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Abstract-A theoretical analysis of transient combined heat and mass transfer processes that occur m 
liquid desiccant film absorption is presented. Analytical expressions are derived for the tem~r~tturc and 
concentration in a stagnant film of finite depth. Comparison with experimental data allows the deter- 
mination of the effective Lewis number. Using the analytical expressions, the transient variation of the 
heat and mass rates and the transient dependence of the dimensionless average temperature with Lewis 

number and the dimensionless enthalpy of absorption are presented. 

1. INTRODUCTION 

GAS AND vapor absorption occurs in many chemical 

and energy systems. In particular, absorption heating 
and cooling systems have received a lot of interest 
because they can be powered by solar energy or by a 
low temperature waste heat source. Numerous studies 
have been done simulating and optimizing absorption 
systems. However, much less attention has been given 
to understanding the absorption mechanisms despite 
the important effect of the heat and mass transfer rates 
on the performance of absorption systems. 

Grossman [l] reviewed the state of knowledge on 
film absorption. Additional studies on absorption 
heat and mass transfer are given in refs. [2-81. Le Goff 
of ul. [3] presented the results of a numerical study of 
an absorbing film falling along an adiabatic wail. The 
same authors [4] developed an approximate solution 
and compared it to their more rigorous numerical 
results [3]. Kashiwagi et al. IS] used a holographic 
interferometer to experimentally study the unsteady 
heat and mass transfer processes in a stagnant layer 
of an aqueous lithium bromide (LiBr) solution 
absorbing water vapor. In their experiment they had 
a stagnant film of liquid initially at a temperature 
T,) and concentration CO which was suddenly put in 
contact with the gas phase absorbate which was at 
a constant pressure different from the equilibrium 
pressure at (TO, CO). By comparing the numerical 
results, obtained by solving the combined heat and 
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mass transfer equations, with experimental protilcs ot 
temperature and concentration, they determined an 
effective Lewis number. Experiments conducted by 
Zawacki PI al. [6] investigated the absorption of aque- 
ous LiBr solutions. They showed that the thickness of 
the liquid desiccant film has an important effect on 
the absorption rate. 

In this paper, a theoretical analysis of the transient, 
coupled heat and mass transfer processes for the basic 
situation described above is presented. Analytical 
expressions for the temperature and concentration 
distributions are then obtained using a Fourier series 
expansion technique. The film depth is taken into 
account and nonhomogeneous boundary conditions 
at the lower surface of the film are considered. In 
addition to its usefulness in a hydrodynamic analysis. 
the sohttion can be adapted to the problem of steady 
absorption by a falling film over a heated plate. such as 
a solar coilector plate. comparison with cxperiment~~i 
data allows an estimation of the effective Lewis num- 
ber and the calculation of the Nusselt and Sherwood 
numbers. 

2. EFFECT OF THE FILM THICKNESS 

2.1. Governing eyuation.r 

We consider the system shown in Fig. 1 neglecting 
heat transfer in the gas phase and the heat of dilution. 
Absorption equilibrium is assumed at the gas-liquid 
interface. The boundary conditions at the lower sur- 
face of the film can be either a specified temperature 
T, or a specified heat flux qs with specified mass flux 
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NOMENCLATURE 

o,, coefficient introduced in equation (5a) Greek symbols 

h,, coefficient introduced in equation (5b) r thermal diffusivity 

C concentration r 

c, liquid desiccant specific heat ;; 
dimensionless position coordinate 
dimcnsionlcss temperature 

D mass diffusivity /I dimensionless enthalpy of absorption 

.;s 

liquid desiccant film thickness 11 eigenvalue 
equilibrium function It liquid desiccant density 

AH specific enthalpy of absorption ? dimensionless time 

11 enthalpy 0 ei~enfunctjon for dimcns~onless 

f, coefficients introduced in equations (Isa) temperature 

and (22a) 11, eigenfunction for dimensionless 

12 coefficients introduced in equations (18a) concentration 

and (22a) 0J dimensionless concentration. 

k thermal conductivity of the desiccant film 
and index for determining the 
cigenvalues Subscripts 

LC Lewis number C equilibrium 

M nondimensional mass transfer flux f fluid or saturated liquid 

P pressure g gas phase 

Q nondimensional heat transfer flux i initial values 

(I hcdt transfer rate Tz index for the eigenvalues and 

Y; differential heat of solution eigenfunction 

I‘ coefficient defined by equation (I 3) 0 initial quantity 

T temperature P particular solution 

t time S surface 

_” position. Hz0 water phase. 

rnp. Therefore the governing equations and boundary ac 
conditions are : p =f&,C,), kfrl- 

i;z :=,) 
=pD 

i-~z_,,(AH): 

Energy equation 
(3) 

c-‘T/& = r i)‘T/t’z2 (14 

Mass equation at I = ii: 

(?C/& = D ~‘C/C?Z’ (lb) T= T, or -kE 

Initial conditions 
22 .__,, 

=q, 

T(z, 0) = To. C’(z. 0) = C,, (2a,b) and _D”” 
(72 ;-_,, 

= in, (4) 

Boundary conditions 

atz=O: where ,& is the equilibrium function and AH is the 

P = constant Vapor Phase (air-absorbate) 

kdr 
ar I I 

=pD$ -(dff) 
r-O z-0 

2-O Air - Absorbent Interface 

Liquid Phase (absorbent) 

z=d 

Fit;. I. Mathematical model for absorption by a film of finite depth. 
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specific enthalpy of absorption. A more convenient 

form of the above equations is obtained by assuming 
that the equilibrium function ,f,, is linearly dependent 

on the concentration and introducing the following 
dimensionless variables : 

where T, and C’, satisfy the equilibrium relations 

/J =./;.,(T,> C,,) =.I&(T,, Cc). (5) 

The dimensionless form of equations (l)-(4) become 

l?Ol?z = PO/Pi? (la*) 

&0/k = L,e c”m/ci<* (lb*) 

at 5 = 0, O(i, 0) = 0, ca(<, 0) = 0 (2a*,b*) 

at<=O, O,+tu, = 1, 
50 

(7i r-0 
= LC’ 1. !!Z 

c’[ I:_ ,) (3*) 

at<= 1, O(l,z) = 0, 

where Le is the Lewis number, i. is the dimensionless 
enthalpy of absorption, and Q and A4 are the dimen- 
sionless heat and mass transfer fluxes defined by : 

at i = 0, w#b(O) -b,,$,,(O) = 0, 

a,,&(O) + Le Ih,$;(O) = 0 ; (7) 

at < = 1, +,I(1) = 0 or 4:(l) = 0, $:(I) = 0. (8) 

The eigenvalues pR are obtained by solving the charac- 
teristic equation derived by equating the discriminant 
of the set of equations, given by equation (7), to zero. 
That is 

Lr J.~,,COM(O) +&,(O)+,,(O) = 0. (9) 

The orthogonality condition, derived using a pro- 
cedure similar to that in ref. [2], gives the following 
condition : 

(10) 

The initial conditions given by equations (2a*,b*) 
become 

(lla) 

(1 lb) 

Using the orthogonality condition given by equation 
( IO) yields 

Le = Dia. ,Z, = H(c,-c’) ; 
C,(Tc- ToI 

q,d Q = - k(T.--Tj and M = _ 
m,d 

c 0 NC, - Co) 
ut7 = 

The dimensionless equations show that the analytical 
solution depends only on the boundary conditions 0, 
or Q and M, the Lewis number and the dimensionless 
cnthalpy of absorption. 

2.2. Method oj’solution 

The linear character of the governing equations 
suggests that analytical methods, such as Fourier ser- 
ies expansion (separation of variables) or Laplace 
transform techniques, could be used. 

To apply the Fourier series expansion method, we 
introduce the expressions : 

0 = O,,(G~)+ i w+,(i) exp C-k%) (5aJ 
,/= 0 

(r) = q,(i, z) - i b,,$,,(i) exp C-&T), (5b) 
,I - 0 

where 0, and wP are particular solutions which satisfy 
the nonhomogeneous boundary conditions. The 
eigenfunctions 4,, and tj. satisfy the differential 
equations 

(12a) 

(12b) 

where 

r = &(0)/$,(O). (13) 

Solving equation (6b) using the boundary condition 
given by equation (8) yields 

!/G,,(i) = COS i,a,(l -;,I. (14) 

Expressions for the characteristic equation and the 
eigenfunctions are derived in the two cases of spccificd 
temperature and specified heat flux. 

2.2.1. Specjfied wall temperuture. Solving equation 

(6a) using the constant temperature boundary con- 
dition, given by equation (8). yields 

&K) = sin [P,,(I -01. (15) 

Therefore equation (9) becomes 

(1 +IJLe) cos {p,[(l/JLe)+ I]) 

+(1-IJLe)cos {pL,[(l/JLe)-I]} =O. (16) 

and the homogeneous boundary conditions, Solutions to this characteristic equation can be easily 
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found in some particular cases. For k = 0, 1, 2,. . . 
and for IL,, positive, we have 

Lc = I. & = +1/2cos-’ 

i& = 1. 

id’ Lc >> I . p,, = { kn, krcJLe) 

The particular solutions 0, and or are given by 

0, = tI,+i*Le*M({--1) (17a) 

(0,’ = 1 -o,+1: Le*M+MS (17bl 

and the coefficients a,, and h,, are given by 

whcrc 

2.22. Spw~fied wull heat,flu.x. Solving equation (6a) 
using the specified flux boundary condition, given by 

equation (a), yields 

&fi”) = cos [&*(I -01. (19) 

Therefore equation (9) becomes 

ti +/.JLe) sin &,[I/JLe+ 1]} 

-(l -iJLe) sin j,~~L,[l/~-- 11) = 0. (20) 

Soluttons to this characteristic equation can be easily 
found in some particular cases. For k = 0, I, 2,. . . 
and for I(,$ positive, we have 

Lc = 1) knJ2 

The particular solutions for nondimensional tem- 
perature and concentration, 0, and wr, are given by 

/j 
P 

(5, T) = CCSI i Le w __---- {t+i[(W)- Il,+Qi @la) 
Ifi 

qdi, z) 

= I- “,“$F {s+([/Le)[(1/2)- I]j+Mi 

@lb) 

and the coefficients a,, and h, are given by 

where 

(22a) 

I 

I 
= Q-i Le M -( 1 - cos p,, 

1 +A. 7 Qt 

i 

-!&cos (p”/JG) - sin (~,,,/JG) 
Q-ALeM JLe 

-___- 
(1 +3&e 

(i&/L4 3 

1 

and 

1 -cos (p,,,!jG) M + -________. 
dlLe 

b,t = 
cos CL, 

cos f&&) #‘ 
(22b) 

The first eigcnvaiue is 0 and the corresponding 
coefficients are 

b. = ao. 

(23a) 

(23b) 

3. COMPARISON WITH EXPERIMENTAL DATA 

Kashiwagi et rd. [5] studied the absorption of water 
vapor by aqueous solutions of LiBr using combined 
holography and thermometry techniques. Their 
experimental set-up is similar to the basic system 
shown in Fig. 1. Their data were obtained for the 
following conditions : ambient temperature, 7’,,. of 
2O’C ; initial concentration, C,, of 50% ; vapor pres- 

sure. p, of 2.38 kPa; and thermal diffusivity 
ct = 1.40x IO-’ m’ s- ‘. The equilibrium relation for 
LiBr-water absorption is derived using the graphical 
data of ref. [7] and is written in the form 

T(C) = - 161.1 *C+ 124.16 (p = 2.38 kPa). (24) 
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Additional physical properties of LiBr solutions are 

given in ref. [S]. In particular, the heat of absorption 
can be calculated from the differential heat of solution 
q& defined in ref. [S] by 

cl:i = &I+ -hC”>or (25) 

where hH + is the enthalpy of water in the LiBr solu- 

tion and &,o is the enthalpy of pure liquid water at 

the same temperature. For the conditions mentioned 
above we take 

AH = &,,<> -!I,,+ = 2306.9 kJ kg- ’ (26) 

which leads to i, = 6.8. 
The profile of the measured dimensionless tem- 

perature when plotted vs [/(2J5) is well represented 
by an error function expression as predicted by the 
theory. Figure 2 shows that for I% = 0.015, the pre- 

sent solution given by equation (Sa) agrees well with 
the experimental data of Kaskiwagi et al., who also 
predicted the same value of Le using a numerical 
approach. The small deviation from the theory can be 
attributed to the dependence of Le on concentration 
as confirmed by the use of solutions with different 
concentrations. Also, the time variation of the inter- 
face temperature, especially at small values of time, 
which contradicts the theory, may be due to the fact 
that the assumption of equilibrium is not valid at the 
beginning of absorption, or to a probable decrease of 
the vapor pressure below the gas phase pressure near 
the interface when the absorption process begins. 

Table I gives the first 20 eigenvalues for Le = 0.015 
and 1 = 6.8. The coefficients a,, and b,, are also pre- 
sented for the case of homogeneous boundary con- 
ditions. Typical profiles of the temperature and con- 

\ *i 

0.0 05 1.0 1.5 2.0 2.5 3.0 

FIG. 2. Determination of the effective Lewis number by 
comparison with experimental results of ref. [5]. 

centration are shown in Figs. 3(a) and (b). For small 
times, the effect of the lower boundary is not felt and 
the profiles approach the analytical solution for a 
semi-infinite medium. In the case of an isothermal 
wall, the average temperature reaches a maximum 
value before decreasing to zero. In the case of an 
insulated wall, O,, increases steadily towards the 
asymptotic value n/(n+ 1). The variations of the heat 
and mass fluxes with time at the interface are shown 
in Figs. 4(a) and (b). We notice very sharp gradients 
of temperature and concentration at the beginning of 
absorption which decreases very rapidly to zero. The 
effect of Lewis number and the effect of the heat of 
absorption are illustrated in Figs. S(a), (b) and 6(a) 

Table i. First 20 eigenvalues and the corresponding coefficients n, and b, for Lr = 0.015 and 
d = 6.8 

Prescribed temperature Prescribed flux 
~._ 

n il. a, h,, &a % &l 
_... _____.._. 

0 0.17453 I .05341 1.2590 I 0.00000 0.87179 0.87179 
I 0.52239 0.32995 -0.38076 0.33612 -0.24149 0.24723 
2 0.86690 0.16484 0.17944 0.67568 -0.20627 -0.22338 
3 i .20684 0.07211 -0.07410 1.01984 -0.16741 0.19239 
4 1.54313 0.00460 0.00460 1.36750 -0.13410 -0.16001 
5 I .87909 -0.03999 0.04079 I.71654 -0.10733 0.12846 
6 2.21829 -0.061 I5 -0.06588 2.06459 -0.08421 -0.09757 
7 2.56209 -0.06596 0.07547 2.40944 -0.06069 0.0664 I 
8 2.90954 -0.06284 -0.07484 2.74976 -0.03372 -0.03479 
9 3.25856 - 0.05664 0.06786 3.08625 - 0.00459 0.00459 

IO 3.60677 -0.04859 -0.05652 3.42210 0.020 I5 0.02049 
II 3.95196 -0.03780 0.04158 3.76094 0.03503 -0.03755 
12 4.29266 -0.02288 - 0.02370 4.10437 0.04071 0.04638 
13 4.62937 -0.00458 0.00459 4.45158 0.04094 -0.04865 
L4 4.96512 0.01261 0.01278 4.80056 0.03849 0.04617 
15 5.30362 0.02407 -0.02567 5.14894 0.03428 - 0.04002 
I6 5.64667 0.02924 0.03315 5.49444 0.02773 0.03066 
17 5.99364 0.03029 -0.03591 5.83553 0.01774 -0.01846 
18 6.34256 0.02916 0.03500 6.17249 0.00457 0.00458 
19 6.4910s 0.02656 -0.031 t 1 6.50816 -0.00862 0.00872 

~- 
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FIG. 3. (a) Transient profiles of dimensionless temperature and concentration for the case of an insulated 
wall. (b) Transient profiles of dimensionless temperature and concentration for the case of an isothermal wall 

(0, = 0). 
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FIG. 4. (a) Transient profiles of dimensionless heat and mass flux at the interface ([ = 0) for the case of 
an insulated wall. (b) Transient profiles of dimensionless heat and mass flux at the interface (i = 0) for the 

case of an isothermal wall (B, = 0). 
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FIG. 5. (a) Effect of Lewis number on the transient dimensionless average temperature for the case of an 
insulated wall for i, = 6.8. (b) Effect of Lewis number on the transient dimensionless average temperature 

for the case of an isothermal wall (0, = 0) for L = 6.8. 
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FIG. 6. (a) Effect of dimensionless differential heat of absorption on the transient dimensionless average 
temperature for the case of an insulated wall for Le = 0.01. (b) Effect of dimensionless differential heat of 
absorption on the transient dimensionless average temperature for the case of an isothermal wall (0, = 0) for 

Lr = 0.01. 

and (b). respectively. The interface temperature 
changes according to the expressions IJLe! 

(I+ iv&). The maximum average temperature 
increases with LP and with A. The effect of the heat 
of absorption is more pronounced in the case of an 
insulated wall due to the heat removed at the lower 
boundary than in the case of an isothermal wall. Fig- 
ures 7(a) and (b) show the influence of a non- 
homogeneous boundary condition. The prescribed 
flux at the lower boundary causes a decrease in the 
average temperature at small times, due to desorption 
of the solution, before the external heat input domi- 
nates and a linear increase in temperature according 
to the steady state solution, given by equation @I), is 
observed. The profiles of heat and mass flux at the 
interface arc not significantly affected by Q, At small 
times. the temperarurc and concentration gradients 

(a) 

Le=O 015 

h=6.0 Ia=’ 
M=O 0 

I 

I 

I 
--- 

0 

0.0001 0.001 0.01 0 I I 10 100 1000 

Dimensionless Time, r 

remain large and are almost independent of Q before 
decreasing to an asymptotic value determined by the 
steady-state solutions given by equations (?]a) and 
@lb). 

4. CONCLUSIONS 

Transient heat and mass transfer processes that 
occur in film absorption are analyzed. The film thick- 
ness is taken into account and nonhomogeneous 
boundary conditions are used. Analytical expressions 
for the temperature and the concentration are deter- 
mined. Comparison with experimental data gives a 
value of 0.015 for the effective Lewis number in the 
case of absorption of water vapor by a lithium bro- 
midc solution 

Ce=O 015 Q=O.l 
A=6 8 
M=O 0 \ 

\ o=, 0 

- 

00001 0001 0.01 0.1 I 10 100 1000 

Dimensionless Time, T 

FIG. 7. (a) Effect of the imposed heat flux on the transient dimensionless average temperature (M = 0). 
(b) Effect of the imposed heat flux on the transient dimensionless heat flux at the interface (M = 0). 



2IO8 A. WAJJI and W. M. WOKEK 

Acknowledgement-The lead author would like to acknow- I’absorption gasliquide en film ruisselant laminaire, fni. 
ledge the International Foundation of Science (IFS), located .I. Hear Muss Transfer 29, 625-634 C 19X6). 
in Stockholm. Sweden, for its financial support. 5. T. Kashiwaei. Y. Kurosaki and I. Naikai. Heat and mass 

REFERENCES 

diffusion inthe absorption of water vapor by aqueous 
solutions of lithium bromide, Trans. Jnp. Assoc. RefCger- 
uricm 1, 89-98 (1984). 

I. G. Grossman, Heat and mass transfer in lilm absorption. 6 
In Handbook ofHeat and Mass Trcmn.$r, Chapter 6. Gulf, 
Houston, TX (1986). 

2. G. Grossman, Simultaneous heat and mass transfer in 
film absorption under laminar flow, Int. J. Hear MU.Y.S 
Trcinsfer 25, 355-37 I (I 983). 

3. H. Le Golf, A. Ramdane et P. Le Goff. Modelisation des 7 
transfers couples de chaleur et de masse darts i’absorption 
gaz -1iquide en him ruisselant laminaire, Inf. J. Hear Muss 
Trun.s/@r 28,2005-2017 (1985). 8 

4. H. Le Golf. A. Ramdane et P. Le Golf, Un model simple 
de la penetration couplee de chaleur et de masse dans 

T. Zawacki. R. A. Macriss and W. F. Rush, The effect of 
additives on the level of instability ofgas/liquid interfaces: 
the absorption of water vapor concentrated lithium bro- 
mide solutions in falling film and open-channel absorbers. 
Presented at the 75th Meeting of the A.1.Ch.E.. Detroit, 
MI, 30 June (1973). 
ASHRAE Hundbook ~fFundam,mtcds. p. 17.70. American 
Society of Heating Refrigeration and Air-Conditi(~ning 
Engineers, Atlanta. GA (i985). 
H. Lower, Thermodynamiche und Physikalische Eigen- 
Schaften der wassrigen Lithium-bromid-Losung, Ph.D. 
Thesis. Karlsruhe, West Germany (1960). 

TRANSFERT VARIABLE DE CHALEUR ET DE MASSE DANS L’ABSORPTION EN 
FILM D‘EPAISSEUR FINIE AVEC DES CONDITIONS AUX LIMITES NON HOMOGENES 

HCsum6-On presente une analyse theorique des mecanismes combines de transfert variable de chaleur et 
de masse qui operent dans un film liquide dessiccatif. Des expressions analytiques sont obtenues pour la 
temperature et la concentration dans un film stagnant d’epaisseur finie. Une comparaison avec les donnees 
experimentales permet la d~te~ination du nombre de Lewis effectif. On presente a I’aide d’expressions 
analytiques, la variation dans le temps des flux de chaleur et de masse et la dipendance variable de la 
temperature adimensionnelle moyenne au nombre de Lewis et a l’enthalpie adimensionnelle d’dbsorption. 

TRANSIENTER WARME- UND STOFFTRANSPORT BE1 DER ABSORPTION IN EINEM 
FILM ENDLICHER DICKE MIT NICHTHOMOGENEN RANDBEDINGUNGEN 

Z~ammenfa~ung-Es wird eine theoretische Analyse des transienten gekoppelten Wartne- und Stofftran- 
sports, wie er bei der FiImabsorption in einem fliissigen Trocknungsmittel auftritt, vorgestellt. Fiir die 
Temperatur und Konzentration in einem ruhenden Film endlicher Tiefe werden analytische Ausdriicke 
abgeleitet. Der Vergleich mit experimentellen Daten erlaubt die Bestimmung der effektiven Lewis-Zahl. 
Unter Verwendung der analytischen Ausdriicke wird die transiente Veranderung der W&me- und 
Stoffstrome, die transiente AbhHngigkeit der dimensionslosen Mitteltem~ratur von der Lewis-Zahl sowie 

der dimensionslosen Enthalpie der Absorption vorgestellt. 

HECTA~~OHAPHbI~ TEHJIO- M MACCOnEPEH~ HPM ~Or~O4EH~~ ~~~HKO~ 
KOHEYHOH TOJIIIH4HbI B CJIYqAE HEOAHOPOAHbIX I-PAHHYHbIX YCJIOBMH 

Auuoraum+--AuanwswpyeTcH necraturorrapnbte n3auMocmrsamtbte npoueccbr renno- B Macconepeuoca 
npa nornomexww x~asrok nnemcol ocyuwrenr. llonyserrid arra.x~Twvxnie shtpaxceirnn n,nff TeMnepa- 
TypbI u ~O”~e~T~~~~ B He~OAB~~HO~ II,XHKe KOHtXHOii TOn~H~, ‘$aBHeHRe C 3~CRep~MenT~b- 
HbtMii LfaHHbIMR II03BOJUKT OnpeneJtTiTb Z++eKTWBHOe SBCnO BblosCa. B H@JTallllOHapHOM CJtyYae 
npaaonn~ca aHt%JtATA%cKUe ebrpa~eaun mn 83Merietirin cropocrw. Tenno- H Macconepermca, 3anncri- 
MOCTN 6e3pa3Meprioii cpc,nHefi TehmepaTypbt 0T qncna JIbroeca, a Takme nnn 6e3pa3MepHori 3trTanbttmi 


