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Abstract—A theoretical analysis of transient combined heat and mass transfer processes that occur in

fiquid desiccant film absorption is presented. Analytical expressions are derived for the temperature 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 [1] reviewed the state of knowledge on
film absorption. Additional studies on absorption
heat and mass transfer are given in refs. [2-8]. Le Goff
et al. [3] presented the results of a numerical study of
an absorbing film falling along an adiabatic wall. The
same authors [4] developed an approximate solution
and compared it to their more rigorous numerical
results [3]. Kashiwagi ef al. [5] 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 C, which was suddenly put in
contact with the gas phase absorbate which was at
a constant pressure different from the equilibrium
pressure at (T,, Co). By comparing the numerical
results, obtained by solving the combined heat and

1 To whom correspondence should be addressed.

mass transfer equations, with experimental profiles of
temperature and concentration, they determined an
effective Lewis number. Experiments conducted by
Zawacki er al. [6] investigated the absorption of aque-
ous LiBr solutions. They showed that the thickness of
the liguid 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 i1s 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 solution can be adapted to the problem of steady
absorption by a falling film over a heated plate, such as
a solar collector plate. Comparison with experimental
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 equations

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 ¢, with specified mass flux
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NOMENCLATURE

coeflicient introduced in equation (5a)

Greek symbols

coefficient introduced in equation (5b) b1 thermal diffusivity
concentration { dimensionless position coordinate
liquid desiccant specific heat 0 dimensionless temperature
mass diffusivity A dimensionless enthalpy of absorption
liquid desiccant film thickness I eigenvalue

equilibrium {unction p liquid desiccant density

specific enthalpy of absorption T dimensionless time

enthalpy ¢ cigenfunction for dimensionless
coefficients introduced in cquations {18a) temperature

and (22a) W eigenfunction for dimensionless
coeflicients introduced in equations {18a) concentration

and (22a) w dimensionless concentration.
thermal conductivity of the desiccant film

and index for determining the

cigenvalues Subscripts

Lewis number ¢ equilibrium

nondimensional mass transfer flux f fluid or saturated liquid
pressure g gas phase

nondimensional heat transfer flux i initial values

heat transfer rate n index for the eigenvalues and
differential heat of solution eigenfunction

coefficient defined by equation (13) 0 initial quantity

temperature r particular solution

time $ surface

position. H,O water phase.

m,. Therefore the governing equations and boundary oT P
conditions are: p=talT0n C)y k- =pD-, (AH);
=0 Lz
Energy equation
gY eq | 3)
ATIot = o 02 T)0z* (1a)
Mass equation atz=d:
2CIot = D 82C10z* AT
0C18t = D ¢°Cléz (1b) T=T or _kc% -4
Initial conditions CZlewa
zZ. = ¥ (= = P aC
T(z,0) =T, C(z,0)=C, (2a,b) and  —D - —m, @
Boundary conditions e
atz=0: where f,, is the equilibrium function and AH is the
P = constant Vapor Phase (air-absorbate)
ki{ =p ng_ -(AH)
0z, 4 9z
z= AR S IO Air - Absorbent Interface
N N N o T N TN NS ST NN
A A A A A A A A A A A A A A
AVUUI I I Y Liquid Phase (absorbent)
A A A A A AN A AAAAAAIA
A A N A N A A A AN AN
N NN N N NN IS NSNS NSNS NSNS NN NP
z=d
L T=T or -Ic—a—T- =g, and -Da—c- ~m,
iz _, 9z, .

FiG. 1. 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:

_T=To)

0=

(-G
(T "Gy

Sl “ T C)

T = at/d?,

where T, and C, satisfy the equilibrium relations
P = oo (Too Co) = foo(T0, Co). (5)

The dimensionless form of equations (1)—(4) become

a0jor = 8*0/8L” (1a*)
dw/it = Le 8*wjét® (1b*)
att =0, H0)=0, w(0)=0 (2a*,b*)
. a0 dw
at¢ =0, O0i+w =1, = =Lel— (3*)
CLlr=0 Cele=0
at{=1, 0(l,7) =80,
o0 0w
or I =, = =M,
Ol -1 P (4%)

where Le is the Lewis number, 4 is the dimensionless
enthalpy of absorption, and Q and M are the dimen-
sionless heat and mass transfer fluxes defined by :

. AH(C.~Cy).

Le=Dja; i=-——r-—t;
‘ Cp(Tc - TO)
qsd msa'
= = and M= — —">——.
Q= kT 7 D(C.—Cy)

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 of 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= 0,0+ Y @, (0 exp (—u})

n=10

(5a)

w = (l)p(é‘s T) - z bnlpn(‘:) €Xp (_'Ll,%'f), (Sb)

n—10

where 0, and w,, are particular solutions which satisfy
the nonhomogeneous boundary conditions. The
eigenfunctions ¢, and 1, satisfy the differential
equations

" 2

"= iy

" 2 /
= Hy l//n//Le~

and the homogeneous boundary conditions,

(6a)
(6b)
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at C = 0’ an¢n(0)_bnl//n(0) = Ov

a,$,(0)+ Le 4b,y,(0) = 0: @)
¢,(1) =0 or ¢,(1) =0, ¥,(1)=0. (8

The eigenvalues u, 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

at{ =1,

Le 4¢,(0)%7,(0) + ,(0)y,(0) = 0. ©

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

1 1
anamJ (/)nd)m dc+;"bnbmJ‘ ‘//nl//m dC = 0 n ;é m.
0 0

(10)

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

HP(C,O) = - Z an‘rbn(g)

n=10

(11a)

0,0 = Y b (O). (11b)

Using the orthogonality condition given by equation
(10) yields

{_J; ¢110p(é’7 0) dg + ArL l//nwp(g7 0) dg}

a, = ~ - 1 o
H $2dc o f wsdg}
[ 0

(12a)
b, = ra,, (12b)
where

r= ¢,(0)/,(0). (13)

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

¥, ({) = cos [.(l —C)]
J

Le

(14)

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

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

$u() = sin [, (1--O1.
Therefore equation (9) becomes
(1+2y/Le) cos {u,[(1/5/Le) +1]}
+(1 =4/ Le) cos {u,[(1//Le)—1]} = 0. (16)

Solutions to this characteristic equation can be easily

(13)
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found in some particular cases. For k=0, 1, 2,...
and for g, positive, we have

A-1
= | - 4 i
Le ) i, = +1/2cos [l+l]+2kn
/ +7/2+2k
fle=1. n, = [“—f * ﬂ]
1+(1/y/Le)
iJLe» 1., = {knkn /Le,
2k+Dn (2k+Dn/Le
Q.V’,L(’ « 1, iy = {( ‘: )775’ ( + 2)7!\/ (3}‘

The particular solutions 0, and w, are given by
0, = 0,4+ i Le M({~1)
—~0,+ A Le M+ M(

(17a)
(17b)

w, = 1

and the coeflicients g, and b, are given by

7 —1I,+4rl,
a, =2 (1 _sin ﬁ,%/ir)>+ M( sin 24t/ /Le)) \
( 2 (2u,/v/Le)
(18a)
where
/= (I—cosp,) o+ (pscosp, —sinp,) . M,
Ha I
sin (1,/y/Le) 1—cos (g,/v/Le)
[3 = 'V"—';TTIIL;' - (; - 0\) + """"" __3—-'—"
fal/ Le #.Le
+/L Sln ,un/\/Le):l
1/ Le
and
(18b)

using the spec1ﬁcd flux boundary condition, given by
equation (8), vields

$() = cos [ {1 -]
Therefore equation (9) becomes
(i + 4/ Le) sin {,[1//Le+11}
—~(1—Ay/Leysin {p,[1/\/Le—1]} = 0. (20)

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

kn/2

(19)

Le=1,
kn

f‘zn T I

D+Q//Le]

/;;\/ch » 1, g, = {k+1/)r, kn\/Le}

" 2k+1 —
i Le ], p, = {kn’ g__:z:n_ﬁ \/Le}.

o 7
A/ Le =1,

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

AlLe
00 = e - or @iy
wp{gﬁ I)
{ ALleM
=1 @2 o -+
(21b)
and the coefficients g, and b, are given by
(=1, +irly)
a, =2 : .
(1 N §{_r_1(2un)> +}tr2(l , Sm(2ﬂ.,/\/Le))
24 (2u/y/Le)
(22a)
where
_Q—4ilLeM [u,cosp,—sinpy, 1—cosp,
=" ( P )+ w2
;. _sin(u/y/Le)
T L
Ercos (,1+/Le)—sin (u,/y/ Le)
O—2LeM| JLe
1—cos (,//Le)
ty/Le M
and
b=t (22b)

cos (;wﬁe)

The first eigenvalue is 0 and the corresponding
coefficients are

(Q—ALeM)(Le+d) Q—iM

L 23,
3Leiit ) i

dy ==

by = ay. (23b)

3. COMPARISON WITH EXPERIMENTAL DATA

Kashiwagi et al. [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
20°C; initial concentration, C,, of 50% ; vapor pres-
sure, p, of 2.38 kPa; and thermal diffusivity
o= 1.40x 1077 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(CC) = —161.1-C+124.16 (p = 2.38kPa). (24)



Transient heat and mass transfer in film absorption

Additional physical properties of LiBr solutions are
given in ref. [8]. In particular, the heat of absorption
can be calculated from the differential heat of solution
g, defined in ref. [8] by

25)

44 = o —hen,0,

where hy o is the enthalpy of water in the LiBr solu-
tion and hm,o is the enthalpy of pure liquid water at
the same temperature. For the conditions mentioned
above we take

AH = hyy o —hy,0 = 23069 kJ kg™ (26)

which leads to 4 = 6.8.

The profile of the measured dimensionless tem-
perature when plotted vs C/(Q\/ {) is well represented
by an error function expression as predicted by the
theory. Figure 2 shows that for Le = 0.015, the pre-
sent solution given by equation (5a) agrees well with
the experimental data of Kashiwagi 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
concenirations. 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 [ gives the first 20 eigenvalues for Le = 0.015
and 4 = 6.8. The coefficients g, and b, are also pre-
sented for the case of homogeneous boundary con-
ditions. Typical profiles of the temperature and con-
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Dimensionless Temperature, 8
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A

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, 0,, increases steadily towards the
asymptotic value 4/(4+ 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. 5(a), (b) and 6(a)

Table 1. First 20 eigenvalues and the corresponding coefficients a, and b, for Le = 0.015 and

A=68
Prescribed temperature Prescribed flux

n i, a, b, He a, b,

0 0.17453 1.05341 1.25901 0.00000 0.87179 0.87179
1 0.52239 032995  —0.38076 0.33612 —0.24149 0.24723
2 0.86690 0.16484 0.17944 0.67568 —0.20627  —0.22338
3 1.20684 0.07211 —0.07410 1.01984 —~0.16741 0.19239
4 1.54313 0.00460 0.00460 1.36750 —0.13410  —0.16001
5 1.87909 —0.03999 0.04079 1.71654 —0.10733 0.12846
6 2.21829 —~0.06115  —0.06588 2.06459 —0.08421 —0.09757
7 2.56209 —0.06596 0.07547 2.40944 —0.06069 0.06641
8 2.90934 —0.06284  —0.07484 2.74976 —~0.03372 —0.03479
9 3.25856 —0.05664 0.06786 3.08625 —0.00459 0.00459
Y 3.60677 —0.04859  —0.05652 3.42210 0.02015 0.02049
11 3.95196 —0.03780 0.04158 3.76004 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 0.040%4 —0.04865
i4 4.96512 0.01261 0.01278 4.80056 0.03849 4.04617
15 5.30362 0.02407  —0.02567 5.14894 0.03428  —0.04002
16 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
8 6.34256 0.02915 0.03500 6.17249 0.00457 0.00458
19 6.69108 0.02656  —0.03111 6.50816 —0.00862 0.00872
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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 1 = 6.8. (b) Effect of Lewis number on the transient dimensionless average temperature
for the case of an isothermal wall (6, = 0) for A = 6.8.
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and (b). respectively. The interface temperature
changes according to the expressions /1\/ Le/
(14+//Le). The maximum average temperature
increases with Le 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 increasc in temperature according
to the stcady state solution, given by cquation (21), is
observed. The profiles of heat and mass flux at the
interface arc not significantly affected by Q. At small
times, the temperature and concentration gradients

remain large and are almost independent of Q before
decreasing to an asymptotic value determined by the
steady-state solutions given by equations (21a) and

(21b).

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-
mide solution,
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Fi1G. 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).
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TRANSFERT VARIABLE DE CHALEUR ET DE MASSE DANS L’ABSORPTION EN
FILM D'EPAISSEUR FINIE AVEC DES CONDITIONS AUX LIMITES NON HOMOGENES

Résumé—On présente une analyse théorique des mécanismes combinés de transfert variable de chaleur et
de masse qui opérent dans un film liquide dessiccatif. Des expressions analytiques sont obtenues pour la
température et la concentration dans un film stagnant d’épaisseur finie. Une comparaison avec les données
expérimentales permet la détermination du nombre de Lewis effectif. On présente a I'aide d’expressions
analytiques, la variation dans le temps des flux de chaleur et de masse et la dépendance variable de la
température adimensionnelle moyenne au nombre de Lewis et 4 'enthalpie adimensionnelle d’absorption.

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

Zusammenfassung—Es wird eine theoretische Analyse des transienten gekoppelten Wirme- und Stofftran-

sports, wie er bei der Filmabsorption 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 Verdnderung der Wirme- und

Stoffstrome, die transiente Abhéngigkeit der dimensionslosen Mitteltemperatur von der Lewis-Zahl sowie
der dimensionslosen Enthalpie der Absorption vorgestellt.

HECTALIMOHAPHBIF TEIUIO- ¥ MACCOITEPEHOC 1IPY NOTJIOIEHHH TUIEHKOH
KOHEYHON TOJMMHBI B C/IYYAE HEO/IHOPOJHbLIX I'PAHHMYHBIX YCIOBUNA

AHHOTALAS-—AHATH3HPYETCH HECTALMOHAPHBIE B3aHMOCBA3aHHBIE MPOLECCH! TENJIO- H MACCONEpPeHoCa

NpH HOTNOEHH KuAKOR fneskofi ocyumrens. TonyueHs! aHAIMTHYECKHE BLIDAXEHHA [UIA TeMnepa-

TYpel B KOHUEHTDRUME B HCHONBHMXKHOM ILTeHKe KoHeusoH Tomuuubl. CpapHEHHE C 3KCHEPHMEHTAIb-

HBIMY JaHHMLIMH TIO3BOJISET onpeneinTh 3pdextTunHoe uucao Jisionca. B HecTraumonapuoM cryuae

[PUBOASTCH AHANWTHYECKHE BBIPAXEHHS A H3IMEHEHUS CKOPOCTH TEILIO- H MAacCONEpPeHoca, 3aBUCH-

MocTH Ge3pa3MepHOit cpensell TeMIepaTypbl oT Yucia JIbrouca, a Takxe Ans Ge3apa3MepHOi SHTaTbIHU
DOTNOILEHHS,



