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M A S S  T R A N S F E R  W I T H  GAS D E S O R P T I O N  F R O M  T H E  S U R F A C E  

OF A LIQUID FILM IN T H E  P R E S E N C E  OF A C O C U R R E N T  F L O W  

V. I. Terekhov, V. P. Lcb,tdev, and N. E. Shishkin UDC 532.529:536.24:536.423 

Results of a th.cor~:ti~:al and experimental study o /dynamics  and mass transfer during des- 
orption of a gas from a liquid film in the presence of a coeurrent air flow are presented. The 
calculation modal i.~ basr on solving integral momentum and di~usion relations for the gaseous 
and liquid ph, ase.~. Bolh laminar and turbulent regimes of the film flow are analyzed. The e:c- 
perimental study of 'mass transfer was conducted for carbon dioxide desorption from a water 
film. Criterial rrlatio'n,~ for mass trnnsfer in the gaseous and liquid phases are obtained. The 
experiments showed lhat the heat-transfer coefficients for the case under study are one order 
of maqnitude greal~:r than those for the flow of a smooth film. Possible mechanisms of such an 
appreciable inte'u.s'll/i,:aliou of the liquid-film mass transfer in a cocurrent gas flow are discussed. 

Generation of a (:(,,',trr,~nt gas or vapor flow (or a counterflow) along the gas-liquid interface is an 
effective method of nlass-tr~tns['~r intensification (luring gas absorpt ion or desorption in liquid fihns. This 
l)roblem was experimentally studied in [1-4] for the case of a gravitat ional  fihn flow bo th  for ascending and 
descending motion of the 1)has,~s. Aecor(tillg to the data  el)rained, the influence of a cocurrent  flow on mass 
transfer is rather ('omph,x. F,~r instance, for gas velocities V0 < 5 m/see ,  the cocurrent flow exerts practically 
no effect on ma.ss transli,r, aml the nmss-transfer rate del)ends only on the fihn Reynolds number Re.~. For 
vapor velocities l~b > 10 m/s,,,., the nmss-transfer rate in the fihn increases sharply, and for Res = eonst, a 
linear dependence of the tmLss-transfer coefficient on the gas-flow velocity is observed. This  phenomenon is 
observed both for a ('ocurr(,iLt tl,)w an(l comxterflow of a gas or vapor, and at V0 = 40-50 m/see tile ulass- 
transfer rate increases alm,,st by a factor ()f ten compared to a purely gravitational descending flow of the 

fihn with an identical Reyn()l(ls number. 
An incre~se in the tihn Reynolds number leads to a more pronounced  effect of the cocurrent flow on 

the mass transfer between tim phases. In experiments of Nikolaev et al. [3], it was found tha t  the mean rate 
of mass transfer increases with decreasing length of the surface along which the liquid film flows down. In this 
case, tile dynamic and dil[usi~mal boundary l~\w~rs become thimmr, which intensifies the dynamic interaction 
between the phrases le~uling t.(, an enhanced conw~ctive mass transfer in tim g~seous and especially in the 

liquid phases. 
More detailed mmmri(,al sinnflations [4-6] and experimental results [3, 4, 71 showed that  the sharp 

increase in tim heat- and tmLss-transfer rate is caused predominantly by a more intense agitat ion of the liquid 
over the fihn thickness due t,) (~rigination of waves of wtrious ampli tudes and frequencies on tile free surface 
of tile fihn. Nmnation of dr()ps and secondary interaction between tile drops captured by tile flow and the 
liquid surNce also exert a c,,rta, in effect on the process. According to [8], under conditions of a drop flow, the 
nmss-transfer coefficients can b(~ three or four times higher than the coefficients for a film flow. 

The problem of mass transfer betw~'en a liquid fihn and a eocurrent  gas flow is a multi-paranmtric 
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one: therefore, to calculate the mass-transfer rate  under such condit ions,  one can use simple models based on 

solving integral relations for momen ta  and diffusion in a gas or liquid. In tim present work, in this s ta tement  
of  the problem, we consider the dynamics and mass transfer during desorption of a poor ly  soluble gas from a 

liquid fihn for laminar and turbulent  regimes of the gas flow. Resul ts  of an experimental  s tudy of desorption 
of carbon dioxide dissolved in water  into a coclrrrent air flow are described. The  main  objective was to 

determine regularities of mass-transfer  variation along the fihn, and  also the mass- t ransfer  coefficients and 

integral para,neters for both  the gaseous and liquid phases. 
1. M o d e l  o f  I n t e r p h a s e  I n t e r a c t i o n  b e t w e e n  a F i l m  a n d  a C o c u r r e n t  G a s  F low.  The scheme 

of the flow under study is shown in Fig. 1. A liquid fihn with a gas dissolved in it is supplied along an infinite 
flat surface and is set into motion by a gas flow through shear stresses. Conditions of equali ty of velocities and 

shear stresses are fulfilled at the interface. We consider a stabilized section of the film flow. Here, the velocity 
profile under conditions of a laminar  flow is linear; under condit ions of a turbulent  flow, it is a selfsi ,nilar  
one and consists of two boundary  layers merging together,  one at  the  interface between the phases and ttm 

other  on the rigid wall [9]. The  film Reynolds number  Res = q/Uliq is assumed to be  constant  over the length 
because the crossflow of the desorbed  gas is weak. Here q = ITVh -= IJ/~S is the volume flow rate of the liquid h 

width of the flow, ~-V = ( i /h )  / W dy'  is the ,nass-mean velocity of the film, tt~ is the velocity through a unit / 0 
of the fihn in the initial section, S is the inlet width of the slot t h rough  which the liquid is supplied, and h 
is the current film thickness. The  velocity W* at the interface be tween the phases and  the fihn thickness h 

depends on the longitudinal coordinate. 
The thickness of the diffusional boundary layer is small compared  to the film thickness (~d << It) due 

to the low diffusivity of poorly soluble gases in water. Natural  condit ions at the interface between the phases 

are the continuity of the crossflow of the substance jw and the interrelat ion of mass  concentrations of tim 

desorbed component  in the liquid and gaseous phases described by Henry ' s  law: 

C* = FL, K*, (1) 

where C* and K* are the mass concentrations of the desorbed gas at  the interface in the liquid and gaseous 
phases ~tnd rk  is Henry's  coefficient (rk = 590 for carbon dioxide dissolved in water  under  normal conditions 

[10]). 
The integral equations of momenta  and diffusion for the b o u n d a r y  layer in the gas phase are [11] 

dRe** _ C / ( 1  - b,) ReL; (2) 
d~ 2 

** Re** d ( A K )  d R e d  + - -  - -  - Std(1 -- bid) ReL. 
d~ A K  d~ 

(3) 
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Here Re** = 5**AV0/u~s ,  Re  d = 0 d AVo/z g&s, and ReL = LAVo/vg~ are  the  Revnohts  n u m b e r s  based on 
tile monlen tun l  and ma,ss th ickness  and  on tile length, respect ively,  Cf/2 is tile friction coefficient at  tile 

interface between tile Dhases. b l  = 2j,,/(poAVoCI) and bid  = j,,/(poAVo St,t) are  the d y n a m i c  and  diffusional 
pe rmeab i l i ty  Imrameters ,  respect ively,  Std = -pD(dK/dy)*/(po&VoAK) is tile mas s - t r an s f e r  coetficient, 

AI{, = ~ - IV* is the  re la t ive  velocity, A K  = K* - A'0 is the  c o n c e n t r a t i o n a t  head,  and  :~ = x/L is tile 

d:.nmnsionless hmgi tudina l  coordina te .  
T h e  integral equa t ions  for the  liquid phase  have a form s imi lar  to  (2) and  (3). 

T h e  conditions a t  the  interface call be  wr i t ten  in tile form 

Vgas lVli q = I I ' *  * = * = "* = "* = ' , rams 7"lk t rw, 3ga~s Jliq" (4) 

Using the  equat ion of conserva t ion  of m~tss at  tile wall, we can rewwite the  last  re la t ion of (4) as 

/ O C \  * 1 ( OK'~ * 1 
- : l - K *  (5) 

The  coordinates  y and  y '  are d i rec ted  from the gas- l iquid  in ter face  in to  the  gaseous a n d  liquid tlhases, 

respect ively  (Fig. 1). 
Since the condit ions C* <<.1 and  K* << 1 are fulfilled dur ing  gas  a b s o r p t i o n  and desorp t ion ,  expression 

(5) can  be  siml)lified to  

Co-C* 
I f*  = 1 /F  + (Std,g~s/Std,liq)2poAVo/(PliqlV *) - Ko. (6) 

The  es t imates  show t h a t  C0 >> C*: hence, during desorp t ion  of p o o r l y  soluble  gases (F >> 1) into an inert  

flow (I t0 "-+ 0), relat ion (6) ~mquires the tbrm 

K* = G) Std'fiqPfiqtV* 
2 Std,gasPo/kVo" (7) 

T h e  concentra t ion  of  the  desorbed  gas K* depends  on tile c o n c e n t r a t i o n  of this gas  dissolved in the  

liquid C0, on the ra t io  of tmuss-transtbr coetficients in the  liquid a n d  gaseous  phases,  and  also on the mass  

velocities of the fihn and  air flow. 
Relat ions (1)-(7)  are  xntlid b o t h  ibr huninar  and tu rbu len t  flows of  the  gas and l iquid phase .  The  flow 

condi t ions  determine the  wd,u~ of  the friction coefficient Cf/2 and  the  hea t - t r ans fe r  coefficient  St,/ which 

enter  Eqs. (2) and (3) and '  also siinilar relat ions ibr tile liquid phase .  
T h e  tur lmlent  reginm of the  coeurrent  gas flow is of  g rea tes t  in te res t  for pract ica l  appl ica t ions .  In this 

s i tuat ion,  the fihn flow m a y  be  e i ther  laminar  or turbulent .  Below, we will s t u d y  these reg imes  separately.  

Turbulent-Laminar Re9ime. An analysis of  expe r imen ta l  d a t a  on  abso rp t i on  and deso rp t ion  of gases 

f rom films [1-5, 7] showed tha t  the  crossflow of subs tance  at  the  in te r face  is weak: hence, its influence on the  
laws of  friction and mass  t rans fe r  nmy be ignored. Consequent ly ,  t i le p e r m e a b i l i t y  p a r a m e t e r s  are close to 

zero (bl = bid ~ 0), and  the  fr ict ion and  nmss- t ransfer  coefficients a re  Cf/Qfo = Std/Std0 ~ 1, where Cfo/2 
and Std0 are the friction a m d  mass - t rans fe r  coefficients under  condi t ions  w i t h o u t  a crossflow of  subs tance  on 

the  surface. Hence, Eqs. (2) and  (3) t rans form into equat ions  t h a t  desc r ibe  friction and  m a s s  t ransfer  in a 
s t anda rd  boundary  layer [11]. T h e n  the relations for calculat ing f r ic t ion  and  m~kss t ransfer  can  be  wri t ten in 

the following form: 
- -  in tile gaseous phase ,  

. --0 o 8 ( . _ o . 6 .  r g ~  = 0.029p0AI,~ ' ReiT. ~ St,z = 0.0362 Re.. "- g,~s , (8) 

- -  in the liquid phase  wi th  allowance for the linear veloci ty profile,  

7 ( dW)* w* _, . iq = - #liq d~./ = #liq h ' Std,li q = 0.332 Re~7,'li q SCli,~/a. (9) 

Here Rez = AVoa',/r,g~ and  R e x , l i  q = l'V*a'/l:li q are the Reynolds  n m n b e r s  b a s ~ l  on tile longi tudinal  coor-  

d ina te  for tile gaseous and  liquid t)hases, respectively, and  Scgas = r'g~/Dgas and  Scli q = Uliq/Dli q are the  
Schmidt  numbers  for ca rbon-d iox ide  diffusion in air and  water ,  respec t ive ly .  
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T h e  self-similar velocity and concentration profiles in the gaseous and liquid phases have the form 

A V  Ix" - K* _ (y],,,  
AV(~ -- IC0 - A'* \ ~ /  , 0 < U < & (10) 

c -  c*  y' 
C o - C *  --2~dd-- \ ~ /  ' O < y ' < a a .  (11) 

h 

T h e  volume flow ra te  of the liquid per unit width of the fihn is given by the relation q = / W dy t 
/ 

o 

- w~s. 

Provided that the cocurrent gas flow is a developed turbulent one (n -- i/7), from relations (8)-(10) 

under  the  assumption tha t  W* << V0, we obtain the equation for the velocity at the interface 

W* = 0.24( Po ") '/2Re~/2Re~-O.l" 
V0 ~ P l i q /  ' 

Accordingly, the expression for the fihn thickness is 
. 2  . 1 / 2  

h 8.3 { PliqVli(------!] Ret~/2Re~-~ 
7. = / 

(12) 

(la) 

Solving the diffusional problem, we obtain the following ext)ression for the mass flux of tile desorbed 

gas on the  fihn surface: 

jw ~ l . v . / P l i q , ~ 3 / . l [  V, li q , ~ i / 2  I / i n  -0 55- ,~ -2/:~ 
. P~'Vo -- o . 1 1 o [ ~ J \  P0 / ',/ - -  l%es" l%e x "' Ol,liq 3eli q . (14) 

Here bl , l i  q = ( C 0  - C * ) / ( 1  - C * )  is the diffusional pernmal)ility paranmter determined for the liquid phase. 
Turbulent Turbulent Regime. Expressions for the velocity, film thickness and mass-trarLsfer coefficients 

can be derived in a nmimer sinfilar to the previous case of the turlmlent-laminar regime if the laws of friction 
and mass transfer and also the velocity and concentration profiles for a turbulent fihn are used instead of 
relations (9) and ( l l ) .  As a result, the formulas for the velocity at the interface, the fihn thickness, and the 
flmx of the desorbed gas across the interface acquire the form 

I~V*/Vo = 2.08(po/Pliq)l/2Rels/SRe;~ h./x = (}.961(Pliqr,~iq/(POUgas))t/2Res/SRe-~ 0"9, (15) 

�9 ,')v. 0.6 9, 0.2 0.1 --0.28 --0.6 jw/(PgasVo) = O.03-o(Pliq/PO) (Uliq/Zgas) Res Rex bl,liq SCli q �9 

I t  follows from relations (12)-(15) tha t  the local characteristics of the fihn in the cocurrent flow depend 
on the Reynolds numbers Res and Re~. In addition, the velocity at the interface depends on the ratio of 
gas and liquid densities, and the fihn thickness and the crossflow of substance depend on the ratio of their 

viscosities. 
T h e  effect of the Reynolds numbers Res and Rez on the ratio of velocities W * / W ,  and the film thickness 

h is i l lustrated in Fig. 2. Curves 1 and 2 show the data for the turbulent- laminar  and turbulent- turbulent  
interactions.  The velocity at the interface between the l)hases (Fig. 2a) was calculated for the ratio of the 
velocities of the fihn and inlet cocurrent air flows tt~/V0 = 0.05. The behavior of the parameters W and 
h is seen to be appreciably different for the two flow regimes. Moreover, as follows from Fig. 2a, wxrying 
the ra t io  of the fihn and air-flow Reynolds mmfl)ers, one can e, ither decrease or increase the w;tocity at the 
interface compared to tim initial fihn velocity I1~. The regime paranmters also exert a sinfilar effect on the 

fihn thickness. 
Figure 2b shows the calculated and experimental [12] mean film thiclmess vs. Re, for the case with a 

cocurrent  gas flow. Good agTeement between the theoretical and experimental data can be noted. The slight 
discrepancy observed may be at tr ibuted to the fact t h a t ,  according to the da ta  of [12], the behavior of the 
film thickness and its wavelike variation depend on the flow regime and injection ratio m = Pliql/Vs/(poVo). 
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2. E x p e r i m e n t a l  S t u d y  o f  M a s s  T r a n s f e r  f r o m  t h e  F i l m  S u r f a c e  in  a C o c u r r e n t  F low.  The 

tests were conducted on a se tup described in detail in [8]. The test channel was the initial section of a tube of 

d iamete r  Do ---- 0.1 Ill and length L - 0.5 m. Distilled water saturated with carbon dioxide was fed to the inlet 
th rough a tangential  slot of height S = 0.5 mm. The  fihn Reynolds number  was R% = 100-150. The  velocity 

of the cocur ren t  air flow was V0 = 25- 45 m/sec,  which provided for a uniform thickness of the fihn along the 
chamml 8eneratr ix .  According to the charts of regimes of two-phase interaction [13, 14], a flow with three- 

dinmnsional  waves on the surface corresponds to these conditions: for velocities V0 > 30 m/see,  entrainment 

of drops  can  exert  a s trong effect on the flow. The  Reynolds number of the air flow Re0 = VoDo/~o ensured a 
turbulent  flow regime (Reo > 105), and the injection parameter  in the tests was m -- 5-10. Variation of the 

concent ra t ion  of the desorbed gas along tim film was me~ure( t  by sampling the substance with a subsequent 
t i t r inwtr ic  analysis. The  flux of the substance across the interface nmasured in the tests is given by the 

expr(..-,.-:, ,n  
jw = q A C /  A:r, 

where A C  = Gin - Cx is the difference between the wflues of the COo. concentrat ion averaged over the cross- 

sectional a rea  of the fihn "at the channel inlet and in the current (:ross section: the values of the crossflow 

averaged over  the current coordinate  were (letermined in the experiments. The  concentration of the dissolved 
gas at  the  ou te r  boundary  of the difft~ional layer was deternfined from the mean wflue of carbon-dioxide 

concent ra t ion  measured in the section raider consideration and from the calculated thickness of the diffusional 

bounda ry  layer according to the procedure descril)ed in [15]. 
Var ia t ion  of mass concentrat ions of the gas dissolved in the fihn and of the crossflow of substance at 

the in terface  is shown in Fig. 3a. The greatest changes in the concentration and, hence, in the mass flux are 

observed a t  the initial section of the fihn. The experimental  values of the relative mass fltLX (Fig. 3b) obtained 
for var ious flow conditions show a tendency toward generalization. Simultaneously, the flux of the desorbed 

g~s is smal l  [j~,,/(poVo) "" 10-5]: hence, its influence on tlm laws of fi'iction and mass transfer nmv be ignored. 

Curves 1 and  2 in Fig. 3b show the calculated fluxes of substance across the interfime between the phrases 

for the turbulent- lanf inar  and turbulent - turbulent  flow regimes, respectively. The  calculations were carried 
out tbr the  exper imental  mean  inlet concentration of tile dissolved gas Cin ----- 8 .5  " 1 0 - 1 .  For convenience of 

compar ison ,  tile cah:ulated and exl)erimental vahms of j,,,/(poVo) are shown in different scales (left, and right 

scales, rest)ectively). The  nota t ion  of the points here is the same as in Fig. 33. 
I t  follows from Fig. 3b tha t  the difference l)etween the experimental  and calculated wdues for the 

t u rbu l en t - t u rbu l en t  regime is about  oIm order of magnitude, and for the turbulent- laminar  flow this difference 

is even grea ter .  
At  t im next stage, we performed a criterial treatnmnt of the experimental  results. Tile mass-transfer 

coefficients were determined for the liquid and gaseous phases individually: 
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Stli q = 2.jw/(PliqtV*bl,liq), Stg~ = j,,/(poVob|,gas ). 

Here bl,li q --- (C0 - C*)/(1 - C*) and bl,g~ -- (K* - I(1))/(1 - IC*) are the I)ermeability parameters. Under 
tile assumption adopted above, we have bl,li q ~ Co and bl,g~ ~ I (* ,  

Tim experimental  wfltm of the mass thickness wr also de te rmined  for each phase separately. From tile 

integral diffusional relation (3) for the g,'kseous phase,  it follows tha t  
x 

Rey = 1 / j 
#oh'-"--"; ,~ ., d:r. 

0 

Tile diffusion equation for the gas dissolved in the  liquid has a s imilar  form. 

The  experimental  da ta  on the diffusional Stanton numbers  for tile g~s and liquid boundary layers 
(open and filled points, respectively) are strewn in Fig. -la. The  no ta t ion  of tile points here corresponds to the 

regime parameters  in Fig. 3. In spite of the considerable scat ter  of  experimental  data,  it can be concluded 
that  they correspond to a turbulent flow regime characterized by the  correlation dependence 

Std = 0.36 Rex~176 (16) 

Tile turbulent  character of m~ss transfer is more  clearly confirmed by the (lata in Fig. 4b. which shows the 
exl)erimental del)endence of the Reynolds number  based on the mass  thickness on Re~,. This det)endence is 

described by the emI)irical fbrmula 

Re** = 0.41 Re. ~  Sc ~ (17) 

Here the power exponent at the Reynolds number  Rex corresponds to the turbulent taw of mass transfer 

(n = 0 .s ) .  
I t  should be noted that ,  despite the considerable difference of  the diffusivities of CO2 in liquid and 

air (Sc = 670 and 0.93, respectively), the exper imenta l  points in Fig. 4 for the mass transfer in tile film and 
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air boundary layer are described by a universal dependence due to the contimfity of the mass flux of the 
desorbed gas at the interface between the phases. The difference in diffusional resistances in the gaseous and 
liquid i)hases is determined by Schmidt numl)ers. 

A comI)arison of the experimental correlations (16) and (17) with the laws of heat and mass transfer in 
a turt)ulent boundary h\ver on a smooth impermeable wall [11] shows tha t  the rate of mass transfer from the 
fihn surface is an order of magnitude greater than  under standard conditions. This is confirmed hy numerical 
and experimental data  slmwn in Fig. 3b. Such an intense nmss transfer is primarily caused by the wavy 
character of the fihn flow, and the mass transfer in a fihn flowing downward cocurrently with a gas flow 
is more intense than in a gravitational turbulent fihn [7]. The enhanced mass transfer nmy be caused by 
emulsification of liquid fihns observed experimentally [16] and by entrainment  of drops from the fihn surface 
[1, 3-5, 12, 13], which, however, requires fiirther studies. 

The authors are grateful to Dr. S. V. Alekseeitko for fruitfifl discussions. 
This work was sui)l)orted in part by the Russian Foundation for Fundamental Research (Grant No. 

98-02-178980). 
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