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Abstract Liquid desiccant systems have received sig-
nificant attention as a way to reduce latent loads. Tests of
liquid desiccant systems in humid climates have shown
significant reductions in energy consumption. As moisture
in the air is absorbed at the dehumidifier, the temperature
of the liquid desiccant increases due to the addition of heat
from the enthalpy of condensation of the water vapor.
Thus, the coupled effects of heat and mass transfer are
relevant for these applications. A two-dimensional mathe-
matical model of the transient heat and mass transfer for an
absorber where a thin film of liquid desiccant flows down
its walls and dehumidifies the air in parallel-flow config-
uration is developed and the dynamics of the modeled
system are analyzed.
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B Depth of the channel (m)
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Nu Nusselt number

P Pressure (Pa)
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Direction across the channel (m)
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Greek symbols

«  Thermal diffusivity (m? s~

0  Thickness (m)

n  Dimensionless coordinate across the channel
¢ Dynamic viscosity (kg m™' s7")

v Kinematic viscosity (m2 sfl)

o  Air humidity ratio (kg,,,, kg71 da )

p  Density (kg m)

v  Time constant (s)

0 Dimensionless temperature

¢ Dimensionless coordinate along the channel
{  Water concentration in liquid desiccant (Kg,,uzer/Kg501)
Subscripts and superscripts

AVG Average

a Air

d Desiccant

da Dry air

0 Initial

int Interface

sol Solution

w Wall

wy Water vapor
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1 Introduction

Liquid desiccants have been proposed as a way to reduce
energy consumption by lowering latent loads on evapora-
tors and cooling coils. Numerical and experimental studies
have shown improvements in the coefficient of perfor-
mance of air conditioning systems using liquid desiccants
[1, 2]. Other studies have concentrated on the physical
aspects of the heat and mass transfer between moist air and
liquid desiccant under a variety of geometries and operat-
ing conditions. For instance, Park et al. [3] performed a
numerical and experimental study of the steady-state cou-
pled heat and mass transfer between a falling desiccant film
and air in cross-flow. They considered both regeneration
and absorption processes. Khan [4] developed a two
dimensional steady state model of an internally cooled
liquid desiccant absorber. The total and latent cooling loads
compared well against experimental values from com-
mercially available absorber performance. Kessling et al.
[5] developed an energy and mass balance model and
determined the dominant effects on the absorption process
in an energy storage application using a liquid desiccant.
Mass transfer coefficients were measured and reported in
their work. A detailed steady-state two-dimensional model
for cooling and dehumidification of air by a falling film in
parallel flow was developed by Rahamah et al. [6]. They
found that low air flow rates produced better dehumidifi-
cation and cooling. More recently, Ali et al. [7] performed
a comparative study between parallel and counter flow
configurations for heat and mass exchange of humid air and
a falling film of liquid desiccant in the presence of nano-
particle suspensions. Their numerical results showed that
parallel flow provided better dehumidification and cooling
of air than counter flow for a wide range of parameters.
Also, it was shown that dehumidification and cooling was
enhanced by increasing the volume fraction of nanoparti-
cles and the dispersion factor. In a follow-up paper, the
same authors conducted a numerical analysis of heat and
mass transfer between air and a falling liquid-desiccant
film in cross-flow configuration [8]. In this study, they also
considered the effects of adding small Cu-ultrafine parti-
cles to the liquid desiccant solution. The results of their
work showed that an increase in the height and length of
the channel and a decrease in the channel width enhanced
the dehumidification and cooling processes. Finally, Ali
and Vafai [9] numerically investigated the heat and mass
transfer between air and desiccant film in inclined parallel
and counter flow channels also considering the presence of
Cu-ultrafine particles. Their main findings indicated that
inclination played a significant role in improving dehu-
midification and cooling in both parallel and counter flow
channels. They also found that the addition of Cu-ultrafine
particles increased the effective thermal conductivity of the
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solid—liquid mixture. However, the improvement in dehu-
midification, cooling, and regeneration due to the presence
of the particles was minimal due to the small thickness of
the desiccant film. A similar steady-state two-dimensional
model was used by Mesquita et al. [10] to study the effect
of constant liquid desiccant film thickness compared to
using variable film thickness for parallel plate dehumidi-
fiers. Heat and mass transfer correlations as well as finite
differences and a simplified one-dimensional model were
used to show that the constant thickness under-predicted
the dehumidification process at low liquid desiccant rates.
Several other authors have developed analytical solutions
of steady-state heat and mass transfer between air and
liquid desiccant for parallel, counter, or cross flow con-
figurations [11-13].

Considerably less work has been done on transient
absorption and regeneration of air using liquid desiccants.
Hajji and Worek [14] performed a theoretical analysis of
transient combined heat and mass transfer in a stagnant
liquid layer absorbing water vapor. Their model considered
two different boundary conditions at the lower surface of
the film. Analytical expressions for the temperature and
concentration profiles were reported. Nakoryakov et al. [15,
16] also analyzed the heat and mass transfer during vapor
absorption by a stagnant solution layer. They presented an
analytical solution for short and long times. Experimental
results of transient heat and mass transfer in liquid desiccant
systems are very scarce. Gandhidasan et al. [17] investi-
gated the transient behavior of a gauze-type structured
packing liquid desiccant dehumidifier. More recently, Peng
and Pan [18] used a local volumetric average approach to
develop a transient one-dimensional model of a liquid
desiccant process at low flow conditions. The results were
compared with the measurements at a experimental test
stand filled with plastic pall ring packing material.

Other authors have analyzed transient dehumidification
and regeneration using solid desiccants. Tauscher et al.
[19] investigated the transient dehumidification of air
inside the narrow channels of a rotary solid storage ele-
ment. In their work, several narrow-channel geometries
were investigated experimentally and numerically. Al-
Sharqawi and Lior [20] performed a numerical study of
transient flow with heat and mass transfer between desic-
cant plates and humid air. The effects of plate thickness,
Reynolds number, and turbulent intensity were analyzed.
Their results indicated that 25% higher heat and mass
transfer coefficients were obtained increasing the desiccant
plate thickness. They reported that mass transfer rates
increased with higher Reynolds numbers and turbulent flow
augmented the rate of dehumidification.

The analysis of transient thermal performance of paral-
lel, counter, or cross-flow exchangers has dealt mainly with
temperature changes over time and response to step changes
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of inlet temperatures and mass flow rates [21-23]. How-
ever, transient response of temperature, humidity ratio, and
liquid desiccant concentration on heat and mass exchangers
has not been analyzed in depth. In this paper, a two-
dimensional transient model for the analysis of temperature
and concentration change over time is developed and
applied to the study of heat and mass exchange between
humid air and liquid desiccant in a parallel flow configu-
ration. The effect of the wall has been considered for adi-
abatic and constant temperature boundary conditions.

2 Mathematical formulation

The transient governing equations for a liquid desiccant
film flowing from top to bottom in parallel with a stream of
humid air, as shown in Fig. 1, are described as follows.

2.1 Two-dimensional transient model

The velocity profile for the two dimensional model is
obtained analytically assuming fully developed laminar
flow. From the momentum equation, the velocity profile for
the liquid desiccant side is [6]:

8yd 1
=225, —= 1
=2 (3~ ) (1
The air-side velocity profile can be shown to be
= — ;-9 2
Ug Uq +2’ua dx (ya a) ( )

where J, = % fs — d4. The pressure drop along the channel
becomes:

| Yo Va
<

Air flow Desiges

o

Fig. 1 Description of the geometry. The depth B of the channel has
been considered of unitary magnitude

d_P 3y _ 3v,my,
dx 5  25B

(3)

The desiccant film thickness is obtained applying
continuity to the cross section of the film

O
y

i

"= [ paady )
0

where 7, is the total mass flow rate of liquid desiccant

inside the channel per unit of depth. Thus, the thickness of
the film can be expressed as:

3 .y 1 / 3
o = () 5
2p48
The governing equations for energy and mass transfer
become:

Air side

oT, T, o’
e 6
o T T %y (6)
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Liquid desiccant side
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ot +i o dy? ®)
o of 0’
ht) =D, 9
o e i ©)
Wall
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Air-liquid desiccant interface
T, . o oT,
- |:ka+paDalfg:| = d7d (11)
ya a Ya=0a Oya Ya=0w+04
ow o
_PaDaa— = pdDda_ (12)
Ya Ya=04 Yd Ya=0y+04
Liquid desiccant—wall interface
oT, oT,,
kimt|  =kea (13)
0ya Ya=0 Oya Ya=0w

The set of equations is completed with the relations for
equilibrium of the air humidity ratio with the liquid
desiccant water concentration [8]. The interfacial humidity
ratio is obtained as

P
Wit = 0.62185P z

t Z

(14)
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where the vapor pressure for Calcium Chloride liquid
desiccant is obtained with

Tiny — 40
P,=P,,|1—-0.828Z — 1.496Z2+Z[7 (15)
350
where P,,, is the partial pressure of water vapor in humid
airand Z = 1 — (e

Initial and boundary conditions
The initial conditions correspond to

T,=T0=0"T, =79, =T, =T, (16)
and the boundary conditions are as follows.
x=0:T, =T’ 0=0"Ty=T5( =" (17)
u, o7, 0
Va= 0ot = 0,220 = 0,22 = (18)
Ya Y OYa
oT,,
Yd v (19)
of
=0, :uy=0Ty=T,,—=0 20
Yd d d Oy (20)
Ya :511 FUg = Uq, ) = Wiy (21)
0
yd:5w+5d:ﬂ:0,Td:Ta (22)
Oya

2.1.1 Nondimensional formulation

Using the nondimensional parameters & = x/f;, 1, = yu/
foo Ma = Ylfss Us = ualtta,,, Ug = ualug,,., 0 = (T — T3)/
(1° — 7°), and Fo = t/7,, the dimensionless representation

of the governing equations takes the form:

Air side

00, 00, 0%,

4 4p ——4_-__Z 2
oFo T ealege = 32 23)
ow ow 1 ?*w

— 4 Pe Uy = ——— 24
oFo T eV 5E T ey a2 (24)
Liquid desiccant side

90, 00, . %0,

ﬁ + Pedrl Uda_é = rl a]”é (25)
o¢ o 1 _ %

— 4 Pe U/ —=—T,— 26
o T Y Ee T Ly, Lo (26)
Wall

00, 0%0,,

Fo 2o @7)

where 1, = fr/o,, Le, = ,/Dy Pe, = RePr,, Leg =
oq/Dy, Pey = Re,Pry, T} = a /o, and Ty = a,/a,.
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3 Method of solution

An implicit finite difference scheme is used to solve the set
of equations for the two-dimensional transient model.
Upwind and central differences are used for first and second
order derivatives in space, respectively. Equations 11 and
12 are solved to obtain the temperature and concentration of
water in the liquid desiccant at the interface. Then, Eqs. 14
and 15 are solved to obtain the humidity ratio, w;,. This
information is used to solve the governing equations for the
air and liquid-desiccant sides. The algorithm iterates at each
time step until it converges to an arbitrary tolerance level.
The model and method of solution were validated using
the most closely related test data found in the literature. The
model was modified to run a counterflow structured packing
liquid desiccant dehumidifier. The operating conditions and
geometric parameters were obtained based on the informa-
tion provided in [17]. The inlet air temperature and relative
humidity were 26°C and 66.35%, respectively. Figure 2a
and b show the comparison with the experimental values
obtained by Gandhidasan et al. [17]. Good agreement is
obtained with the model under-predicting the steady state
value of the temperature by 1.5°C and the over-predicting
the relative humidity by 4.9%. The transient behavior pre-
dicted by the model matched the experimental results.

4 Results and discussion
The developed model is used to predict the behavior of a

liquid desiccant film in contact with humid air in parallel
flow inside a channel.

(a) 40
30 1
?(i 20+t Model |
- +  Experimental
10 1
0
0 20 40 60 80 100 120
t [min]
(b)100 : , , , ,
Model
80 | A Experimental [
X 60 ‘E J
E 40 | A A A A A A A A A A A A
20 1
0 . . . . .
0 20 40 60 80 100 120
t [min]

Fig. 2 Comparison of variation of air outlet temperature and relative
humidity with time. a Outlet temperature, b relative humidity.
Experimental values obtained from [17]
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4.1 Temperature and water concentration variation
over time

The variation of temperature and water concentration in the
air and liquid desiccant domains as a function of time for a
channel of length H = 0.4 m is analyzed in this section.
The operating parameters used for the simulations are
described in Table 1. Figure 3a—c show the average outlet
conditions at ¢ = H/f; for the humid air and liquid desic-
cant. The wall temperature at the outlet location is also
displayed. At Fo = 0 there is a uniform distribution of
temperature and water content at each domain. As Fo
increases there is a rapid cooling of the air and liquid
desiccant mainly due to the effect of the low initial tem-
perature of the wall. This is followed by a smooth increase
in the temperatures of the air and liquid desiccant, 0, and
0,4, respectively, as seen in Fig. 3a. The temperatures sta-
bilize at Fo = 30, approximately. The air humidity ratio,
shown in Fig. 3b, shows a similar overall behavior as 0,
having an initial drop in its value followed by an moderate
increase to reach steady-state near Fo = 30. The fraction of
water in the liquid desiccant solution, seen in Fig. 3c,
shows a different dynamic behavior presenting an over-
shoot at Fo =~ 20 and then stabilizing at Fo equal to 35,
approximately.

The difference in the dynamic behavior of ® and { can
also be observed analyzing the distribution of these vari-
ables over time. Figure 4 shows a contour plot of the air
humidity distribution at eight different discrete values of
Fo. The interface with the liquid desiccant is located at
Ne = 0,fs and the axis of symmetry of the channel is
located at n, = 0. Air enters the channel with w = 0.02
kg, /kgq, at £ = 0 and the air humidity is absorbed at the
interface between air and liquid desiccant. Therefore, the
humidity ratio decreases as 7, increases. At very short

Table 1 Operating parameters and properties used in the analysis [7]

Parameter (units) Desiccant Air Wall
70 (°C) 35

79 (°C) 25

o° (kg.wkga) 0.02

0 (kgwarerkgso) 0.6

g (kg s™") 0.012395

ity (kg s™'m™") 0.014

1), (°C) 10
kWm 'K 0.525 0.02635 0.026
Cp Jkg7'K™ 2,330 1,028 500
p (kg m™) 1,394 1.172 146
pkgm™'s™h 1.19 x 1072 1.83 x 107°

D m*s™) 42 x 107" 25 x 1070

o

0 10 20 30 40 50 60 70

(b) 0016 : : : : : :
0.014} 4

S 0.012} 1
0'01 L L L L L L L ]

0 10 20 30 40 50 60

(c) 0.606F T T T T T T ]
s 0.604 R
0.602 |- ]

06 L L L L L L
0 10 20 30 40 50 60

Fo

Fig. 3 Outlet average conditions for transient behavior in parallel
flow. a dashed line 0, solid line 0,, dash-dotted line 0,,; b w; ¢

times the results show a gradient of w that is approximately
parallel to the air/liquid-desiccant interface. As Fo increa-
ses, the results show a decreasing value of w in the positive
direction of &. The variation in the distribution of  is less
evident as time increases reaching steady-state near
Fo = 34.

The change in the distribution of { over time is shown in
Fig. 5. The same discrete values of Fo displayed in Fig. 4
were used. The interface with the wall is located at
na = 0,/f; and the interface with the humid air is located at
Nag = (84 + 0,,)/f;. The liquid desiccant enters the channel
with { = 0.6 at £ = 0. At short times, i.e. Fo = 0.013669,
the gradient of water concentration remains parallel to the
air/liquid-desiccant interface and the variation is located in
the close vicinity of the interface. Iso-{ lines are indistin-
guishable. Faster rates of diffusion are prevented by the
low value of D,. At larger times, the water concentration in
the desiccant increases near the interface showing a vari-
ation with respect to the length of the channel that is not as
strong as the change in the direction towards the wall. The
dynamics are slow compared to other variables reaching
steady state conditions near Fo = 41.

4.2 Effect of boundary condition at the wall

The results presented in the previous sections were
obtained by using an adiabatic boundary condition for the
wall at 1, = 0. This situation is valid in cases where no
cooling is needed for the absorber, such as in refrigerated
warehouses applications [24]. However, in many situa-
tions, a coolant fluid runs inside the walls of the absorber to
remove the heat generated due to water vapor condensa-
tion, keeping the wall temperature approximately constant.
Thus, the boundary condition at the wall is modified to

@ Springer
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Fig. 4 Spatial distribution of w as a function of dimensionless time Fo
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Fig. 5 Spatial distribution of { as a function of dimensionless time Fo
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0 10 20 30 40 50 60
Fo

Fig. 6 Outlet average conditions for transient behavior in parallel
flow for constant wall temperature. a dashed line 0, solid line 0,,
dash-dotted line 0,,; b w; ¢ {

have a constant value equal to 79. Figure 6 shows the
transient behavior of the average values at the outlet of the
channel for temperature and water concentrations. It is
observed that, at all times, the temperature of the liquid
desiccant remains below the temperature of the air. This is
caused by the effect of the wall that remains at a lower
temperature compared to the other two fluids, absorbing
heat at the interface with the liquid desiccant film. The
lower liquid desiccant temperature enhances the moisture
absorption properties of the liquid desiccant so the outlet
air humidity ratio is lower than for the case with adiabatic
wall boundary condition. This causes the water content in
the liquid desiccant to increase with respect to the adia-
batic-wall case. It is also observed that the overshoot seen
in Fig. 3 in { is no longer present.

4.3 Effect of step changes on a single variable

A liquid desiccant heat and mass exchanger is frequently
subject to changes in the values of the operating param-
eters. Ambient air temperature, humidity ratio, liquid
desiccant temperature and concentration can vary over
time having an effect in the overall performance of the
dehumidification process. In this section, the response of
the model to variations in a single inlet parameter is
analyzed by introducing step changes during the dynamic
simulation. Each inlet variable is increased and decreased
by an arbitrary 10% and the dynamics of the system
subject to these changes are obtained. Transient simula-
tions show that the air humidity ratio and liquid desiccant
concentration have the strongest effect on the other vari-
ables. These results are presented in the following
subsections.

4.3.1 Changes in (¢ = 0, Fo)

Figure 7a—d show the effect of the step changes in
(¢ =0, Fo) on 8, 0,4, and (. The average value of these
variables are plotted at five different locations along the
length of the channel, i.e. ¢ = 0, 0.25 H/f,, 0.5 H/f,,0.75 H/
fs» and H/f,. Figure 7a shows that the air temperature inside
the channel decreases very rapidly in the first quarter of the
channel length. The step changes in w(¢ = 0, Fo) produce
only a minor change in the value of 6, and a delay is
observed in the reaction of the temperature along the length
of the channel. It is seen that a lower frequency is obtained
in the oscillation of 6, compared to w. Figure 7b shows a
more gradual change in the value of 6, with respect to &.
The value of 6, at the end of the channel, shown by a solid
black line, indicates that the outlet temperature conditions
do not differ significantly between the air and liquid des-
iccant. The lower frequency of oscillation is also observed
in this variable. Figure 7c displays the effect of the forcing
function introduced in w(¢ = 0, Fo). The simulation is
started with the values indicated in Table 1. Then step
changes occur every AFo ~ 34. It is observed that the air
humidity also decreases significantly in the first quarter of
the channel length and the amplitude of oscillation
decreases gradually as ¢ increases. A delay in the reaction
of w is seen as ¢ increases. The liquid desiccant water
concentration {, depicted in Fig. 7d, is not modified sig-
nificantly by the changes in w and remains at a value close
to 0.6. However, the small increment in { for larger values
of ¢ indicates water absorption from the moist air.

4.3.2 Changes in {(¢ = 0, Fo)

A substantial difference in the dynamic behavior is
observed when the water content in the liquid desiccant at
¢ = 0 is varied using step changes as shown in Fig. 8a—d.
Figure 8d clearly displays the delay effect in the variation
of { as a function of &. The concentration of water in the
liquid desiccant at different values of £ shows a first order
system behavior with no signs of overshoot. { at £ = 0.25
HIf; closely follows the forcing function and it reaches
steady state before the next step change. The water con-
centration at the remaining locations inside the channel
shows a delay with respect to the forcing function with a
decreasing amplitude of oscillation observed for increasing
values of £. Water concentration at £ = 0.5 H/f,, ¢ = 0.75
H/f, and at the end of the channel shows a smaller amplitude
of oscillations since the delay effect prevents these locations
to reach steady state before the next step change. The effect
of the change in ( is clearly observed in the other variables.
Figure 8a and b show much larger oscillations in 8, and 0,
compared to Fig. 7. In particular, the temperature change in
0, is larger at the end of the channel while the opposite is
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Fig. 7 Effect of step changes in (a) ——&=0
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true for 6,. Finally, Fig. 8c shows that a reduction in {
implies a more concentrated liquid desiccant solution and
thus it absorbs more humidity from the air, lowering the
value of . However, there is a small delay in the reduction
of w as a response to a reduction in {. The inverse effect is
also observed when the value of ( is increased.

@ Springer

4.4 Instantaneous Nusselt and Sherwood numbers

The oscillations induced by the forcing functions suggest a
variation in the values of the instantaneous Nusselt and
Sherwood numbers. Equations 28 and 29 are used to cal-
culate Nuayg and Shayg along the length of the air/liquid-
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Fig. 9 Instantaneous value of Nusyg and Shayg for step changes in

{(¢ =0, Fo)

desiccant interface at every instant in time. Due to the
strong changes observed in all the variables caused by steps
changes in {(¢ = 0, Fo), this case has been used for the
analysis. Figure 9a and b show the variation of Nuvg and
Shavyg over time, respectively. The instantaneous Nusselt
number displays a smoother fluctuation compared to the
instantaneous Sherwood number. The Nusselt number
follows closely the variation seen in 0, in Fig. 8a and it
reaches a minimum value of 0.30 and a maximum of 0.69
after the effect of the initial conditions. Shayg oscillates
between 1.43 and 3.56 with several maxima and minima
that result from the combined effects of delay and variation
in the amplitude of oscillations along the channel length.

1
N = d. 2
fave = H / T, a)’a Va=04 ’ ( 8)
H
Shavg = d 29
AVG = 0/ Oy — @O aya . X (29)

5 Conclusions

Liquid desiccant systems provide the benefit of reducing
the latent loads in air conditioning systems with the
benefit of increasing the coefficient of performance spe-
cially in humid climates. In this paper, a transient two
dimensional model of the heat and mass transfer in par-
allel flow inside a channel is developed. The transient
distribution of water content in the air and liquid desic-
cant were obtained and the effect of oscillatory behavior
in the form of step changes of a single parameter were

studied. The instantaneous average Nusselt and Sherwood
numbers along the air/liquid-desiccant interface are also
presented.
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