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Abstract

The effect of non-absorbable gas on the heat and mass transfer for an absorption process taking place on a falling
film flow in a porous medium is studied numerically. The liquid flow is modeled by the Brinkman—Forchhiemer ex-
tended Darcy equation. The solutions show that the non-absorbable gas has a strong effect in reducing mass absorption
rate. The mass absorption rate increases with increasing solution flow rate, conductivity ratio and absorber pressure,
and decreases with increasing porosity and the concentration of non-absorbable gas. An optimum conductivity ratio of
10 is observed while a minimum porosity of 0.9 is obtained. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Gas absorption into a falling liquid film flowing inside
a porous medium is an important heat and mass transfer
process for absorption chillers and air-conditioners. The
presence of air acting as the non-absorbable gas in an
absorber is usually unavoidable especially for an open-
cycle system. Many studies on the heat and mass transfer
for the absorption process have been published [1-10].
Yang and Wood [11] experimentally studied the non-
absorbable effects on a wavy film absorption process
while Yang and Chen [12] numerically investigated the
non-absorbable effects on a smooth film absorption
process. The non-absorbable effect on the absorption
process taking place on a film flow inside a porous me-
dium has been reported recently only [13].

The mechanism of the non-absorbable gas effect on
an absorption process is similar to that of the non-
condensable gas effect on a condensation process
[14-16]. That is when the absorption of vapor at the
liquid—vapor interface drives a continuous vapor flow
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towards the interface, the non-absorbables are carried
along. Since the interface is impermeable to the non-
absorbables, they are accumulated near the interface.
The partial pressure of vapor at the interface is therefore
reduced, and the absorption rate is reduced in turn.

In this study, the absorption process taking place on
a falling film flow in a porous medium with the presence
of air is considered. Since the equilibrium relations for
the absorbent vapor pressure, temperature and concen-
tration are highly non-linear, they make the normaliza-
tion of the problem difficult. In addition, the study is
motivated by the design requirement for an open-cycle
absorption solar cooling system [17]. Hence, the physical
problem for the aqueous lithium chloride solution and
water as the absorbent and refrigerant, respectively, is
considered in the present study.

2. Formulation

The problem is formulated corresponding to the co-
ordinate system defined in Fig. 1. A film of aqueous
lithium chloride absorbent flowing down in a vertical
porous thin film and absorbing the ambient water vapor
(refrigerant vapor) with the presence of air acting as the
non-absorbable gas is the considered physical model.
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Nomenclature

A surface area

C LiCl concentration, mass weight percent

C, volumetric concentration of non-absorbable
gas

C, mass concentration of non-absorbable gas

Cp specific heat

D mass diffusivity

Da  Darcy number = K/H?

E Ergun constant

g gravitational acceleration

h heat transfer coefficient

H film thickness
Ha  heat of absorption

/- mass transfer coefficient

R mass transfer coefficient

k conductivity

K, conductivity ratio of solid and fluid

K permeability

M,,s mass absorption rate per unit width
M liquid mass flow rate

Nu Nusselt number = hH/k

Pr Prandtl number = v/a

P, absorber pressure

P, normalized pressure =P, /P!

(0] heat transfer rate

Re Reynolds number= 4 I'y/v

Sh Sherwood number = A, H/D

T temperature

u x-direction velocity

v y-direction velocity

X coordinate parallel to the wall

y coordinate normal to the wall

Greek symbols

e effective thermal diffusivity

Iy mean volumetric flow rate per unit width of
the absorber

A arbitrary constant for coordinate
transformation

v kinematic viscosity

P liquid density

¢ porosity

Subscripts

a quantities associated with the air

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

The analysis is based on the following assumptions:

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

2. the liquid properties are assumed to be constant since
the variations of temperature and concentration 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 [18].

The ambient gas is considered as a uniform flow with a

velocity equal to the interface velocity. This consider-

ation is corresponding to a much thicker momentum
boundary layer than the concentration and thermal
boundary layers wherefore the gas velocity near the gas—
liquid interface is nearly uniform and the normal
velocity is nearly vanishing.

The governing equation in accordance to these
assumptions can be written as follows:

Liquid region: The continue equation is

ou v
Zi0. 1
Ox + dy (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 [19]. The equations can be written as
u @ 9 u
LR ¢° op N ¢V( u u)

7+7

“ox Uai p Ox o 0y?
v E
*¢2(E+WU)”+8¢27 (2)
v, ¢ op v v
ua—kv@— —7a—y+¢v 6_xz+6_yz
E
—(]52(1%-0-\/—1_{.(/)0, (3)

where U = +u?>+ 1> is the Darcian velocity, E =
1.75¢*?//150 is based on Ergun model and K =
d2¢* /150(1 — ¢)* is a Kozeny—Carman equation [20].

The heat and mass transfer equations are, re-
spectively,
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Fig. 1. The coordinate system.
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oC oCc 0 oC
i =2 op==

puax+pvay ay(p ay>’ (5)

where o, = k/prep, = ke[ + (1 — ¢)ky]/ prcp, is an effec-
tive thermal diffusivity for fluid-saturated porous me-
dium [21].

Gas region: The heat and mass transfer equations for
the gas region are, respectively,

o1, 0 oT,
2 a A T AL ka ; 6
panin e = (650 ) (©

oC, 0 oC,
a—dz— Da—d. 7
pan =2 (pa ay) ™

Boundary conditions: The suitable boundary con-
ditions for liquid region are

1.x=0: U = Uy,
v=0
’ 8
T= T;m ( )
C = Cp.
2.y=0: u=20,
v=0,
T=T,, )
0
o _ . (non-permeable wall)
dy
Ou
3.y=H: —=0
y oy )
v=0,
LU I A
oy dy Wa Iy,
C= Ce‘l<T|y:H7PV ‘y:H)'
(10)
The boundary conditions for the gas region are
1.x=0: T, = Tiwo,
. (11)
Cy = Cano
z'ya:(): Ta:Tv:Hy
C, 12
paDa% = pD@—C . 12
0 oy y=1
3. =00: Ty = Tho,
* - (13)
Cy = Cyano-

The momentum equation for the liquid region is solved
numerically by the SIMPLE algorithm [22]. Since the
Peclet number is large in practical applications, the
outflow boundary condition is applied at the down-
stream boundary. The parabolic energy and concentra-
tion equations for both liquid and gas regions can be
solved by a finite difference method with a marching
technique. The boundary conditions of Eq. (13) must be
applied far enough from the interface to assure that the
boundary layers are within the computational domain.
However, for low Reynolds number flows, the appro-
priate size of y, domain may become very large such that
the required number of grids and computation time may
become very large. In order to overcome this problem, a
coordinate transformation defined by Y = y,/(y, + 1),
where A is an arbitrary constant, is employed to
transform y, = oo to ¥ =1, such that the asymptotic
ambient conditions can be exactly applied at a finite
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computational domain. The governing equations (Egs.
(6) and (7)) and the boundary conditions (Egs. (12) and
(13)) are transformed, respectively, into

oL, (1-7) d <ka(1—y)2 an) (14)

Palplla 5 = By 7 oY

oC, (1-Y)* 0 (1-Y)*aC,

A A T, Ay Da—_ 1
Paltta 75 A i or (13)
and
Y=0: T,=Ty,

o oc (16)
PG oy P L
Y=1: T,=T,.. (17)

Since variations of temperature and concentration are
expected to be significant in the entrance and interface
regions [5,12], the computational grids are chosen to be
dense in those regions. A total of 201 points in x, 21
points in y and 201 points in ¥ are found to be sufficient.

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

Mabs = Msout - Msin~ (18)

Since the salt is not volatile, its mass flow rate is con-
stant, i.e.,

Mincin = Msout out- (19)
Egs. (18) and (19) are combined to obtain
G
M s = My -1 20
" (C ) 20)

The mass transfer coefficient, Ay, is defined by
Mdbs = thA [Cin - Ceq(Tw> PV)L (21)

where Cq is the concentration when the liquid is in
equilibrium with the wall temperature and the ambient
vapor pressure. If the wall is sufficiently long, the liquid
concentration will approach to C.q; Cq represents the
lowest possible concentration of the absorption process.

The heat transfer rate is calculated by performing an
energy balance over the entire control volume which
results in

Q - Msin hsin + MdbsHa - Mouthsoul- (22)

The heat transfer coefficient, /4, is defined by
Q = hA[ch(Cinan) - TWL (23)

where T is the temperature when the liquid is in
equilibrium with the inlet concentration and the ambient
vapor pressure; T¢q represents the highest possible tem-
perature of the absorption process.

3. Results and discussion

The base case conditions were chosen as: C;;, = 45%,
T =35C, T;=30°C, P;=1.133 kPa, Re* =S58,
k; = 10, ¢"=0.5 and C; = 5%. The bulk mean tem-
perature and concentration of the solution film are de-
fined, respectively, as

-H
uld
Tou = W7 (24)
fo udy
-H
uCd
Cour = M (25)
fo udy

Then the interface and bulk mean temperatures of the
liquid film along the absorber surface are shown in
Fig. 2. The interface and the bulk mean concentrations
are shown in Fig. 3. The interface temperature is always
higher than the bulk mean temperature owing to the
heat of absorption released during the absorption pro-

45
Re=58
P, =1.133kPa
40 Kp =10
6 =05
Ca=5%
[$) interface
o, 35
= bulk
30+
2 1 lllllllI 1 Illl“lI 1 |l||||l| 1 |||Ill|| 1 11
0.00001 0.0001 0.001 0.01 0.1 1
x (m)

Fig. 2. Typical temperatures of the interface and the bulk mean
along the flow direction.

0.49
Re =58
P, = 1.133kPa
047 Kp=10
¢ =05
Ca=5%
O 045 bulk
interface
0.43 -
0.4 1 Illlllll 1 IlIIHII 1 l|l|lll' 1 IIIHIII 1111
0.00001 0.0001 0.001 0.01 0.1 1
x (m)

Fig. 3. Typical concentrations of the interface and the bulk
mean along the flow direction.
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Fig. 4. The effect of non-absorbable gas on the mass absorption
rate for various absorber length.

cess taking place on the interface. Both the interface and
the bulk mean temperatures drop from the inlet tem-
perature to a value close to wall temperature due to the
heat flux into the wall. 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 decades slowly which confirms that
the mass absorption rate is much smaller than the flow
rate of the main flow.

The major interest of this study is the effect of the
non-absorbable gases on the mass absorption rate. Fig. 4
illustrates that the presence of even a very small amount
(e.g. C,=0.1%) of non-absorbable gas reduces the ab-
sorption rate drastically as compared with the case with
no presence of non-absorbables (C, =0%). Further in-
crease in non-absorbable content results in further re-
duction in absorption rate as shown in Fig. 5. A similar
plot for decreasing heat transfer rate with increasing
non-absorbable content is shown in Fig. 6.

The effect of the absorbent flow rate on the mass
absorption rate, M,,, for the cases with C, =5% and
C,=10% is shown in Fig. 7. Within the practical ap-
plication range of Re from 30 to 150, the mass absorp-
tion flow rate increases almost linearly with increasing
flow rate for both cases. The previous solution for wavy
film absorption along a smooth surface [14] is also
plotted in Fig. 7 for comparison. The main advantage
for using porous media is to improve surface wetting for
the absorber. Fig. 8 shows the effect of flow rate on the
heat transfer rate.

Fig. 9 illustrates the effect of the absorber pressure on
the absorption rate for the cases with C,=5% and

0.4
Re=58
P, = 1.133kPa
< 03s5kKp=10
— ¢ =0.5
*
3
£ 031
2
2
S 0251
0'2 1 Illllll[ 1 llllllll 1 |IIIIII[ 1 Lt
0.01 0.1 1 10 100

Ca (%)

Fig. 5. The effect of non-absorbable gas on the mass absorption
rate.
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29 kp=10
¢ =05
E 28
2
<
O 27+
261
2.5 1 IIIIIIII 1 1 IIHII] 1 IIIIIIII 1 IR
0.01 0.1 1 10 100

Ca (%)

Fig. 6. The effect of non-absorbable gas on the heat transfer
rate.

EV = 1.133kPa A this study (Ca=5%)
P= 10 . -10%
g 0.8 — 6 =05 B thisstudy (Ca=10%)
2 < Yang & Chen [1991]
>
> 0.6
2
£
smooth
2 04
£ porous
= 02
0 I | | I |
0 40 80 120 160 200 240
Re

Fig. 7. The effect of the Re on the mass absorption rate.

C, =10%. The vapor pressure in the absorber corre-
sponds to the saturation temperature of the evaporator
that is the temperature of the chilled water produced by
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Fig. 8. The effect of the Re on the heat transfer rate.

0.6
Re =58
| “p=10
2 %5 e=0s
»
S 041
2
£ Ca=10%
2 03 o
= 02k
o1 ! ! | |
0.8 1 1.2 1.4 1.6 1.8

Py (kPa)

Fig. 9. The effect of the absorber pressure on the mass
absorption rate.
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Fig. 10. The effect of the absorber pressure on the heat transfer
rate.

the cooling system. The higher the evaporator tem-
perature, the higher the refrigerant vapor pressure. The
absorption rate is increased by increasing the driving

034
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g 02§05
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g 03
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Fig. 11. The effect of conductivity ratio on the mass absorption
rate.
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Fig. 12. The effect of conductivity ratio on the heat transfer
rate.

potential of the vapor pressure difference between the
absorber and the solution. Fig. 10 shows a similar in-
crease of the heat transfer rate by the increased vapor
pressure.

The effect of conductivity ratio (k) on the absorption
rate is shown in Fig. 11, from which the absorption rate
increases with increased conductivity ratio for &, < 10,
further increase in k, seems to have no effect on the
absorption rate. A similar result for heat transfer rate is
illustrated in Fig. 12.

Figs. 13 and 14 show the effect of porosity on the
absorption rate and the heat transfer rate, respectively.
It can be seen that the absorption rate decreases with
increasing porosity until ¢ = 0.9.

In this study, the ranges of the parameters are the
flow Reynolds number from 30 to 150, the absorber
pressure from 7 to 13 mm Hg, the conductivity ratio
from 0.1 to 500, the porosity from 0.5 to 0.95 and the
non-absorbable concentration from 0.1% to 30%. The
dimensionless heat and mass transfer coeflicients are
defined, respectively, as
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Fig. 13. The effect of porosity on the mass absorption rate.
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Fig. 14. The effect of porosity on the heat transfer rate.

hH
Nu=— 26
=", (26)
WH
Sh = h— (27)
D
The following correlations are obtained accordingly as:
Nu = 0.00257Re 65 P04 pg-0005 kg.014ca—0.0117 (28)
Sh = 0.0671Re"56> P28 pg-001 kg,o17C;0Ao47 (29)

for Re=30~150, p,=7~13 mm Hg, C,=0.1~30%,
kp =0.1~500 and ¢ =0.3~0.5.

4. Conclusions

The present study provides an absorber design ref-
erence for the non-absorbable gas (air) effect on a falling
film absorption process in a porous medium. It is worth
noting that the application of porous media in a falling

film absorption process is mainly to enhance the wetting
conditions, the absorption rate may not be enhanced by
using porous media when non-absorbables are present
in the absorber. The present results show that the mass
absorption rate decreases significantly with increasing
absorber air content, but increases with increasing
solution flow rate, conductivity ratio and absorber
pressure. An optimum conductivity ratio of 10 is
observed while a minimum porosity of 0.9 is obtained.
The correlations of dimensionless heat and mass transfer
coeflicients are given for design reference.
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