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Abstract--The heat and mass transfer for an absorption process taking place on a falling film flow in a 
porous medium is modeled by the Brinkman-Forchhiemer extended Darcy equation and solved numeri- 
cally. The solutions show that the transport rates are higher than that of a smooth film absorption 
process without a porous medium. The mass absorption rate increases with increasing solution flow rate, 
conductivity ratio and absorber pressure, and is optimum with porosity of 0.9 and conductivity ratio of 
10. The correlations of dimensionless heat and mass transfer coefficients are given. These results will be 

valuable for the design of an absorption cooling system. 

1. INTRODUCTION 

The gas absorption process taking place on a falling 
liquid film has received much attention for its appli- 
cation in absorption heat pumps, chillers and air-con- 
ditioners. In these absorption machines, the refriger- 
ant vapor from evaporator is absorbed by a falling 
film of an absorbent solution in an absorber, and then 
the absorbent solution is regenerated by releasing the 
refrigerant vapor in a regenerator (boiler). Since these 
absorption machines are driven mainly by low-grade 
energy, heat [1], rather than by high-grade energy, 
electricity, their application is especially interested in 
by areas where the, electric power supply are limited. 
The performance of the absorption machine is con- 
trolled by the heat and mass transfer rates of the 
absorption process. Therefore, it is important to study 
the means of enhancing the heat and mass transfer 
rates of an absorption process. 

Many studies had been addressed on a smooth film 
[2-4] or a wavy film [5, 6] absorption process. 
However, the wetting of a liquid on a smooth 
absorber-surface to form a film flow is difficult to 
maintain. A not well-wetted absorber-surface can 
drastically reduce the mass absorption rate due to the 
reduced effective heat and mass transfer area. In order 
to improve the wetting as well as to enhance the heat 
and mass transfer, some surface treatment is necess- 
ary. A possible means is to add a porous medium on 
the absorber-surface. In this study, the absorption 
process for an absorption process taking place on a 
falling film flow in a porous medium is considered. 
Since the study is motivated by the design requirement 
for an open-cycle absorption solar cooling system [7], 
aqueous lithium clhloride solution and water are the 
absorbent and refrigerant, respectively. 

2. ANALYSIS 

A film of a liquid absorbent flowing down in a 
vertical porous thin film and absorbing the ambient 
gas (refrigerant vapor) is considered as the physical 
model. The problem can be formulated math- 
ematically using the coordinate system defined in Fig. 
1. The analysis is based on the following assumptions : 

(1) The liquid is filled (saturated) in the porous 
medium and the properties of the porous medium are 
assumed to be constant and homogeneous. 

(2) The liquid properties are assumed to be con- 
stant since the variations of temperature and con- 
centration are presumed to be small. 

(3) The liquid film thickness is assumed constant 
since the rate of absorbed mass is much less than the 
mass rate of the main flow. 

(4) Equilibrium of the species exists at the liquid- 
vapor interface. 

(5) Diffusion is important only in the direction 
across the film since the Peclet number is practically 
large. 

(6) Diffusion-thermal effects are negligible [8]. 

The governing equation in accordance with these 
assumptions can be written as follows : the continuous 
equation is 

0u 0v ~+~y=0. (1) 

The momentum equations can be modeled by the 
Brinkman-Forchheimer-extended Darcy equation 
since the Reynolds number of fluid flow in the porous 
medium is greater than 10 [9]. The equations can be 
written as 
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NOMENCLATURE 

A surface area 
C LiCI concentration [mass weight %] 
C1 Ergun constant 
Cp specific heat 
D mass diffusivity 
Da Darcy number, K/H 2 
g gravitational acceleration 
h heat transfer coefficient 
H film thickness 
Ha heat of absorption 
h m m a s s  transfer coefficient 
k conductivity 
K permeability 
Mab~ mass absorption rate per unit width 
3;/~ liquid mass flow rate 
Nu Nusselt number, hH/k 
Pr Prandtl number, v/~ 
Pv absorber pressure 
P~ normalized pressure, P~IP* 
Q heat transfer rate 
Re Reynolds number, 4Fo/v 
Sh Sherwood number, hmH/D 
T temperature 

x-direction velocity 
y-direction velocity 
coordinate parallel to the wall 
coordinate normal to the wall. 

Greek symbols 
ae effective thermal diffusivity 
F0 mean volumetric flow rate per unit 

width of the absorber 
v kinematic viscosity 
p liquid density 
q~ porosity. 

Subscripts 
bulk bulk mean values 
eq equilibrium condition 
in inlet quantities 
out outlet quantities 
s quantities associated with the solution 
w wall conditions. 

Superscript 
* reference conditions. 

T i n ,  C i n ,  U i n  

= y , v  
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Fig. 1. The coordinate system. 
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Cl U)u+g4~2 (2) 

U~x+Vcgy p Oy+q~Vl~x2 +Oy2,,I 

where U =  u x ~ v  2 is the Darcian velocity, 
Ci = 1 .75~b-2 /3 /1~  is based on the Ergun model 
and K = d2~o3/150(1 -q~)2 is a Kozeny-earman equa- 
tion [10]. 

The heat and mass transfer equations are, respec- 
tively, 

OT OT 02T 
U~x +Vffyy = ~,--~y2 (4) 

ac ac a( ac) 
= ( 5 )  

where ae = k/pfcpf = [q~kf+ (1 - d~)kp]/pfcpf is an effec- 
tive thermal diffusivity for fluid-saturated porous 
medium [l 1]. The boundary conditions are 

(1) x = 0  u=ui, 

v = 0  

T =  Tin 

C = Cin (6) 
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(2) y = 0  u = 0  

v = 0  

T=Tw 

OC 
- - ~ 0  ay 

(3) y = H 

(non-permeable wall) 

0u ~=0 

v = 0  

k OT t3C -  y=Oi  po  

(7) 

C = C~q(T, PO. (8) 

The momentum equation is solved numerically by 
the SIMPLE algorithm [12]. Since the Peclet number 
is large in practical applications, the outflow boundary 
condition [12] is applied at the downstream boundary. 
The energy and concentration equations are solved by 
a finite difference method with a marching technique. 
Since variations of temperature and concentration are 
expected to be significant in the entrance region [4], 
the computational grid is chosen to be dense in that 
region. A total of 601 points in the x-direction and 51 
points in the y-direction are found to be sufficient. 

The major concern of the problem is the mass 
absorption rate that is evaluated by 

A;/,~b~ = M ..... -/f/~,in. (9) 

Since the salt is not volatile, its mass flow rate is 
constant, i.e. 

• f i n  
/~/s.inCin = ]]}/s,outCout o r  ]~s.out = M~.,n ~o.o.t" ( 1 0 )  

Equations (9) and (10) are combined to obtain 

• VCi. ] 
2~ab s = Ms, in [ ~  - -  1 . ( 1 1 )  

The mass transfer coefficient, hm, is defined by 

~fabs = phmA[C,,-Ceq(Tw, ev)] (12) 

where C~ is the concentration when the liquid is in 
equilibrium with tlae wall temperature and the ambi- 
ent vapor pressure• If the wall is sufficiently long, 
the liquid concentration will approach C~, which 
represents the lowest possible concentration of the 
absorption proces,;. 

The heat transfi~r rate is calculated by performing 
an energy balance over the entire control volume, 
which results in 

0 = J~ls.inhs.in"~-Mabsaa-J~ls.°uth . . . . . .  (13) 

The heat transfer coefficient, h, is defined by 

Q. = hA[T.q(C~., P~) -- T,,,] (14) 

where T,q is the ~emperature when the fiquid is in 
equilibrium with the inlet concentration and the ambi- 

ent vapor pressure, i.e. Tcq represents the highest poss- 
ible temperature of the absorption process. 

3. RESULTS AND DISCUSSION 

In this study, the base case conditions are chosen at: 
C* = 45%, T* = 35°C, T*w = 30°C, P* = 8.5 mmHg, 
Re* = 58, k*--  10 and ~b* = 0.5. One of the flow 
rate (i.e. Re), Pv, kp or ~b is varied at a time to 
study the individual effect of the parameter on the 
absorption rate. The bulk mean temperature and con- 
centration of the solution film is defined, respectively, 
a s  

Tbulk = lg uT  dy (15) 
~gudy 

Cbulk -- ~g uCdy  (16) 
i ~ u d y  • 

Figure 2 illustrates the results for the interface and 
bulk mean temperatures of the liquid film along the 
absorber surface. The interface temperature is always 
higher than the bulk mean temperature owing to the 
heat of absorption released during the absorption pro- 
cess taking place on the interface. Both the interface 
and the bulk mean temperatures drop from the inlet 
temperature to a value close to the wall temperature 
due to the heat flux into the wall. A similar plot for 
the interface and the bulk mean concentrations is 
shown in Fig. 3. The interface concentration is much 
lower than the bulk mean concentration due to the 
absorption effect on the interface. In addition, the 
bulk mean concentration decreases slowly, which con- 
firms that the mass absorption rate is much smaller 
than the flow rate of the main flow. Hence, assumption 
(3) can be justified. 

Figure 4 illustrates the comparison of the present 
results for the standard case with previous results for 
smooth film absorption [2] and experimental data for 
wavy film absorption with 5% non-absorbables [13]. 
It can be seen that the absorption performance of the 
present case is better than that of the smooth film. 
Since the presence of the non-absorbables can degrade 

39 

Re=58 
Pv = 8.5 mmHg 

37 -- kp = [0 

+=0.5 
interface 

33 

31 

0.0001 0.0010 O.OlOb ~,.|000 OOO0 
x (m) 

Fig. 2. The temperature of the interface and the bulk mean 
along the flow direction. 
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Fig. 3. The concentration of the interface and the bulk mean 
along the flow direction. 
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Fig. 6. The effect of Re on the mass absorption rate. 

2.0 

~ 1.5 

~ 1.0 

0.5 

0.0 

Re = 58 / 
Pv = 8.5 mmHg / 

--  kp = 10 / / j . - b  
~b=0.5 i .- ./ 

/ //%." ........ , ~ [ 2 1  
- - ~ - -  Ymg &Wood[13] / / /  

I I I I 
0.2 0.4 0.6 0.0 1.0 

L (m) 

Fig. 4. The mass absorption rate varies with the absorber- 
length. 
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Fig. 7. The mass absorption rate varies with the absorber- 
length for various absorber pressures. 
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Fig. 5. The mass absorption rate varies with the absorber- 
length for various Re. 

the absorption performance [3, 13], which is not  con- 
sidered in the present calculations, the experimental 
data shown in the figure are only for reference 
purpose. 

The effect of  the absorbent flow rate on the mass 
absorption rate for various lengths of  absorber surface 
is shown in Fig. 5. Increase in the solution flow rate 
results in an increased absorption rate within the prac- 
tical application range of  Re from 30 to 150 for a fixed 
length of  absorber-surface of  85 cm. The solution flow 

rate effect on the absorption rate is shown in Fig. 6. 
The mass absorption flow rate increases almost lin- 
early with increasing flow rate for the present study. 
In contrast, the previous smooth film solution shown 
in Fig. 6 indicates an opt imum flow rate at Re = 60 : 
then the mass absorption rate decreases with increas- 
ing flow rate. Therefore, the porous film absorption is 
preferred for the flow with Re > 60. 

Figure 7 illustrates the effect of  the absorber 
pressure on the absorption rate for various absorber- 
lengths. The absorber pressure corresponds to the 
saturation temperature of  the evaporator,  that is the 
temperature of  the chilled water produced by the cool- 
ing system. The higher the evaporator  temperature, 
the higher the absorption pressure. However,  a low 
evaporator  temperature is usually preferred in the 
design of  a cooling system. The suitable design point 
for LiC1 solution is 9°C which corresponds to an 
absorber pressure o f  8.5 mmHg.  As illustrated in Fig. 
8, if  the absorber is operated at an off-design point 
the absorption rate for the porous film absorption can 
be lower than that for a smooth film absorption. 

The effect o f  conductivity ratio (kp) on the absorp- 
tion rate for various absorber-lengths is shown in Fig. 
9. It can be seen that an increased conductivity ratio 
results in an increase in the absorption rate owing to 
the increased heat transfer rate into the wall. However,  
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Fig. 8. The effect of Pv on the mass absorption rate. 
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1 Fig. 11. The mass absorption rate varies with the absorber- 
length for various porosities. 

0.1 

~" 1.5 

~ Figures 11 and 12 show the effect of porosity on the 
absorption rate. It is seen in Fig. 12 that the absorp- 

~ I ~  / tion rate can be optimized with a porosity of about 
o 0.9. Therefore, a practically reasonable porosity of 0.9 

is a suitable choice for the porous film absorption 
applications. 

5 In this study, the ranges of the parameters are the 
flow Reynolds number varying from 30 to 150, the 
absorber pressure varying from 7 to 13 mmHg, the 

I [ I I I t i conductivity ratio varying from 0.1 to 500, and the 
°°oo. .2 04 o.~ o.a Lo ~2 porosity varying from 0.5 to 0.95. The dimensionless 

L (m)  

Fig. 9. The mass absorption rate varies with the absorber- 
length for various conductivity ratios. 
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Fig. 10. The effect of kp on the mass absorption rate. 

when kp greater than 10, the major transport resistance 
is due to that of the solution : a further increase in kp 
has no effect on the absorption rate. This is clearly 
shown in Fig. 10. 

heat and mass transfer coefficients can be defined, 
respectively, as 

N u  = h n / k  (17) 

Sh  = h m n / D .  (18) 

The following correlations are obtained from the 
present study : 

N u  = 0.0269Re °9°~ ~ - v - ° ° 9 7 6 ~ b ° ° 2 3 5 k p  0 " 0 4 8 3  (19) 
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L = 8 5 e m  
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2.0 

t5 [ I I I I 
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Fig. 12. The effect of q~ on the mass absorption rate. 
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Sh 1 . 1 7 5 R e  °'756 0 0 6 9  0 0 3 7 1  0 0 4 9 2  = By ¢ kp . (20) 

4. CONCLUSIONS 

This numerical  s tudy provides an  absorber-design 
reference for the falling film absorp t ion  process in a 
porous  medium.  Al though  the appl icat ion of  porous  
media in a falling film absorp t ion  process is mainly 
to enhance  the wett ing condit ions,  the present  study 
discovers tha t  the absorp t ion  rate may  also be 
enhanced  by using porous  media.  The  present  results 
show tha t  the mass absorp t ion  rate increases with 
increasing solut ion flow rate, conduct ivi ty  rat io and  
absorber  pressure, and  is op t i m um  with porosi ty of  
0.9 and  conduct ivi ty  rat io of  10. The correlat ions of  
dimensionless heat  and  mass  t ransfer  coefficients are 
given. The present  study, however,  does not  include 
the effect o fnon-absorbab les .  In practice, the presence 
of  air residue acting as the non-abso rbab le  gas in an  
absorber  is unavoidable .  Since air  has a s t rong effect 
in depressing the absorp t ion  rate [3, 13], it is impor-  
tant  to fur ther  study its effect on  the falling film 
absorp t ion  process in a porous  medium. 
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