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Abstract-The problem considered is to determine the rate of absorbtion in laminar liquid films for the case 
of first order chemical reactions taking place in the film. The high reaction rate is the reason for the formation 
of a very thin concentration boundary layer and hence high concentration gradients. This is equivalent to an 
additional momentum transfer and the corresponding secondary flow results in non-linear effects in the 
convective mass transfer. This problem has been solved supposing that the film thickness is much smaller 

than the length of the film, non-linear effects ha&g been accounted for. 

NOMENCLATURE 

molar concentration of the absorbed sub- 
stance in the film; 
molar concentration of the absorbent ; 
dimensionless concentration ; 
diffusivity ; 
Dammkohler number; 
Fourier number; 
Froude number ; 
gravitational constant ; 
film thickness ; 

Y. transverse coordinate ; 
Y, dimensionless ‘transverse coordinate. 

initial film thickness; 
dimensionless film thickness ; 
total flux of the absorbed substance 
through the interface ; 
diffusion flux of the absorbed substance; 
rate of mass transfer ; 
rate constant of chemical reaction ; 
molecular mass of the absorbed substance ; 
molecular mass of the absorbent ; 
unit vector normal to the film surface; 
pressure ; 
initial pressure; 
dimensionless pressure ; 
initial liquid flow rate of the film; 
Reynolds number ; 
x-component of the velocity; 
initial velocity; 
characteristic velocity ; 
velocity of the infinitely long film; 
X-component of the dimensionless 
velocity ; 
y-component of the velocity ; 
Y-component of the dimensionless 
velocity ; 
statistically averaged velocity vector of the 
substance transferred ; 
barocentric velocity vector of the pure 
absorbent; 

barocentric velocity vector of the liquid 
(solvent included); 
Weber number; 
longitudinal coordinate; 
dimensionless longitudinal coordinate ; 

Greek symbols 

a, relative density difference; 

B, mass transfer coefficient accounting for 
non-linear effects; 

B 0, mass transfer coefficient, not accounting for 
non-linear effects; 

I:, co, small parameters; 

P3 dynamic viscosity ; 

B 
kinematic viscosity; 

concentration boundary layer thickness; 

:: Qo, 

density; 
small parameters ; 

‘13 dimensionless variable. 

Superscripts 
* quantities at the film surface; 
, II 
1 9 ordinary functions derivatives. 

I. INTRODUCTION 

ONE OF the basic methods for intensification of the 
industrial absorption processes is the creating of high 
concentration gradients. Usually, this is realized by 

means of absorbents, that include a component which 
reacts chemically with the absorbed gas. Thus the 
thickness of the concentration boundary layer in the 
liquid phase is strongly reduced and a high con- 
centration gradient is obtained which controls 

interphase mass transfer. So the particles which are 
exchanged between the phases (transfer linear momen- 
tum) induce additional motion inside the phase which 

is perpendicular to the interface and co-linear to the 
mass transfer direction. As a result the mass transfer in 

the liquid phase influences its flow ; the velocity distri- 
bution depends upon the concentration of the absor- 
bed substance. Thus the convective diffusion equation 
is no longer linear. In what follows this effect will be 
referred to as a non-linear effect of the first kind. 

The considerable variations of the concentration of 
the absorbed substance in the liquid phase induces 
changes of the parameters of the absorbent, in parti- 
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cular its density,viscosity and diffusivity, which depend 
upon its concentration. In this way additional non- 
linear effects arise in hydrodynamics and mass transfer 
in the liquid phase; these will be referred to as non- 

linear effects of the second kind. 
The theory of transfer processes in systems of 

intensive mass transfer has been subject to numerous 
investigations for the case of mass transfer in 

solidMiquid systems [ 11. They are associated with the 
intensification of industrial electrochemical processes 

and the solution of problems in the field of elec- 

trochemical formation and the accuracy of electro- 
chemical machining [2]. 

Absorption in the presence of high concentration 
gradients has not been studied very intensively [3). 
Thus, the theoretical investigation of the kinetics of the 
mass transfer in the liquid phase for the case of 
absorbtion of gases in laminar liquid films in the 
presence of fast chemical reaction in the liquid is of 
considerable interest. This will be the subject of the 

present paper. 

2. CONVECTIVE MASS TRANSFER IN A FALLING 

FILM IN THE PRESENCE OF HIGH CONCENTRATION 

GRADIENTS 

The mathematical model ofconvective mass transfer 
in a falling film comprises a system of five partial 

differential equations for the components of the vel- 
ocity, the pressure, the concentration and the thick- 

ness of the film: 

I+$+ $1 

?v (1 

(1) 

(2) 

(3) 

(4) 

(5) 

defined in a coordinate system, where the x-axis 
coincides with the wall and the y-axis is directed 
into the film. 

tit is proposed that the rate of absorption is limited by the 
liquid phase mass transfer. 

In equations (1) and (5) the density, viscosity and 
diffusivity depend upon the concentration of the 
diffusing substance. This is why three more equations 
are necessary where the latter can be represented by 
means of their values for the pure absorbent, pO, ,LL,,, D,, 
multiplied by correction factors p,, pl, D,, depending 
upon the coordinates : 

P = POP13 (6) 

P = POPl> (7) 

D = DOD,. (8) 

The boundary conditions for equation (1) and (5), 
have the form 

x = 0, u = uo, L: = 0, p = po, 11 = h,, c = 0; (9) 

x + %L, u = u,(y), L’= 0, c = c*; (10) 

? 
y=o,u=Q!=o,~=o; 

i’y 
(11) 

y = 11, c = c* ; (12) 

1 +h” Su 
p*+2/l-- - 

1-P dx ?=h+ 0 

ah” 

(1 + h’2)3:2 
= 0; (13) 

Equations (13) and (14) express the absence of 

hydrodynamic influence on the gas phase?. High 
concentration gradients influence on the hydrody- 
namics is accounted for by means of equation (15), the 
derivation of which is presented in what follows. 

The diffusion flux of the transferred substance in 
each space position of the liquid film can be expressed 
[l] through the statistically averaged velocity of the 
particles (molecules, atoms, ions) motion of the trans- 
ferred substance v and the barocentricvelocity v1 of the 
liquid mixture as a whole: 

j = .//c(v - vI). (16) 

v1 satisifies the equations of hydrodynamics and is 
connected with the velocities of the absorbent’s 
components : 

pv, = N,c,v, + r Ncv, (17) 

where p is the total density of the absorbent : 

p = ~ttfOCO + _‘HC = po + .dYc. (18) 

The projection of the vector equation (17) along the 
normal of the film’s surface for y = h yields: 

p*(v:, n) = f%!c*(v*, n) (19) 

and having in mind that the film’s surface is imperme- 
able for the molecules of the absorbent 

(v& n) = 0. (20) 
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In equations (19) and (20) and in what follows the 
expressions in brackets define the scalar product of 
two vectors. From equation (19)it follows that the flow 
of the absorbed substance through the interface has 
both diffusive and convective components: 

where a/&t is the derivative along the normal of the 
film’s surface. 

The diffusive component in equation (21) can be 
expressed in terms of the projection of equation (16) 
along the normal of the film’s surface at y = h: 

(j*, n)= - .&‘D f _ 
0 

= . #c*(v*, n) - .Ic*(vf, n) 
xp* V*-H’U+ 

1+ - 
$2 7-h (22) 

f 
o poJtf + C2H'21‘fX= 

i 

~'G-JdY;()1) 

Equations (19), (21) and (22) yield : X=0, U=l, V=O, P=po/p,u& H=l, C=O; 

I =p* 
- h”4* + t?* .dDp* 

=- 
JCl + h’? PO 

(32) 

X-r’~,U=u,(h,Y)/u,,V=O,C=l; (33) 

Y=o.u=o;v=o,~=o; (34) 

Y=H,C=l; (35) 
whence equation (15) follows directly. 

The simultaneous solution of equations (13) and 
(15) enables the mass transfer rate in the liquid film to 
be determined : 

1 ’ 
J = jL&‘c* = - - 

s 1 0 
I dx, (24) 

where the mass transfer coeMicient is defined as 

PM, H) -t 
2sP, 1 + sW au 

-(-> Re 1 - g2H12 dx Y=H 

dV 
&= - ( ! ax ) 

E2H” 
+ 

We( 1 + c’H”)~” 
=o; 

_ 

/j = -!L 
s 
’ p* ;;I**+;zj dx. 

l.Ac* 0 

(25) The order of the separate effects, present in equa- 

(36) 

=o: 

(37) 

tions (1) and (15), can be found after introducing-the 
following dimensionless quantities: = &(I’* - H’U*). (38) 

1 

x = IX, y = h,Y. u = uoU, L’ = m,V, 

p = p&P, h = h,H, c = c*C, E = ho/l, 

u h PO Re=-O” 4 pohou,: -, Fr=--, We=-------, (26) 

PO &o u 

F0=%, Da& 
Ate* P*-PO 

~=--=:--. 

00 uo PO PO 

Thus, the system (1) and (15) takes the form : 

From equations (27) and (38) it can be concluded 
that high concentration gradients cause non-linear 
effects of the first and second kind. The first kind effect 
is determined by the additional flow, accounted by 
equation (38). The second kind effects arise because of 
the variabte physico~hemical properties of liquid of 
the film. 

3. APPROXEMATIONS FOR THE FILM FLOW 

For most practical applications of absorbtion in a 
falling film, the length of the film is much larger than its 
thickness 

E<C 1. (39) 

This fact enables equations (27) and (38) to be solved 
for the zeroth approximation with respect to c. 

For cases when high concentration gradients are 
generated as a consequence of a volumetric chemical 
reaction in the liquid of the film the second kind non- 
linear effects can be neglected by comparison with the 
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first kind ones. The reason for this is the fact that the x = IX, y = h - 6~ c = c*C, h = h,H, 
concentration gradients are high mostly because the 
concentration boundary layer is very thin. That is, the U,h, 
transverse changes of the concentration in the con- 

o+L& (46) 

0 J 
;_ (I()= -, ue=$. 

centration boundary layer do not require its account- 
1JkD 

ing for in the physico-chemical properties of the In this way equation (41) take the form: 
absorbent. From equations (6) (18) and (26) it is seen 
that pi = 1 + G~C. From practical considerations pi 
= 1 as far as usually c( 5 lo-’ even at high pressures. 

Ml,(H2 - 02$)~ + &,(2H*H’ - 28HH’v) 

Compared to the specific density, the viscosity and 
diffusivity depend more weakly upon the concen- x g = $ - C; (47) 

tration and therefore n, = 1, D, = 1. 
Keeping in mind the considerations mentioned x=o,c=o;~=o,c=1;n+-/_,c=o. 

above, the problem, equations (1) and (15); equations 
(27) and (38), respectively ; will be solved for the zeroth 

Introducing equation (46) into equation (42) yields 

approximation in i:; that is, accounting for the primary 
effects due to the high concentration gradients. Thus, 
equations (1) and (15) lead to three coupled boundary 

8C 

-co Y!$ ,I=0 ! 1 
= 2H*H’, (48) 

value problems for the components of the velocity, the therefore mass transfer will influence the hydrody- 

concentration of the absorbed gas and the film namics when 

thickness : tl kD J 
2% dU c;O 

co = __ > 10-2 
cu, 

(49) 
v,+g=o, z+-t=o; 

+ cy or 

y = 0, n = 0 = 0; y = Qx), $ = 0; (40) cl,,/k > 1, (50) 
OV 

i.e. when k > 104s-i and CL < lo-*. 

4. MASS TRANSFER IN THE PRESENCE OF FAST 
CHEMICAL REACTION 

.u=O,c=O;y=O,k~O. 
Fy ’ 

y=h,c=c”, (41) For the cases when k > lo4 s- ’ it can be shown that 
0 < lo-* which means that the longitudinal con- 

2C 

(> & )‘zh 
_ po (h’u* _ a*); 

vective transfer of substance is negligible compared to 

.t%‘D 
the transverse one and hence the boundary value 

(42) problem equation (47) can be simplified to the zeroth 
x = 0, h = ho. approximation in 0: 

The solution of equation (40) can be obtained directly 
with an accuracy of an arbitrary function h(x): 2Q,H2H&!%C; 

arl all* (51) 

u=;(2hy-y2),I:= -;h’y2. (43) 

Next, it is necessary to obtain the solution of equation 
(41) with the same accuracy h(x). Introducing the 
solutions of equations (40), (41) into equation (42) 
yields a condition for the determination of h(x). To 
solve equation (41) it is necessary to fix the character- 
istic quantities of the process, the most important of 
which is the thickness of the diffusion boundary layer, 
which can be estimated from: 

whence 

a*C 
D- - kc, c - c*, y - 6, 

(7y2 (44) 

(45) 

rJ=o,c=1;~+~,c=o. 

The solution of equation (51) is straightforward: 

x (h - y) (52) I 
Introducing equation (52) in equation (42) yields for 

film thickness : 

Introducing equations (43) and (53) into equation 
(25) enables one to find the mass transfer coefficient : 

Estimation of the separate effects in equation (41) is 
possible after introducing the following dimensionless 
variables and parameters 
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For the case of a fast chemicaf reaction, neglecting 
non-linear effects it was obtained [4] : 

PO = Jw. w 

Equations (54)and (55)render the interesting result: 

B P* 

Bo= z,’ d 
(56) 

which means that the first kind non-linear effects 
depends upon the thermodynamic equilibrium only. 

5. MASS TRANSFER FOR VERY FAST 
CHEMICAL REACTIONS 

For very large values of k(k > lO*s-‘) the para- 
meter 0, in equation (47) becomes small (0, c lo-‘), 
that is, the diffusion boundary layer thickness is very 
small and the molecular transfer is predominant. In 
this case the boundary value problem can be written 
for the zeroth approximation in 0,: 

‘I = 0, c = 1; 113 “L, c = 0. 

The solution of equation (57) is straightforward : 

(58) 

and it enables the thickness of the film and the mass 
transfer coefficient to be found: 

(60) 

which means that the non-linear effects depend again 
upon the thermodynamic equilibrium only, but the 
dependence is stronger : 

P P 
Bo=z 

6. CONCLUSION 

The analysis of the results obtained for the absorb- 
tion kinetics of falling liquid films accompanied by an 
irreversible chemical reaction of the first order yields 
the following important conclusions: 

(a) In the presence of high rate chemical reactions in 
falling films non-linear mass transfer takes place. 

(b) Non-linear effects result in considerable modifi- 
cations in the film flow. 

(c) Mass transfer kinetics is influenced weakly by 
the non-linear effects because in the presence of fast 
chemical reactions the mass transfer coefficients do not 
depend upon hydrodynamics. The weak effects are the 
result of the modified interface. 
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TRANSFER DE MASSES NON-LINEAIR~ DANS UN FILM LIQUIDE COULANT 

R&urn&On a discuti le probleme de la determination de la vitesse ~absorption dans un film tiquide 
laminaire dans les cas de reaction chimique de premier ordre dans le volume du film. La grande vitesse de la 
reaction est cause de ~amincis~ment de la couche frontierece qui mene a la formation d’un grand gradient de 
concentration. Cela est equivalent au transfer d’impulse et le courant additional mdne ti des effects dans le 
transfer de masses convectif. Le probleme est resolu en admet tant que l’ipaisseur du film est beaucoup plus 

petite que sa longueur et en rendant compte des effects non-linhires. 

NICHTLINEAR~ MASSENUBERTRAGUNG IN EINER FLIESSENDEN 
FLUSSIGKEITSSCHICHT 

Zusammenfassung-Es wird die Aufgabe zur Bestimmung der absorptionsgeschwindigkeit in einer 
laminaren Flussigkeitsschicht unter Auftraten einer chemischen Reaktion erster Ordnung betrachtet. Die 
grosse Reaktionsgeschwindigkeit fiihrt zur Verringerung der Starke der Diffusionsgrenzschicht, was die 
Bildung eines hohen Konzentrationsgradienten bedingt. Dieses ist Bquivalent der fmpulsubertragung. Die 
zusatzliche Stromung ftihrt zu nichtlinearen Effekten in der konvektiven Masseniibertragung. 

Die Aufgabe wird mit der Bedingung gel&t, dass die Stlrke der Flussigkeitsschicht urn vieles geringer ist 
als ihre Lange und unter Beriicksichtigung dieser nichtlinearen Effekte. 
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HEJIMHEfiHblfi MACCOnEPEHOC B CTEKAIouMX LJIEHKAX 

AwoTauna -~ PelueHa 3anaqa o CKOPOCTH a6cop6um nabtmapHoR nneHKoii np&f npoTeKaHee B ~HD.- 

KOCTll XI(MASeCKO~ peaKum nepeoro nopanra. M3-3a 6onbruofi CKOpOCTH peaKwu H COOTBeTCTB,'- 
H3u(eL-0 YTOHbllleHHR iW#$Y3HOHHO~O “OrpaHH’lHOrO CJIOR BO3HI1KaCT 6onbmoti rpW&fCHT KOHUeHTPd- 

UAH. 3TO SKBHBWI‘ZHTHO nOnOJ,HHTcJlbHOMy rlepeHOCy IcM"yJlbCa, nOllBneHAK) BTOpHqHbIX Te',eHlii H 

HenltHefiHblX 3++eKlOB B KOHBeKTMBHOM MaCCOnepeHOCe. 3aEWi peL"aeTCfl C y',eTOM HenHHetiHblX 

x$+eKToB B npem~onoxem5i,wo Tonumsa nneHKH H~MHO~O MeHbue ee,mmbl. 


