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ABSTRACT

In this paper, a simulation is carried out on a pre-
cooled liquid desiccant system working with aqueous
Lithium Chloride (LiCl). The effects of different ambient
air humidity on the outlet air humidities of absorber and
desorber, crystallization of LiCl, cooling capacity, and
COP of the system are analyzed. Besides, the system is
compared to experimental results of an internally cooled
liquid desiccant system using a new ionic liquid which is
referred to as IL9. The conditions for both, the
experiment as well as for the simulation are the same in
terms of heat and mass transfer area, air inlet
parameters, heat exchanger effectiveness, and hot and
cooling water temperature. Some conclusions are
summarized, for instance, the system using LiCl should
be driven by the hot water of no more than 80°C to
avoid the crystallization risk, and the internally cooled
system using IL9 shows a higher dehumidification
performance than the pre-cooled system using LiCl
especially at increased inlet air humidities.
Keywords: Pre-cooled liquid desiccant system, internally
cooled, lithium chloride, ionic liquid, crystallization,
dehumidification.

NONMENCLATURE

Latin letters

Cp specific heat capacity, KJ/(kg K)

d. hydraulic diameter of packing, m

dx the height of the microelement, m

dz the length of the microelement, m

D, mass diffusivity of air, m*/s

ha specific enthalpy of air, kJ/kg

he heat transfer coefficient, KJ/(m? K)

hd mass transfer coefficient, kg/(m? )
specific enthalpy of solution, kJ/kg; the

hs calculating equation can refer to the
reference[1]

H height of packing, m

AH,,, heat vaporization of water vapor, kl/kg

L thickness of packing, m

m mass flow rate, kg/s

Sh Sherwood number

w width of structured packing

Greek symbols

" specific surface area of structured packing,
450m*/m’

Pa air density, kg/m’

Wa absolute humidity of air, kg/kg
equilibrium absolute humidity on the

We desiccant surface which calculated by the
surface vapor pressure, kg/kg

Subscripts

a air

abs absorber

c cooling

des desorber

h hot

in inlet

out outlet

] liquid desiccant solution

W water

1. INTRODUCTION

Thermally-driven liquid desiccant dehumidification
technology removes the water vapor from air based on
the vapor pressure difference between an air stream and
a solution surface. The system can be divided into the
pre-cooled and the internally cooled system according to
at which stage the heat of absorption is rejected to the
cooling water. In the absorber of the pre-cooled liquid
desiccant system, the heat is transferred to the solution
firstly and then released into the cooling water in the
solution cooler. In contrast, in the absorber of the
internally cooled system, the heat is taken away by
cooling water during the absorption process. An analog
configuration applies for the desorber.

A lot of research was carried out on the two systems
and their components [2-5]. The working pair used in
these studies are mainly inorganic desiccants, for
instance, lithium bromide and lithium chloride, which
have corrosion problems. Besides, the crystallization risk
also very high for relative high driving temperature, and



it is usually not considered. In recent years, ionic liquids
with non-corrosive and non-crystalline characteristics
have attracted more and more researchers[6-8],
especially used in the internally cooled system([9, 10].
Most of the research is concentrated on the study of a
single liquid desiccant system. Besides, Varela et al.[9]
compared the experimental dehumidification
performance of a new internally cooled system using an
ionic liquid solution with the simulated dehumidification
performance of a pre-cooled system using LiCl solution
at the different solution mass fluxes. The result shows
the internally cooled system has better dehumidification
performance. However, the results are limited since the
comparison is not conducted for varying ambient
conditions such as inlet air humidity which is a critical
parameter. In addition, the crystallization limit of the LiCl
system is not revealed in their comparison.

In this paper, the simulation of the pre-cooled liquid
desiccant system using lithium chloride varying with the
increasing ambient air humidity is studied, and the
crystallization is also considered. After that, these
simulation data are compared to experimental results
which have been conducted at Technische Universitat
Berlin similar as described in [10]. These experiments are
conducted using a new ionic liquid 9 (IL9), and the
comparison between the two systems with the two
different desiccants is analyzed.

2. PRE-COOLED LIQUID DESICCANT SYSTEM

2.1 System introduction

Fig.1 shows the schematic diagram of a pre-cooled
liquid desiccant system. The main components of this
system include absorber, desorber and heat exchangers.
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In the absorber, the solution flows from top to bottom
due to gravity while the air cross flow in the horizontal
direction. Meanwhile, the heat and mass transfer occur
between liquid and air. The water vapor will transfer to
the solution if the vapor pressure of air is larger than the
equilibrium pressure of solution. At the same time, the
heat of absorption is released into the solution results in
the temperature rise and, thus, worsening the
dehumidification performance of the absorber. For this
kind of absorber, a higher solution flow rate should be
set to dampen the liquid temperature rise. The weak
solution from packing flows out to the tank and is mixed
with strong solution (state 5) from the desorber. 70% of
the solution at state 1 is pumped into the solution cooler
to reach appropriate temperature (state 3) and then
flows into the absorber. Similarly, 30% of the solution at
state 1 is pumped into the desorber solution tank after
heated by the heat exchanger to recover some heat from
the hot strong solution coming from the desorber. The
heat and mass transfer process in the desorber is similar
to thatin the absorber. The strong solution that has been
pumped to the desorber has a higher equilibrium vapor
pressure after heated by the solution heater and release
the water vapor to the air caused by the pressure
difference. The vapor releasing process will lead to a
temperature drop due to the heat of desorption that is
needed to evaporate the water out of the solution.
Similar to the absorption process, a higher solution flow
rate also needs to dampen the temperature decease of
solution. 30% of the concentrated solution is pumped to
the absorber tank after cooling down by the solution
heat exchanger to complete the solution cycle of the
whole system.

Solution cooler 3

|

Solution pump2

2.2 Mathematical model

2.2.1 Mathematical model of packing

Heat exchanger

Solution pumpl

Fig.1 Schematic diagram of pre-cooled packed liquid desiccant system

As shown in Fig. 2(a), the solution and air are cross flow
in the packing. Since the solution and air are uniforms
along the y-direction. A two-dimensional mathematic



model is built on the x-z plane which is discretized into
MxN meshes shown in Fig.2(b). The heat and mass
transfer between air and solution occur in every mesh
shown in Fig.2(c).

The model assumptions are listed: (1) both the heat and
mass transfer area are equal to the surface area of the
packing; (2) the heat and mass transfer coefficients are
uniform in the module; (3) the heat conduction and mass
diffusion of air, and solution along with their flow
directions are neglected; (4) the parameters vary only
with their flow directions.
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Fig.2. Schematic of the differential process of packing
The control equations in every mesh are expressed
as follows:
Mass conservation of water:

m, -dw, +dm, =0 (1)
Mass conservation of salt:
d(m,-X,)=0 2)
Energy conservation of air and solution:
m, -dh, +d(m,-h,)=0 ?3)

Heat transfer between air and solution:
m,-C,,-dT, =h, -(T,-T,)-a-W-dx-dz (4
Mass transfer between air and solution:
m,-do, =h; - (0, —w,)-a-W -dx-dz (5)
The boundary conditions are:
Ts:Ts,in, Xs‘:)(s,in at x=0
Ta:Ta,in, W= Wa,in at z=0
Equations (1~5) are discretized by using forward
differential. The concrete calculation procedures of the

whole packing are: (1) Calculate the outlet parameters of
air and solution for the mesh (1,1) using the inlet
boundary conditions; (2) Calculate the outlet air and
solution parameters for the mesh (2,1) using the outlet
parameters of mesh (1,1); (3) use the same method in
the procedure (2) to calculate outlet parameters for the
mesh (3,1), and until mesh(M,1); (4) use the solution
outlet parameters of mesh (1,1) to (M,1) and air
boundary conditions to calculate the outlet parameters
of mesh (1,2) to (M,2), and then the same method is
performed on meshes(1,3) to (M,3) until meshes (1, N)
to (M, N).

The mesh size is M=500, N=300. The outlet
parameters of the whole packing are the average outlet
parameters of the last row meshes. Grid dependency on
the results has been checked and the higher
independent grid resolution have been applied here.

2.2.2 Calculation of mass transfer coefficient

The mass transfer coefficient between air and
solution can be calculated by the Sherwood number, The
formula is listed below:

h = Sh-D, - p,
y =————2

d

e

(6)

The calculation equations can be provided by the
reference [11], which has the same type of packing. For
the absorber, the equation is expressed as:

m..
-3 1.24 0.33 \ 0.36 -1.28
Sh=2.0x10"Re,;* Sc, ™ (—==)"" (1= X,;,) " ()
a,in
Besides, for the desorber, the equation is given as

follow:
T,. +273.15

a,in )2.05
T, +273.15
(®)
According to the experiment data in the literature
[11], and the conditions in this simulation. The heat
transfer coefficients are set as constant value,
30W/(m2:K) for the absorber and 10W/(m2:K) for the
desorber.

m..
Sh — 5.55)(1073 Reg.994 SC;J.SS)( . s,in )0.101 (1_ )(S in)—1.084(
m )

a,in

2.2.3 Mathematical model of heat exchanger

For the solution-solution heat exchanger, solution-
water heat exchanger, and air-air heat exchanger. The
effectiveness model is used to calculate the outlet
temperature. The effectiveness equation can be
expressed as:

_ mcoIde,cold (Tcold,out - Tcold,in )

8_
min{mhotcp,hot’ rT.]coldcp,cold:}" (Thot,in _Tcold,in)
The outlet temperature of the cold fluid can be
calculated by the effectiveness equation. The outlet
temperature of the hot fluid can be calculated by the

&)
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energy conservation equations of the two fluids. The
effectiveness of the liquid heat exchanger is 0.75 and 0.6
for the air heat exchanger. The effectiveness is derived
from the experimental measurements in [10, 12].

2.2.4 Solution mixing process

In the absorber solution tank, the outlet solution
from packing will mix with the solution from the
desorber tank. The mixed solution concentration and
enthalpy can be calculated by the following equations:

X 3 m X +m 1- des)X

's,abs,out “ *s,abs,out 's,des,mix ( s,abs,mix

s,abs,mix — m m _ (1 des)

s,abs,out 's,des,mix

(10)
_ ms,abs,out hs,abs,out + ms,des,mix (1 des)hs abs,mix 11
hs,abs,mix - . . 1— ( )
ms,abs,out + ms,des,mix ( des)

The solution temperature in the tank can be
calculated by the concentration and enthalpy. The
analogous equations could be written for the desorber
also.

2.2.5 Performance index

The performance index of this system can be defined
as the ratio of heat benefit from dehumidified air to heat
consumption from hot water, the equation can be
expressed as follow:

COP = Qa" (12)
input
There are different COP include sensible COP, latent
COP and total COP which depends on the kind of benefit
heat. The calculation equations for the benefit heat from
dehumidified air in the absorber are given as follow:

Qair,sensible m <CpalnTaln pa,out out) (]3)
Qair,latent =m ( ain aout)AH (14)

The total benefit heat is the sum of the sen5|ble load and
latent load of dehumidified air. The input heat can be
calculated by Eq. (15).

2.2.6 Mathematic model validation

Since there is no complete experiment data for the
whole pre-cooled liquid desiccant system as shown in Fig
1., the validation can only be done for the most critical
components-the absorber and desorber. For the
simulation the inlet solution and air parameters, and
packing size are set to the values provided in [13, 14] to
calculate the outlet parameters. Then these simulated
data is compared to the experimental data on
temperature and humidity of the outlet air from the
experimental data from [13, 14] shown in Fig.3. with
almost every data in the range of below 10% deviation.
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data

2.3 System simulation flowchart

The flow chart for this simulation is shown in Fig.4,
the procedure mainly consisted of:

1) Input initial parameters, including the inlet water
temperature, air parameters, the size of the packings,
mass flow rate of air, and effectiveness of the heat
exchanger.

2)Initializing some internal starting parameters,
including the inlet concentration of absorber and
desorber, solution temperature of absorber and
desorber tanks

3) Calculate the absorber, desorber, and different
heat exchangers in order, the calculation methods are
already given in every model sections. Then obtaining
the outlet parameters of fluids.

4) Calculate the air side dehumidified water vapor of
absorber and desorber, and the new inlet solution
concentration of absorber using the water mass
imbalance information.

5) Judge whether dehumidified water vapor in the
absorber and desorber satisfied the system error



requirement. Update the inlet solution concentration of
absorber until the error meet the requirement.

6) After finishing the system iteration. Calculate the
crystallization temperature using the inlet solution
concentration of the absorber and comparing it with the
simulated inlet solution temperature of the absorber,
then output the crystallization information.

Input initial data: Xs aps in, Ms.asin,
Ts,tankabSv Ts.tankdeSv Tw,h)h Twcool

‘A

#‘

Absorber calculation
Obtain:Xs apsouts Msabs.outs Ts,abs,out > Error1=|Xs as,innew ~Xsabs,n |
L Error2:|mv,d& =My, des va,d&

‘ Update: Xs,abs,im Ts,tank,abs; Ts,tank,des

Desorber calculation
Obtai n:Xs,dsﬁ.outv ms‘des.outv Ts,des,out

v

Solution-solution heat exchanger
Obtai n:T:;,dil,ouh Ts,con,out

max(errorl,error2)<0.0001

No

¢ Crystallization temperature calculation
Ts,crysLa:f(Xs,abs,in);
Crystallization Judgment: compare
Ts,crysm and Ts,abs,in

Solution heater and cooler
Obtain: Ts,abs‘inv Ts,des,in

Calculate water vapor absorbed Obtain simulation results
and desorbed by solution.
mv,abszmaabs(waabs,in'waabs,out)

My, des= ma,des(wa,des,out‘wades,in) End

Fig.4 Simulation flow chart

2.4 Energy and mass conservation of system

There are four streams includes the dehumidified air,
humidified air, cooling water and hot water transfer the
energy with the system shown in Fig.5. The enthalpy flow
of the streams can be expressed as follows:

AH wh =My (hw,h,out - hw,h,in) (15)
AHair,abs =M, asin (ha,abs,out - ha,abs,in) (16)
AH e =M (Mo = Nein) (17)
AH airces = Ma gesn (ha,des,out - ha,des,in) (18)
Hot water + # :ool_ing water
aTE AHue
NN

Humidified air in Dehumidified air in

AHa‘ades SyStem AHa‘abs

Humidified air ou Dehumidified air out
—_ ! (——

Fig.5 Enthalpy flow of pre-cooled system

The energy conservation error can be expressed as:

E _ |AH w,h + AHa\ir,abs +AHW,C +AH air,des 19
balance — AH AH ( )
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Fig.6 Energy balance of whole system
The energy conservation result is shown in Fig.6, the

overall system energy balance error is lower than 1.8%
for all the simulated points.

The water mass conservation of the system is that
the water mass dehumidified to the solution in the
absorber is equal to the water humidified to the air in the
desorber. The calculation of water mass can be
expressed as:

vabs ms,abs,out (1_ Xs,abs,out) - I’ﬁs,abs,in (1_ Xs,abs,in) (20)
v,des — ms,des,in (1_ Xs,des,in ) - ms,des,out (1_ Xs,des,out) (21)

Overall system water mass balance is given as follow:

m
m

M _ | mv,abs B mv,des | 20
balance — m ( )
v,abs
0. 0006
= 95C
e 35C
A 75C
0.0005 o u
? v 65C
LI |
(5]
g .
E0.0004— o ®
e o ©
= o o
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Fig.7 Mass balance of whole system

As is shown in Fig.7. The overall system water mass
balance is low than 0.05%.
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3. INTERNALLY COOLED LIQUID DESICCANT SYSTEM

The schematic diagram of internally cooled liquid
desiccant system is shown in Fig.7. In this system, the
cooling water and hot water join the heat and mass
transfer process between air and solution directly. For
instance, in the absorber, the cooling water can take
away the released heat of absorption directly while the
solution absorbed the water vapor from air. Hence the
solution flow rate is much lower than that of pre-cooled
system. The outlet solution of absorber is sent to the
desorber after being pre-heated by the solution heat
exchanger, similar as on the desorber side, the outlet
solution is sent to the inlet of absorber after being cooled
down by the solution heat exchanger. In the desorber
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Air out
« |
) Hot Watélr
>
Airin
mpy =) Desorber
Heat exchanger [ —

Solution
pump 2

A

side, the air heat exchanger is used to recover sensible
heat from outlet humidified air to decrease the heat
consumption.

The experiment research for this system using IL9
was carried out. More detailed information about this
test rig can refer to the literatures but using a different
ionic liquid 4 [10, 12].

The experimental conditions for internally cooled
system, and simulation condition for pre-cooled system
are shown in Table 1, which include the common
conditions and some individual conditions for both two
system.
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Fig.7 Schematic diagram of internally cooled liquid desiccant system

Table.1 Simulation and experiment conditions of two
systems.

Common parameter Dimension
Heat and mass transfer area of 5
6.2m
absorber/desorber
Air flow rate 453kg/h
Velocity of air 1.2m/s
Cooling water temperature 30°C
Ambient air temperature 28°C
Liquid heat exchanger effectiveness 0.75
Air heat exchanger effectiveness 0.6
Individual parameter for pre-cooled . .
Dimension
system
Packing size L*W*H=0.32m
8 *0.32m*0.14m
Solution flow rate 544 kg/h
Driving temperature 65~95°C
Individual parameter for internally . .
Dimension
cooled system
Solution flow rate 155 kg/h
Driving temperature 85C

4. RESULTS

4.1 Simulation results of pre-cooled system

As can be seen in Fig.7, the outlet humidity almost
changes linearly with the inlet humidity. This is due to the
linear variation of the vapor pressure difference between
air stream and solution surface, and the almost constant
heat and mass transfer coefficient. When the ambient
humidity is fixed, the outlet humidity decreases as the
driving temperature increases. That is because the
higher driving temperature increases the concentration
of solution and thus decreases the vapor pressure of
solution surface. Hence lower humidities at the outlet of
the absorber are achieved. When the humidity is low and
the driving temperature is high, the solution crystallizes
more likely. For instance, when the driving temperature
is at 95°C, and the ambient humidity is lower than
20g/kg the solution will crystallize, but for 65°C, the
ambient humidity can be lower than 10g/kg without
crystallization. Therefore, considering the air condition
and solution crystallization, the working pair LiCl is not
suitable for the higher driving temperature. The
reasonable range is from 60~80 ‘C for this given



system, which matches the conclusion in reference
[15].
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Fig.8. Outlet air humidity of the absorber and desorber
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Fig.10. COP of system

As is shown in Fig.9, the latent load of dehumidified air
in the absorber increased with the ambient humidity.
The input heat from hot water has the same varying
trend as the latent load of dehumidified air. The sensible

load of dehumidified air in the absorber changes small
compared to the latent load. From the figure 9, as the
humidity is 22g/kg, the driving temperature is 85°C, the
sensible load is -0.62kW, which is -10.4% of input heat,
and the latent load is 3.3kW which is 54.0% of input heat.
The total COP is only 43.6% because of the negative
effect of sensible load in the absorber. Fig.10 describes
the system COP influenced by the ambient air humidity
and driving temperature. The latent COP increases as the
humidity increases. That is due to the increased
dehumidification rate, which results in more vapor
humidified transfers to the air in the desorber. At the
same time, the proportion of humidified air latent load
in total input heat increased. Hence the latent COP is
increased. The latent load of dehumidified air increases
with the driving temperature. That is because the
increasing solution concentration results in lower vapor
pressure on the solution surface which increases the
dehumidification rate owing to the rising vapor pressure
difference. The latent COP changes very little owing to
more heat input for higher driving temperatures.

4.2 Comparison of pre-cooled and internally cooled
systems

The comparison of the simulation results of the pre-
cooled liquid desiccant system using LiCl solution and the
experiment results of the internally cooled liquid
desiccant system using IL9 is shown in Fig.11. The driving
temperature is 85 °C, and the mean uncertainty for
experiment data of outlet humidity in the absorber is
0.68g/kg and 1.25g/kg for the desorber, which are
already shown in the figure. The outlet humidity of
dehumidified air in the absorber increases for both of the
two systems with inlet ambient air humidity, but the
internally cooled system with IL9 has lower outlet
humidity, and the IL9 can work normally even when the
humidity is lower the crystallization line. As the ambient
humidity increases, the humidity difference between the
two systems increases. The phenomenon is mainly
because the cooling water in the internally cooled
system can take away the heat of absorption
immediately resulting in a lower solution temperature
than that of the pre-cooled system. When the ambient
humidity is 22g/kg, the outlet humidity for the pre-
cooled system is 11.5g/kg, while that of the internally
cooled system is about 9g/kg, which is 2.5g/kg lower
than the pre-cooled system. That means under the same
heat and mass transfer area condition, the internally
cooled system with IL9 has higher dehumidification
potential.
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5. CONCLUSIONS

In this paper, a pre-cooled liquid desiccant
dehumidification system using LiCl solution is simulated
and compared with an internally cooled system using a
new IL9 solution. Some conclusions are summarized as
follows:

1)For the LiCl solution, the driving temperature
should be no more than 80 C to avoid the
crystallization.

2) Because of temperature rise of dehumidified air,
the sensible heat has a negative effect on the system
performance, hence lower sensible heat will benefit the
total system COP for both pre-cooled and internally
cooled system.

3) The internally cooled liquid desiccant system with
IL9 can dehumidify more water vapor from ambient air
compare to pre-cooled system with LiCl, especially
performs better at high humidity.

4) Higher driving temperature can achieve lower
outlet humidity of the desorber. But it is not a good way
to increase COP by increasing driving temperature since
heat losses increase also.
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