exclusive of thé

tori -

O
1t

pyolumetric.flow rate of the tori-

g
]

g
Il

T. mixed cup solute conéentiation inwtnejtori at oﬁtlet.

_ Because the film drains very.slowly and,is:very thin the measured flow .

" rate is mainly that due to the circulating tori In Other woras,

T

ifor moderate contact tlmes. Equatlon (l) then oecomes o

%

It is-therefore necessary to concentrate mainly>on'the circulating tori.. -

_The model proposed below 1s an extreme case, assumlng comolcte w1x1ng

X.
Wlthln a drop. The extent to whlch a drop can. be con31aered completelj

(except for the region immediately adjacent to the dropﬂsurface)'vf

mixed cup solute concentration in the film at outlet, and . - .

P ,sat'leasti



~“‘m1xed 1s dl *1cult to assess and w1ll be dlscussed cnortly Inva;fk*ff'"‘“
) coordlnate system mov1ng w1th the drop the volumetrﬂc flow rate, Q,”into'_ﬁ Sl

'-and out‘of the'drop_ls

N

U e - v s B U )

Y

-

" where s = wire radius.

B = film’thickness, and - - -, o
f.U = wave veloc1ty L e
. N

e

Innerent in thls equatlon 1s the assumptlon that the fllm 1s essentlally d"‘

"'esuagnant If the film- becomes saturated before a: drop reaches 1t a mass'v-

o

" LI
R TP

1 Q}ﬂoalance on tbe well mﬂxed drop glves

. /
S ap

<

.\

5fhwherefj'iP.¥ concentratlon of solute 1n the drop

1

saturatlon concentraclon of. solute )

¢

D andr "contact.tlme of dropv'

.<®
L

'L(ﬁﬂffi"‘ jff V= volume of the drop 'Eﬁ'rs%:’f;f"isi*?lr7 "Q'r':frfﬂjﬁ o -

“Q:Here any gas absorbed through the. surface of the drop is couuted as oelng ifi I
gfdpassed into the fllm above the drop ' Wlth the boundary condltlonsi7flh

at @ __’)P

il
"d
\‘4
@
]
g

a‘c o= 0 "P"="P'” E

L Equatlon (h) can be 1ﬁtegrated to yleld
| @—-p- exp ‘E-Q@./;Vl

ie The contact tlme of the drop, @, 1s the ratlo of the column length u, toﬁ.f7

sy

l

'the drop veloc1ty, U Substltutlon of bhlS relatlon and Eq (5) 1nto f o

'IEq (6) results 1n tne follow1ng
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PP  omss 5y | o
5p = XD | - e (l%-gg) L J . : _ (7)

-Several'questions arise in this moéel. A bfiefeanswer is given to
each of the guestions: (1) Does the film become saturated? (2) Is fhe_
drop well mixed? (3) How are end effects determined? |

(l> Does the film become saturated between the passage of succesive'

drops? Tbe crlterlon for determining whether or not a film is saturated

“w4

with uhe solute is given by debermvnlng the value of L= 2 " where ® is the
‘ : 5 ’
. ‘molecular dif fu31v1ty, t is .the exposure tlme between successive drops

" 2nd 8 the film fhickness.‘ If the value of the group is greater than

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

?.- the above quantities in this study are:

e
2 = 3.9%107 cmg/sec

sec = 2.3 sec

With the above values —s 6X10 This 1is faf.below the required value
of unity for saturation. This implies that the film is far from saturation
- and in fact enetration theory seems anplicable.

-

‘Since uhe fllm is not saturated the dlfferentlal Equaulon (h)
descrlblng tne maess balance Becomes
dPV N ;'v ‘:“, : o o . '
o @
Q‘where P"renresehts'the‘éverage SOlute coneehtretion in fhe film'befofe
'enuerlng the drop and is expected to be glven by an equatlon of the form :

BT g SR :
5. : DNy . N ’
s et S
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stituting ‘these,
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- model of complete mixing correlates the experimental results.

.l59_

| PyF - 27s u 1/2 1 E '
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(2) Is the drop well_mixe&? Al houch good 01rculat-o“ is observed

(o]

inside the drops, it is difficult to judge whether the.drop is well mixed.

" The mixing of the drop is also dependent on the wave length or the nwnber

;Ol drop lengchs the drop falls before occupying tne p051u10n of the

preceq1ng drop. When the drop falls through’several arop lengths, i.e.
at low drop frequency mixing is facilitated. The assemption is least

4reliable at.high drop frequencies. An indication of the velidity of

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

(3) How are end effects determined? It is diffidultvto determine

¥

the separate contributions of the entrance and coalescent end effects to

the total mass transfer. The entrance effect consists of the gas absorbed

while exposed to alr, mass transfer during drop formation, and mass

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

and latter parts are dlfflculu to analyze mathematlcally A mathematical

analy81s for che mass transfer durlng droD formation yields an exnress1on

10
similar to that proposed by llkov1c as presented by Popov1ch et al.

Hence, Ilkovlc s equatlon w1ll be used to determlne the mass uransfer

@uring drop formation. The determlnatlon of coalescence end effect is

also'difficnlﬁ for-mathematical analysis. Skelland.and Wellekll have

| -

Ly . : ' e SR : 2 .., .
reported that if the area for coalescence is less than 0.5 cm, then the
mass transfer occuring coalescence can be considered negligible. This =
criteria will be used in the analysis of the results. In order to obtain:

the combined end effects contribution a plot of gas absorbed as a function



of column length will be extrapolated to zero column lehgth. T

«
. l” .
T - ‘
R Y e e
IR AR
Y : L .
: B - . - ‘ N
N o0 Sl . . .

5

he-

intercept of such a ploﬁ_should yield_the'dbntributiothtd the tétél 

mass transfer by the end effects.

1though, many improvements.

" The model pfoposéd-is‘admittédly crude’ -

¥

“can bevsuggestéd;;thevroughness'of_the model ‘does not warrant these ‘

Lrefinements. i ol e T e

)
S




A

-a function of column'lehgth, suggested by Calderbank and Xorchinski,

- transfer by the end effects~is, to‘within,experimental‘accuracy,‘zero.;

~transfer durlng drop formatlon aﬁd mass uransfer durlnc coalescence.'

V. ' EXPERIMENTAL RESULTS AND DISCUSSION

The'measured and calculated values in this study are presented in

Table IT. The mass *raps;er ootelned are taDuTated in Table IIT. The
‘results are also plotted in Fig. 7.) Tne vertcical lﬂnes in these figures
'reoresent a 5% a7lowed error 1n the measurements. 'Several methods for

iplottlng the data were trleo. Among them were plots of ln(l- g—) vs L

P -P

and vs Ji However, these curves indicated that there were

s N ,
extremely large end effects. These. are contrary to the expected results
as discussed below. The latter'method ofvplotting also has the disad-

vanuage that for high efficiency stuq1es, i. e. wnen mass transfer occurring

is beyond about 60% of saturation, the curve hecomes asymptotic to the

_[‘saturation value. The method chosen to plot the data, ln[l—(P/Pﬁ)g] as

25

hes the advantage that even for high efficiency studies the line remains

. linear. Most of the date obtained in this study are situations in which
over 50% of saturation value of the solutefconcentration is achieved. Both
‘methods of plotting results in straight. lines for low efficiency studies.

~The extrapolation of the line to zero column length would give a value for.

the combined end effects. As; seen from the plotted lines, the ordinmate

s

intercept is 1 which implies that the contribution to the total mass

There are,ﬁwo main‘contributions to the total end effects: DMass

S

N f.As has been ment oned earller Skelland and Wellekl; have’suggested that

N

if the uotal area for coalescence is less than O 5 om ,then the contrlm

butlon To th al mass transfer by the mass crans Ter O“CUlen” Qa ing

ce
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vtube of O 6) cm in dlamcter whlch presents a coalescence area of
'-anproy1mately 0. 5 sq Thls 1s lcss than the suggested llhlt or
-EO 5 sq. '.r-nence he contrlbutlon to cae tcual mas 'tran cr oy

7[,"coalescence has been assumed negllglble. ;

"';formatioh'havedpoihted out-that thelr data ls best>represented by an'

”gequatlon proposed by Ilkov1c. Rearrangement of Ilkov1c s equatlon IR

afﬁylelds the follow1ng

‘column lengtn lS O 79 Therefore the formatlon effect 1s negllglble.fﬂ:~Linfs‘Qlﬂ
'sOther lows ylelded values ranglng from 3 to 6% of the to»al mass transfer AR

*Tnese values are well w1th1n the accuracy of the experlmental results.;l;',itji“_

- mass transfer durlng drop formatlon 1s negllglble.. Another pos31ble _;jjifiufl
':.source of "end effect” 1s that due bO solublllty of a1r before droo
' formatloa The degassed 011 1s exposed to a1r whlle 1n the reserv01r.:i:;]f" e

‘ﬂAlr 1s absorbed by the 011 malnly by dlffu31on

s

i

. | s o R _
.Popov1ch et_alu,,_ln.tnelr study OL mass transler bO droos durlnrr

C after rormatlon;’ '
= : — .,

s

't‘ = l/n =6 sec: o
= 6.48x107 5 o

o
Doy
Lo

4_2;4X1076 cm /sec'.

c 1_8 ( 4&%?"».-""‘.')1/3(2 Lp><10 ><6>l/?
Cs’ _7_ 5>{6;l,+8 1‘o'f5” -7 T

The total mass transler observed for the above condltlon for tne lowest

e
I S Y 5 ' w;

s

.}

'hence the conclus1on is reached that w1th1n experlmental accuracy the o

i
<

x‘

' Air_is less soluble_than'




T e sver Ao g

‘flh7_l

é ' carbon dioxide in hydrocarbons. It is therefore reasonable to expect
, : { : g : l . _

(Y

!

i : ) N ’ - . . . 3 “ . - - - .', ’

; : - that air is less soluble in white oil as well since wnlle oil is a
|

mixture of hydrocarbons. . The dlf“us1v1uy of carbon dioxide in vhvte 011

i . - . 7 . . ~
i o -5 2 '
! : o is 3X10 ~ em /sec, Therefore the dlffu31on_process,1s slow and hence

5 . ~ mass transfer is small.
! - 'Consideratlon of the.abovevfacts'leads toufhe conclnsion that fhevv
i" - -". combined coalesoence and'initial effects (inclnding the drop-forma+ion
contrlontlon) are small in comparlson to the free laLl elIeCu durlng

% .v ' jlh'e‘- massvtransfer. Hence the 1line result ing in the plop of In[i- (D/P ) 1

as a function of column length should 1 pass through the point (O,l).

This is borne out in Fig. 7.

. v - = : o 2 . '
‘frequency. Figure 8 is a plot of the slope of In [l—(P/PS) ] vs L line-.

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

~-

t

§

i

i

i

; : o Figure 7 also shows that the gas absorbed is a function of drop
! . , . St R .
| ‘ .

!

|

i

=

|

condltlons seems to be uhat the slope is inversely proportional to the
square root of the drop'frequency. . The slopes‘seem relaﬁively lndependent
iof the v1scos1ty uut depend on the drop size. ?(Compe;e No.15 oil
- 0.031 inch wire to No. 15 01l . 0.020 1nch wire.) These observaolons are .

1n1agreement with the model proposed. . Let us take a closer look at the

I
P

model. - Equation (15) for zero inlet concentration reads;

PP

? 1.p. .‘ | . -- .f :.::.. ; ,l ﬁeXb L‘l_7; (1e .Sj(ﬁﬁ);keLJilp pr " g (lési

L . ' _s '
| o It is ea31ly shown bhau a plot of In [l (P/P ) ] Vs L would yleld a llne-

'

ipn _ .. with a slope ohat 1s easlly correlaued w1th the follow1nﬁ group'x

ST stope = - R (1 >< >/ G an
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" were observed.

g

'

A look at Tabie II_will show that_the'ratio'q/n is relatively independent

of drop frequency. The sqaare root dependence on the drop 1c‘reqnency lS

observed in. the relation. There is rougnly a first DOWer denenoence on

. the wire size, s. ,The‘variation in visoosity entersumainly in the

diffusivity;'because»diffusivity enters the square root power the slopes
would not be as sensitive to changes in viscosities. All these effects

The group of terms in Eq (17) contawns all the variables Suuoied
in this work. The variables are drop freouency, dlfiuSlVluy (v1a

viscosity), drop size, wire size and columnflength. 'A"plot of

1n [l-(P/PS)Q} as a function of L¥, where

I = . s (l _u)( )1/2

aq/n . S ;
should coalesce all the observed data. Snch a plot appears in Fig. 9.
A1l the points coalesce if the 5% allowed error in the measurements are

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

values of I¥, 5 vertical lines as drawn in Fig. 7 would include these

.points in the straight line drawn.. A.theoretical line is also shown

N .

in i_g S. ,Comparison of the two lines indioates'ﬁhat the‘ecéual mass

transier 1s greater by a factor . of approx1mately l 5 Recall that thei

S 2
model proposed assumes complete c1rculation. Galderbank and Korchinski 2

s

have shown that for a case of compleue 01rculation in drops the mass uransfer

is greater by a factor of 1. 5 in comparison to mass trans?er in rigid

drops. They have 1ncluaeo tnis effect in tne form of an efiective

i
7

diffusivity that_is 2.25 times the‘molecular ffu31v1ty An equaily

t

orobuole eyplanation for the 1ncrease in mass tnansfer cen be deriVed by

i
. L -

-

noting the area term for mass‘transfer.: The aroa uern us ¢d 1s. the area'
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e

as seen My a penetretion theory. Because of circulation inside the drops
there is effectirely‘an increese'in“tne area into,which mass transfer
occurs.. If an effective area Jcs:uSed;'the two lines can be ma&e o
'coincider\ Both these reasons could:individuallyvand collectiveiy-accoun“
ffor the observed.greater_massltransfer,- The oonclusion‘that cen be drawn

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

X

transfer--to the fllm and drop, from the film to the circulating tor1

and the mass carried out by the_tori—-is applicable to‘this study.

.
v

The experimental data‘indicetesvthat_for a given wire size and 6il
the velocity of the;drop is approximatei& independent_of the drop 
‘frequency. The product of the'viscosity'and velocity\is also a constant.
for-e giuen‘wire (and hence drop) size. The volume of the.drop‘is equal -
to the rates-of the flow rate and'drop frequency and depends_only.onvthé
.'wire size. All these observetions are in agreement with-theoreticel

v

preq1ctlons. (See Table II.) . -

There are few nmajor sources of error in thls study . First,  the
»temperature was between 2L-26° C. No special equipment,'such es‘a'constant

temperature b&bh was used to achleve bhlS. The room temperature rcmalncd

‘

7“betveen 2M and 26°C as seen on tbe thermometer in absorntlon cnamber and
the Van Slyke analysis_chamber..fThe 0il flowing down the coils (see'Fig.Q)'

can.be surrounded’bj a tube throughlwhich a.constant temperature liquid.'
ﬁcan be circulated. ,Similarlv, uhe absorptlon chamber can be Jucke cd and

<

"constant temperature llquld 01rculated in the shell Provisions have

“also been made by, the manufacturers to malntaln the Van Sly e qnalysi'

S .
- ', N

chamber at constant temperature.

.

Tne secona maaor error occurs 1n tne analy51s for the absorbeq carbon

dioxide in the oil camole. The Van Slyke manometric-gas analyzer, although



an excellenu 1r5urame1t for gas analys1s, bas two maJor orawbec\s in ;‘

the adantatlon to thls stuoy ( ) the 01l coats the Wall of tne

absorp ion cbamber ard often- a very tbln fllm remalns on. ube wall . This"

is pa r £4 ularly true for the case for tbe hlg,ertfviSCOsityioildused’

f

~in this study (11) The Van Slyke does not oescrlmlna e betwecn the .T_f
. various gases present in the sample._ I merely glVes a bressure readlng

for all the gases present 1n the sample.v Tnls could be’ a cause of .uij? E

JOv effor 1f the SOlubllluy of gases Other than CO ﬁis large.; Tbe“

‘ alternate method of 002 analys1s is tne tltratlou uechnlque used 1n:*ﬁ'

‘;diffusivity'measurements._ Here tbe 002 in the sample was prec pitatedu“

with Da(OH)E'an the excess Ba(OH)2 was bQCA tltrated with HCl.' Theu'
a M L.
lattcr method has WO drawbacks.w(l) the Ba(OH) should have minimum

[

v, N P
. B

exposure UO aumosonere lest 1t plck up the CO present 1n air and (ii) a’

knowr volume of 01l samole has to be anered 1n the Ba(OH) solutlon.p'<

. Y
A

The latter is dlIflcult to achleve because of the v1scos1ty of the 01ls. R

'iuowever, technlques 01 coalesc1ng the Oll under a: layer of less dense,

1mm1sc1ble lﬂqulds can oernaps be used here.c A syrlrge can be aneCced

v;in_the Ba( d) Work done by the author 1n COQ—H 0 systems has snown “'

2"

that sucn a technlque allows for a ouanultatlve study of the mass’ trausfer._ :

.

The third major erroriis;provided'by"theddiffusivity measurements.ftv"

.
[RE -

The - assumptlon made abouc negllglble convectlve currents does nOb oermlt

a cuantluatlve error treatment Tbe reproduc1blllty of the results, and/-A“

the observed lac& of v1bratlons 1n the thln fllm seem to Justlfy the'

i

assumptlon. Qualita 1vely, the measured values would be greater than the

.

true:v lues because the use of vacuum to remove the CO present above the

01l layer after the desorpulon process could also fa0111tate che removal

e




of some- CO2 from the oil surface. This would ‘indicate a faster desorption

thus giving & higher diffusivity velue.
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tori as well as the film between drops is necessary for a

VI.. .CONCLUSIONS =

R

© A-model that takes into account the mass transfer to the circulating

description

" of the mass transfer for the flow studied here. .~ =

- Thé end effects, i.e. the entrance and‘coalescence‘effec+e are.

I

l’andvqrop ffequency. ‘ForlglvenventfenCé geometryfand_physioal

‘data obtained t 1ls work., S R R

N

neglﬂglble.“v“

Tne slope of uhe llne ln [l (P/P ) ] vs L is 1nversely prooortlonul

to the square root of uhe drop froqucncy The slope is- also

correlated by the group —7—- (14-8/25)(u“) 1/2

J(AZyH2y

mn

The use of the almen51onless column length L* = 573 + 5%

suggested by the “ougn uneory p*onosed coalesces all the experlmenual

'

. ; v

' The volume of the drop is{independent of-the'ﬁiscosity,of the oil’

properties the volumetric flow rate is proportional to.the drop

.

o« .

For a glven drop s1ze and v1scos1uy OI 01l the veloc1by of the

o

drop is 1ndependenu of he drop frequency Furuher tne nroducvva

is an approx1mate constant . ”ﬂ'».f }L B
ot .
: ! L . .
A o P "
. A
. N ) T v
* v t

.

‘frequency. n'_'tfi-f93 h;*I‘ R ;'1¢}.fu T '.'fi e
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‘Teble I. Physical properties’of the oils at 25°C

1

: Symbol _ 'j:f Property'f’m.: . '_I;ia ;Nb.?- o Fo.

No.ib

B (A):‘Catalogue value/

e .‘Densw, enfer’(a) - . 0.870 ' o
"o ; Sar¢ace tens1on, dype/cm (A) 7;¥i35 : f'vﬁ'56
BT ;Visc031ty, po¢se (B) o {;}"[0J5§6'f :»o.716ﬂ;

» P ffCO saturaulon concentratlon, ?.*, 6@457 ] 60.

S cmgdg/l 9 ij (C>
D r'i D1f1u31vlty of COqu_ - ‘,f' 3.9

cm2 6,
— % 10~ (D)
, sec

Wi
N ©

l..J
o
B

(B) MeaSured in Haeke viscometer

]

(C) Measurea in Van Slyke anparauus, in equlllbrlum w1th 002

“1 atm. pressure

:(D>4£Measured invdiffusion cell .

"(E) Interpolated value from measured diffusivities of No.T and No.15 oils

\ sl
" v
o

868

o
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Table II. Calculated and measured results from
. photographs and.flow measurements-

. No.7 oil, 0.051l-inch wire . No.G oil, 0.0531~inch wire
Cn-s . 1 drop/ 2 drops/ -3 drons/ . l,drop/ L2 dropo/ - 2.5 <rop
sec sec sec : sec SoC sec

g x 10° 0.5 . 0.993 1.5 0.528 0.958 - 1.25
e’ [sec ' ' ' . e . o

U,cm/seé “2.02 i  1,87 - 1.88 1.52° 1.57 . 1.69

V=aq/y, 0.556 - 0.L6T . 0.477  0.528  0.L479 . 0.500°
Cen’x108 o : S o o

‘uemfsec  0.161 . 0.165  0.252 0.293 0.221 0.146
2s,em ~ © 0.0787 ..0.0787  0.0787  0.0787  0.0787' " 0.0787
2H,em . 0.206  ,0.192 - 0.191 . = 0.192 0.213 - 0.206

2n,em ‘. 0.108  0.108 ©  0.115 . 0.125 . 0.1I7  0.110

®=h-s, 0.0l 00148  0.0185 . 0.0221 ~ 0.0192 - 0.0156
om L ) . : .

A, om . 2.03 o0.TE3 - 0.%2k 0 L7000 . 0.796 . 0.633

W
0
O
(1
»

DL,cﬁ'xvio 3.8 3520 3}59 W': u.o; .

No. 15 oil, 0.031l-inch wire = . No. 15 oil,
e | e o S 0.020-inch wire
Cn— .1 drop/ . ldrop/ 1 drop/- 1 drop/ 1 drop/ - 1 drop/
6 sec . L sec 2 sec . 'sec 2 sec sec
a'x 105  © 0.108 . 0.168 -~ © 0.268 . 0.500 © 0.611 . ‘1.23
cemdfsec . R - A

. U,cm/sec 10.67o~'n; 0.793  .0.880 ~11V,o;852 'V,,i.9O : .' 2.h7

V=gl . 0.648  0.669 0.554%  0.%00 . 1.22.  1.2%
cmdx10° S ' | LT ,

uem/sec  0.051 | 0.107 . 0.100.- % 0.086 ~ “0.047 - 0.186

2s, cm i 0.0787 0.0787 o.o7a7ffff"; 7 0.0508

o

O

C=3

™.

L=

O

o

\n

O

[80)



n—.

Wo. 15 oil, 0.031-inch wire -

sec

I sec 2 sec

1 drop/ Ty drop/  1 droﬁ/ i 1

drop/ :
_sec )

T

1 drpp/
£ seq .

No. 15 oil, .
0.020-1inch wire

he]

A

dfop/

.....

. 2H,cm  ,..

S Qh,cm'

8=h -85

cm’

Ay cm

D sem x.10

3L

0.188" .°
0.0k

0.0126 -

3.08

0.20k . 0.209 -

_'2;98 ”f;;?l‘72 ”
S339 s

0.115 « 0.11k

0.01835 . 0.0177

0.

0.

o,

3.

102
108

o1kL:

61
08 -

i

0.075

0.0121 .

5.36 1
5.65

Ao}

x

e

LY}
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Table III. Mass-transfer data

() No. 7 oil, 0.03Ll-inch wire; P = 60.57 cm.

1 drop/sec

L (em) P {cm) P/P 1-(?/?@)2
16.0 52.30 0.865 . 0.25%
10.5  §8.91 - 0.807 0.3k
6.0 W3.25  0.71L 0.490 38.66  .0.638 . 0.595
3.0 32.29 0.553. . 0.716. 51.67  0.523  0.726
Slope, et _0.10k -0.082
% drops/sec
L (em) P (cm) P/pP -1_(P/PS)2' :
16.0 b5.15  0.745 . 0.Lb5
-10.5 50.82 ¢ 0.67h - 0.546
6.0 325 - 0.538  0.71L
5.0 25.78  ode6  0.819
-1 g ‘
Slope, cm -0.058



. (b) To. 9 0il, 0.031-inch wire; P_ = 60.5k cx.

1 drop/sec

L {cnm)

P (em) P/Pé

i-(P/PS)Qf :

10.30

55

L3

SLOL - 0.857.

h3.92 75'10.725“~ 
" 3780 o.68h -

. 0.266 o

0.611°

'SFSlope, cﬁ—l‘ 

=0.13h ¢

Ve

2 drops/sec

P (em)  P/P

L (cm)

103
55

5.6

u8.2o‘¢f. .o.7§6

36.91. 0.610

3Lke 7 0.519 o

. 0.628

a2

0.%66 . .

0.T3L .

' 2.5 drops/sec .

P (cm) P/RS

1:(p/e )

1ok 0.678
3305k 0.55h

0.

A

80

10.693

e
o

}—J
[N

: Slope,*cm-l

[

©
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(¢) WNo. 15 o0il, 0.031l~inch wire; P_ = 61.9k
. 7 Q

el

ey

1 dron/6 sec , , ac
L (cn) P (cm) p/p 1(pfp) 2 (on) 2-{2/P )
10.0 - - - 54,05 0.258
6.0 54,46 0.879 0.227 52.6% 0.277
3.0 Lo .ok 0.792 0.37% 435,13 0.516
: -1
Slope, cm ~0.291 -0.190
1 drop/2 sec K drov/se
" s . 2
L (em) P {cm) P/PS l—(P/P“)a P (ecm) P/P_ 1-(P/PS)
10.0 52.86  0.8%% 0.272 L7.27  0.765 0.8
6.0  48.88 = 0.789 0.377 L.72  0.67h 0.5u6
3.0 38.36 0.619 0.617 35.34 0.571 °  0.67h.
Slope, cm. ©=0.151 -0.108



.

-02-

(a) Wo. 15 oil, 0.020-inch wire; P_ = 61.9% cm.

1 drop/2 sec

P (em)  P/P_

.
1-(p/p )"
. bl

. 59;07. 0.651

. 3Lik6 . 0.508

L

52.88 . 0.53L°

602

O

0.8

" 0.857 .

0.7)-‘.2 N

Slope, en”*

-0.039 -

1 grop/sec

L(cm)

P (em) P/

: ,gi15-0

1000

6.0

. 21.20 0.3k

33620 0.5

29091 . 0.k83

56.61 0.591
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FIGURE CAPTIONS

Photographs of moving drops.

‘Geometry of flow of drops travelling on a verticgl.wiye.
.Séhem“tic‘diagram oﬁ éxpefimental\éppafatus;

Van Slyke manometric gas analyzer;

Cell used to measure diffusion coefficient.

Possible streamlingé in a coordinate system moving with. t
wave velocity. \

Gas absorption as a Tunction of column length.
Slope as a function of drop frequenéy.

Overall correlation.
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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.
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