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Abstract: A counter flow model of simultaneous heat and mass transfer of a vapor absorption process in a
falling film dehumidifier is developed. The governing equations with appropriate boundaries and interfacial
conditions describing the dehumidifying process are set up. Calcium chloride is applied as the desiccant. The
dehumidifying process between falling liquid desiccant film and process air is analyzed and calculated by the
control volume approach. Velocity field, temperature distribution and outlet parameters for both the process air
and desiccant solution are obtained. The effects of inlet conditions and vertical wall height on the
dehumidification process are also predicted. The results show that the humidity ratio, temperature and mass
fraction of salt decrease rapidly at the inlet region but slowly at the outlet region along the vertical wall height.
The dehumidification processes can be enhanced by increasing the vertical wall height, desiccant solution flow
rates or inlet salt concentration in the desiccant solution, respectively. Similarly, the dehumidification process
can be improved by decreasing the inlet humidity ratio or flow rates of the process air. The obtained results can
improve the performance of the dehumidifier and provide the theoretical basis for the optimization design, and
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the operation and modulation of the solar liquid desiccant air-conditioning systems.
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Liquid desiccant cooling has a potential use in the
air conditioning systems for large buildings because it
can reduce electric peak-hour loads during summer
time and does not use CFCs which are mainly responsi-
ble for ozone layer depletion followed by global war-
ming. The dehumidifier is the most important compo-
nent of the liquid desiccant cooling system which has
been investigated experimentally' ™ and numerical-
ly""™. The heat and mass transfer between air and the
desiccant solution has also been studied by some inves-
tigators. Packed beds are the most popular type in the
early systems that are utilized for air dehumidification
by liquid desiccants. The performance of packed beds
in different configurations and operating conditions u-
sing different types of liquid desiccants has been repor-
ted”™ . But two major disadvantages, the high pressure
drop and the large ratio of desiccant to air mass flow
rate, may lead to higher running costs and limit their
application'** . In recent years, the falling film dehu-
midifier has been used extensively in modern process
industries and cooling fields, and lots of work has been
conducted involving heat and mass transfer because of
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its advantages. Especially, its lower air flow rates pro-
vide better humidity control and air cooling'*™'. How-
ever, most of the studies reported in literature on air

. e . 8 7
dehumidification processes use cross'” 7

or parallel
flow systems.

This paper focuses on the heat and mass transfer
processes between the process air and the desiccant so-
lution in a counter flow dehumidifier. The effects of
various operating parameters, and the configurations of
the dehumidifier on dehumidification are analyzed. A
numerical result for the heat and mass transfer between
air and liquid desiccant films in a counter flow dehu-
midifier during the process of dehumidification of air is

given.

1 Mathematical Model of Dehumidification
Process

The schematic diagram of air and desiccant solu-
tion in the dehumidifier unit is shown in Fig. 1. To
simplify the mathematical analysis, the following as-
sumptions are made in the derivation of the steady state
governing equations for the proposed dehumidifier: (1
The flow in desiccant film is laminar. (2) The liquid so-
lution is Newtonian; both liquid and air flows are
steady and have constant physical properties. (3) Ther-
modynamic equilibrium exists at the interface. (4) The
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Fig.1 A schematic diagram of the air and film desiccant
flow in a channel
thickness of the film is constant. (5) The wall tempera-
ture is constant. (6) No shear forces are exerted on the
liquid by the vapor at the interface. (7) Velocity profile
is fully developed at the entrance of the channel.
Body force of air flow is negligible.
1.1 Governing equations for air and desiccant so-
lution
Fig. 1 shows that the desiccant solution flows into
the channel from the top of the wall, and the origin of
the coordinate is on the top left corner. Based on the
preceding assumptions, the equations governing the
conservation of momentum, energy and constituents for
the desiccant solution can be written as follows.
The momentum equation for the desiccant solution
is

2
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where u, is the velocity of the desiccant solution in x
direction (m/s); g is the gravitational acceleration
(m/s%); v, is the kinematic viscosity (m*/s).
The energy equation for the two-dimensional heat
convection is
" 6Ts a T, 2)
S ox ays
where T, is the temperature of the desiccant solution
(C); a, is the diffusivity of heat in the desiccant solu-

tion (m’/s).
The mass conservation equation of water is
u % j (3)
S ox ay;
where { is the mass fraction of water in the desiccant
solution; D; is the diffusivity of water (m*/s).
Similarly, the governing equations for the air are
2
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where subscript “a” denotes the parameters of process

air; d is the humidity ratio of humid air. It should be
pointed out that the desiccant solution and process air
have a different coordinate system.
1.2 Boundary and interfacial conditions

Based on the flow characteristics of the process air
and the desiccant solution as well as the above assump-
tions, the boundary and interfacial conditions associated
with the present problem can be written as

At x =0,
T Td in? d dm’ T Ts in? é: gm (7)
At y, =0,
ou, oT.
120, oo, M (8)
Y, Y, 9,
At y, =0,
u, =0, aiizo, T =T, (9)
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ua = u< int? d:d* (10)
Aty =6,,
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where subscript “in” denotes inlet paraments; u, ;, is

s, int
the velocity of the desiccant solution at the interface;
T, is the wall temperature; k is the thermal conductivity
(W/(m’-C));d"
for air at the interface with the desiccant solution and
V. 18 the gasification latent heat of water.
1.3 Velocity field in process air
Integrating Eq. (4) and subjected to y,, we obtain
d ou,
Va ap Mgy
Based on the boundary condition (8) and Eq. (14), we

is the equilibrium moisture content

(14)

can obtain C, =0.
Integrating Eq. (14), we obtain
)’i dp _
2 dx =HMa
Using the boundary condition (10) and Eq. (15),
we obtain

u, +C, (15)

1 dp
R (16)

ua = - us, int
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Eq. (16) is the velocity equation of process air. Be-
cause the mass flux is constant at any cross section, the
mass flux m, of the process air can be written as

[
m, = [ pudy, (17
0

where m, is the mass flow rate of the process air (kg/
s). The pressure gradient along the channel is obtained

by Eqgs. (16) and (17), which can be expressed as
d£ _ 3lu’aus, int 3:u“ama
&7l (o

Using Eqgs. (16) and (18), the velocity profile in
the process air is obtained as

1 3/-La us, in 3/-La ma
vl [CHE)

a

AR Y
(19)
1.4 Velocity field in desiccant solution
Integrating Eq. (1), we obtain
ou
VSGT)S+gyS+C] =0 (20)

Using the boundary condition (11) and Eq. (20),
C, can be solved as g§,, then integrating Eq. (20) as

2

vt - gy, +g 5 +Cy =0 (1)
The velocity in the desiccant solution is obtained
by the boundary conditions (9) and Eq. (21) as

2
g A
=& -7 2
u, V(&x 2) (22)

where §, is still unknown.

1.5 Thickness of falling film
The desiccant film thickness can be obtained from

the application of the continuity equation at any cross

section in the film flow as

5&
m, = | paudy, (23)
0

where m, is the mass flow rate of the desiccant solution
(kg/s). Using Egs. (22) and (23), the film thickness
can be expressed as

1
55{&m”y (24)
ps8
1.6 Equilibrium humidity ratio of process air and

desiccant solution
Based on the assumptions, the vapor pressure of
the process air should equal the vapor pressure of the
desiccant solution at the interface. The equilibrium hu-
midity ratio of air in contact with the desiccant solution
is given by the perfect gas relation'"” as
0.62185p, 0.62185p,
C Pan=Pi Pan =P
where p, is the vapor pressure of the desiccant solu-

5

(25)

tion; p, is the vapor pressure of the process air; p,,, is
the total pressure of air.

2 Numerical Method

The discretized representation of this equation is
obtained by the control volume method explained in
Refs. [8, 11]. The resulting finite difference equations
are solved by an iterative method. There are 25 nodes
for both process air and desiccant solution in the x-di-
rection, but the coordinate direction is reverse, and in
the y-direction there are 100 nodes in the process air
side, and 10 nodes in the desiccant side.

3 Results and Analysis

Fig. 2 shows that when the inlet parameters are
constant, the humidity ratio of process air and the mass
fraction of salt in the desiccant solution decreases along
the height of the vertical wall. This is due to the vapor
in the process air being absorbed by the desiccant solu-

tion.
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Fig.2 Variation of C, and d, along the wall height at m, ;,
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The variations in temperature, the process air and
the desiccant solution along the height of vertical wall
are shown in Fig. 3. Clearly, the temperature decreases
along the channel height, and the temperature decreases
rapidly at the inlet region but slowly as height increases
since the temperature difference between the film and
the wall decreases as channel height increases.

Fig.4(a) shows the counter-stream humidity ratio
distributions in the direction of thickness of the process
air in the cases of H=0.3 m, H=0.5 mand H=1.0
m. The humidity ratio decreases in accordance with the
thickness of the process air, and the humidity ratio de-
creases slowly at the symmetry center(y, =0) but rap-
idly at the interface since the vapor in the process air
transports into the desiccant solution at the interface. At
the same time, the dehumidification process is im-
proved as the vertical wall height H increases.
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Fig. 4 (b) presents the temperature distribution
along the thickness of the process air in the case of
vertical wall height H=0.3 m, H=0.5m and H=1.0
m. The temperature decreases slowly at the symmetry
plane (y, =0) but rapidly at the interface since the
temperature difference between the process air and the
vertical wall increases as the thickness increases. The
temperature distribution is the highest at the symmetry

plane (y, =0) and decreases to the lowest at the inter-
face since the heat of absorption released at the inter-
face is transported through the liquid film to the plate
wall. The dehumidification process is improved as the
height of vertical wall H increases.

Fig. 5(a) shows the effect of the inlet temperature
of the process air on the humidity ratio along the wall
height. Obviously, the inlet temperature of the process
air has no effect on the variation in the humidity ratio.
Fig.5(b) presents the effect of the inlet temperature of
the desiccant solution on the humidity ratio along the
wall height. It is obvious that the inlet temperature of
the desiccant solution has a negligible effect on the
variation in the humidity ratio.
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The effect of inlet mass flow of the desiccant so-
Iution is shown in Fig. 6(a). The outlet humidity ratio
decreases rapidly at the desiccant solution inlet region
but slowly at the outlet region, and with the increase in
the inlet mass flow rate of the desiccant solution the
outlet humidity ratio of process air decreases. This is
due to the fact that the mass fraction of salt in the des-
iccant solution decreases along the wall height and the
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mass fraction of salt difference is small under high
mass fraction of salt and the absorption capacity of so-
lution is high. Fig. 6(b) shows the outlet humidity ratio
increases as the process air mass flow rate increases,
that is because the mass fraction of salt difference of
the desiccant solution decreases along the vertical wall
height and the absorption capacity decreases as increase

of the mass flow rate of process air.
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The influence of the inlet mass fraction of salt in
the desiccant solution is shown in Fig. 7(a). The inlet
mass fraction of salt has an obvious effect on the outlet
humidity ratio of the process air along the vertical
wall. The dehumidification process is enhanced as an-
ticipated by increasing the inlet mass fraction of salt. It
is due to the fact that the mass fraction of salt differ-
ence decreases along the wall height and the absorption
capacity increases. Then, increasing the mass fraction of
salt in the desiccant solution will increase the possibili-
ty of crystallization of the salt in the desiccant solu-
tion. So, the salt crystallization process limits the high-
est possible value of the mass fraction of salt in the

desiccant solution. Fig. 7(b) shows that with the in-
crease in the inlet humidity ratio in the process air, the
outlet humidity ratio of the process air increases. It is
due to the fact that the mass transfer process between
air and the desiccant solution increases as the differ-
ence between the humidity ratio and the equilibrium

humidity ratio increases.
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4 Conclusions

1) The temperature of the process air is at the
highest at the symmetry plane of the dehumidifier
channel and decreases to the lowest at the interface. U-
niform with the temperature profiles, the humidity ratio
is the lowest at the interface and increases to the high-
est at the symmetry plane.

2) The humidity ratio, temperature and mass frac-
tion of salt, both the process air and the desiccant solu-
tion, decrease rapidly at the inlet region but slowly at
the outlet region depending on the height of vertical
wall.

3) The dehumidification process can be enhanced
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by increasing the vertical wall height and the desiccant
solution flow rates or inlet mass fraction of salt in the
desiccant solution, respectively. Similarly, the dehumid-
ification process can be improved by decreasing the in-
let humidity ratio or flow rates of the process air.
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