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Abstract: Previous 2D CFD simulation models fail to elaborate the actual 

simultaneous flow and dehumidification process in liquid desiccant cooling system. 

Accordingly, the present study successfully developed a novel 3D simulation model 

for investigating the liquid desiccant dehumidification performance of a falling film 

dehumidifier. The penetration mass transfer model was implemented in the simulation 

to account for the interfacial dehumidification process. Experimental system was built 

for the model validation and the results indicated that the newly developed 3D CFD 

model could predict the absolute moisture removal accurately with an average 

deviation of 7%. Parametric study revealed that the dehumidification performance 

was closely related with air humidity, velocity, solution temperature, centration, 

temperature and contact angle but seldom affected by air temperature. The simulation 

results also indicated that falling film of liquid desiccant shrank gradually along the 

flow direction, leading to an inhomogeneous water vapor absorption process in the 

dehumidifier. Intense water vapor absorption occurred at the phase interface, resulting 

in large solution concentration gradient and humidity content in the zone near the 

air/liquid contact interface. However, minor mass transfer occurred in other zones 

mainly in the form of diffusion. Accordingly, several heat/mass transfer enhancement 

approaches, i.e. structural modifications and surface modification, were proposed to 

improve the flow turbulence and to enlarge the falling film wettability. The newly 

proposed 3D simulation model and dehumidification enhancement approaches are 

meaningful for the design and operation of liquid desiccant cooling system.  
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Nomenclature 
A Mass transfer area ( 2m ) ct Contact time ( s ) 

pc Specific heat ( J/(kg.K) ) T Temperature ( o C ) 

1εC ,
2εC Constants surfu Surface velocity of liquid film 

( m/s ) 
d Absolute humidity ( g/kg ) u Velocity ( m/s ) 
D Diffusion coefficient ( 2m /s ) x x  direction 
E Energy( J/kg ) X Concentration ( % ) 

F


Momentum source term ( 3N/m ) y y  direction
g gravitational acceleration ( 2m/s ) z z  direction 
G Mass flow rate ( kg/s ) Greek symbols 
h Enthalpy ( J/kg ) α  The volume fraction of phase 

mh Local mass transfer coefficient ( 2kg/(m .s) ) µ  Dynamic viscosity ( Pa.s ) 

lgH Latent heat of evaporation ( J/kg ) υ  Kinetic viscosity ( 2m /s ) 

k
Thermal conductivity ( W/(m.K) ) 
Turbulence kinetic energy ( 2m /s ) 

ρ  Density ( 3kg/m ) 

K Overall mass transfer coefficient ( 2kg/(m .s) ) ψ  Concentration difference ratio 
l Flow distance ( m ) Subscripts 

LDCS Liquid desiccant cooling system g Gas phase 
m The number of species e Equilibrium 
n The number of phases m Main part 
p Pressure ( Pa ) r Rim part 

ES Energy source term ( 3W/m ) s Solution 

lgS Mass transfer source term ( 3kg/m ) 

1 Introduction 

To keep a livable and comfortable indoor environmental for residents, it is 

essential to adjust the indoor temperature and humidity to a desirable degree [1, 2]. In 

nowadays, the vapor compression cooling system (VCS) is used worldwide to achieve 

such goal [3]. In the VCS, the sensible and latent heat loads which correspond to 

temperature and humidity control are dealt with by cooling the processed air under its 

dew point temperature. However, in order to get satisfactory temperature for supply 

air, reheating is required in some situations, which is a kind of energy waste [4-6]. 

Moreover, the VCS has been criticized by its heavy reliance on electricity 

consumption. In order to avoid the reheating and improve the system efficiency, the 

sensible and latent heat loads are supposed to be handled with separately [7, 8]. For 

the sensible load, it can be removed by a cooling coil and for the latent load in the 
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form of extra water vapor in processed air, it can be dealt with by various approaches, 

such as electrochemical dehumidification, liquid desiccant dehumidification and solid 

desiccant dehumidification [9, 10]. Among all these approaches, the liquid desiccant 

dehumidification has drawn increasing attention in the last few decades due to its 

accurate control ability of humidity and great energy saving potential. Different from 

the conventional VCS, the liquid desiccant cooling system (LDCS) can utilize low 

grade or renewable energy sources, such as geothermal energy, waste heat and solar 

thermal energy, which helps to significantly improve the system efficiency [11, 12]. 

Moreover, the LDCS has the potential of energy conservation up to 30~50% 

compared with the conventional VCS [13].  

A schematic diagram of a liquid desiccant dehumidification process is shown in 

Fig. 1. Liquid desiccant, such as lithium bromide (LiBr) and lithium chloride (LiCl) 

solution, with low temperature and high concentration gets in contact with processed 

moist air in a dehumidifier. Driven by the vapor pressure difference between desiccant 

solution and processed air, water vapor in the air would be absorbed by the liquid 

desiccant to achieve the purpose of dehumidification. After that, solution will be 

regenerated in a regeneration for continuous system operation. In order to uncover the 

heat and mass transfer characteristics in the dehumidifier/regenerator, plenty of 

researches have been carried out [14-19]. Generally speaking, these researches can be 

divided into two groups: experimental investigation [14-17] and numerical study 

[18-20]. Even though experimental study can provide intuitional data for practical 

application, the cost in terms of money and time is usually high. Therefore, a lot of 

researchers choose to numerically investigate the dehumidification/regeneration 

performance in the LDCS. Benefiting from the development of computer science, it is 

able to use the computational fluid dynamic (CFD) technology to analyze the detailed 

and complicated fluid flow and heat transfer process [21]. In fact, the CFD method 

has shown its convenience and superiority in various fields, such as chemical reaction, 

aircraft design and fluid dynamics [22-24], and will become more and more popular 

in the foreseeable future.  
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Fig. 1. Schematic diagram of liquid desiccant dehumidification. 

In the field of mass transfer concerning absorption or dehumidification, there are 

some researches on the investigation of hydrodynamics characteristics and 

simultaneous heat and mass transfer [20-30]. As the falling film flow on plate or 

packing material is the typical flow pattern during absorption or dehumidification, 

some studies focused on simulating the hydrodynamics characteristics of the falling 

film. Min et al. [25] studied the motions of laminar wavy film flow on a vertical plate 

by CFD simulation. VOF and PLIC methods were used to capture the interface 

between liquid and gas. The simulation results showed good agreement with the 

experimental ones in respect of wave shape as well as wave motion. Differently, Gu et 

al. [26] studied the hydrodynamics of falling film on an inclined flat plate and a wavy 

plate by their developed two-dimensional (2D) CFD model. Besides, Szulczewska et 

al. [27] and Ho et al. [28] also numerically investigated the hydrodynamics 

characteristics of falling film on different kinds of plates. Compared with the 2D 

simulation, 3D simulation can get more actual flow characteristics of both gas and 

liquid. Ho et al. [28] also conducted the 3D simulation to study the falling film 

behavior of a micro-reactor. Their results indicated that velocity profiles in the liquid 

film and near-liquid gas zone were complex and was not consistent with the 

conventional simplified assumptions. Subramanian et al. [29] carried out 3D 

simulation to study the falling film flow of different fluids on corrugated sheets of 

packing. The wettability, film thickness and flow dynamics of falling film were 

obtained through simulation and shown good agreement with experiments. Xu et al. 

[30] investigated the flow behavior of a liquid phase flowing on an inclined steel plate 
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at different situations with the consideration of drag force between gas phase and 

liquid phase. With the developed 3D model, the influences of the liquid and gas flow 

rate on wetted area, the characteristics of film thickness and velocity profiles were 

studied. However, the abovementioned studies only cared about the hydrodynamics 

characteristics of falling film while did not concern the heat and mass transfer process. 

In fact, when taking the heat and mass transfer into consideration, the simulation 

becomes complex and cannot be completed only by the internal code of CFD 

commercial software (such as Fluent and CFX). With the help of User Defined 

Function (UDF), external govern equations can be jointly solved with the internal 

code to get the thermal, flow and concentration profiles.  

Some studies concerning the ethanol evaporation [31], LiBr solution absorption 

[32] and water evaporation [33] of falling film on plates have been carried out by 

previous researchers. In these studies, the VOF model was widely used to track the 

interface between liquid phase and gas phase. The interfacial heat and mass transfer 

characteristics were determined by the UDF code coupled into the Fluent solver. Bo et 

al. [34] conducted a 2D simulation to investigate the falling film absorption of LiBr 

solution in a counter-flow absorber. The interfacial heat flux was determined by the 

Fickian law of diffusion. Based on the developed model, the detailed heat and mass 

transfer process during absorption was analyzed. Kharangate et al. [33] proposed a 2D 

CFD model to predict the heat and mass transfer behavior of evaporative falling films 

on plate. Based on phase change model, heat and mass source terms were coupled into 

the solver in the form of UDF. Results indicated that the model successfully predicted 

the evaporation and flow behavior characteristics in a broad range of Reynolds 

number. Based on the 2D CFD simulation model, Hu et al. [35] paid their attention on 

the CO2 absorption by a confined falling film. According to the simulation results, the 

mechanism of mass transfer and relationship between mass transfer and flow behavior 

were explored and discussed. Based on the commercial CFD software of Fluent, 

Haelssig et al [36] conducted a direct numerical simulation to analyze the dynamics 

and simultaneous heat and mass transfer process of phase interface in a system with 

multiple chemical species. Good agreement between experimental data and numerical 
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prediction was observed.  

Regarding liquid desiccant, only few researches were reported which will be 

elaborately discussed below. Luo et al. [7] firstly conducted the dynamic and 

microscopic simulation to study the flow mechanism of LiCl solution on plate 

dehumidifier. The influences of different parameters on velocity field, wettability, 

minimum wetting ratio and film thickness were identified. Later, they simultaneously 

simulated the heat and mass transfer performance in a LiCl solution based falling film 

dehumidifier [37]. The penetration mass transfer theory was adopted to describe the 

dynamic dehumidification process at the interface of liquid desiccant and processed 

air. The developed model was proved to be reliable by comparing the simulation 

results with other models, and parametric studies were conducted to investigate the 

effects of different boundary conditions. Furthermore, Luo et al. [38] developed a 2D 

CFD simulation model for an internal cooling dehumidifier. By adopting the 

developed model, analysis was carried out to identify the influences of solution 

temperature, flow rate and different types of internal cooling modes on 

dehumidification performance. As one can see, the CFD technology can not only 

predict the hydrodynamic behavior of fluid flow but also simultaneous heat and mass 

transfer process in various areas which include absorption refrigeration, evaporative 

cooling, condensation and various chemical processes. In nowadays, it is not just a 

supplement or substitution of experimental study. It becomes an indispensable 

approach to get the detailed information on local heat and mass transfer behavior. 

Such information is of vital importance to explore the transfer mechanism and 

develop related correlations for practical applications. However, for simulation 

integrated with mass transfer, as there is no existing mass transfer model in the CFD 

software, investigators have to develop corresponding models for different situations. 

In addition, the large computational cost forces researchers to choose a 

high-performance computing device with high cost.   

Regarding liquid desiccant falling film, the only reported CFD simulations were 

2D  [37-39]. However, the 2D simulation cannot evaluate the contraction of falling 

film which has been observed [40, 41], which significantly affects the heat and mass 
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transfer performance [42]. Therefore, it is better to conduct 3D simulation for the 

dehumidification process to uncover the simultaneous heat and mass transfer behavior. 

The present study newly developed a 3D simulation model for a falling film 

dehumidifier based on the CFD technology. An experimental system with a single 

channel dehumidifier was also fabricated for the validation of the developed 3D 

model. After the validation, parametric studies were carried out with the developed 

3D model to analyze the influences of different parameters on dehumidification 

performance. Further, some practical suggestions for the improvement of 

dehumidification performance in terms of surface treatment by super-hydrophilic 

coating and structural modification were also newly put forward. For better 

understanding of present study, a flow chart shown in Fig. 2 is given.  

 

Fig. 2. Flow chart of present study. 

2 Description of CFD model 

2.1 Mathematical description of governing equations 

In order to obtain the heat and mass transfer characteristics in the falling film 

dehumidifier, the mass conservation, energy conservation, momentum conservation 

and turbulence equations were solved by Fluent solver. The species transport equation 

was used to describe the mass transfer in the moist air and liquid desiccant. The 

Volume of Fraction (VOF) model was adopted to capture the phase interface between 

air and liquid desiccant. The formulations for them are detailed as follows: 
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(1) Mass conservation equation  

( ) ( )= 0u
t
ρ ρ∂

+∇⋅
∂


                      (1) 

where ρ  is the density and u


 is the vector of velocity. 

(2) Energy conservation equation 

( ) ( ) eff k k E( ) = E u E P k T h J S
t
ρ ρ∂  +∇ ⋅ + ∇ ⋅ ∇ − + ∂ ∑


          (2) 

where E  means the energy and is defined by Equation (3). P  and T  are the 

pressure and absolute temperature. effk  is the effective thermal conductivity and h  

and J  are the enthalpy and diffusion flux of species. ES  represents the volumetric 

heat source.  

2

=
2

P uE h
ρ

− +                              (3) 

(3) Momentum conservation equation 

( ) ( )= - ( ( ))
T

u uu P u u g F
t
ρ ρ µ ρ∂

+∇⋅ ∇ +∇⋅ ∇ +∇ + +
∂

    
       (4) 

in which, µ  is the viscosity and is g  the acceleration of gravity. F


 Means the 

external body force or source term.  

(4) Turbulence model 

The Reynolds number of falling film is less than 400 and the value for processed 

air is in the range of 5800~13000 in this investigation. As a result, the flow patterns of 

processed air and liquid falling film are laminar flow and turbulent flow respectively. 

According to previous study [43], the k ε−  and -k ω  model are usually adopted for 

the problem of falling film stratified two-phase flow. The RNG (Renormalization 

group) k ε−  model is the most adopted one. Banerjee and Isaac [44] compared the 

commonly used turbulence model of standard k ε−  model, RNG k ε−  model and 

RSM model for the stratified two-phase flow. Their results shown that the RNG 

k ε−  model gave the best prediction of experimental results. Moreover, as the 

Reynolds number of present study is not very high, the RNG k ε−  model is suitable 

according to the Users Guide of Fluent [45]. Based on the above references and Users 

Guide, the RNG k ε−  turbulence model was selected to describe the hydrodynamics 
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behavior in the dehumidifier. The governing equations of turbulence kinetic energy 

and its dissipation rate are gives as follows, 

      (5) 

2

i ε eff 1ε k 3ε 2ε ε ε
i j j

( ) ( ) ( ) ( )bu C G C G C R S
t x x x k k

ε ε ερε ρε α µ ρ∂ ∂ ∂ ∂
+ = + + − − +

∂ ∂ ∂ ∂
  (6) 

(5) Species transport equation 

( ) ( )q q k,q q q k,q q k,q k,q lg,k= x ux D x S
t
α ρ α ρ α∂

+∇⋅ − ∇
∂


         (7) 

where k,qx  is the mass fraction of the thk  component in the corresponding phase thq . 

k,qD  represents the coefficient of diffusion and lg,kS  stands for source term of mass 

transfer at the interface. 

(6) VOF multi-phase model 

The density and viscosity of each computational cell in the VOF model are 

described by Equation (8) and (9). 

l l g gρ α ρ α ρ= +                            (8) 

l l g gµ α µ α µ= +                         (9) 

where lα  and gα  stand for the volume fraction of liquid phase and gas phase with 

the value ranging from 0 to 1. The value 1 for volume fraction means that the 

computational cell is filled with only one phase and the volume fraction for the other 

phase is 0, and vice versa. Obviously, the sum of the two volume fractions is equal to 

1 as described in Equation (10). 

g l 1α α+ =                              (10) 

In order to track the interface between the gas phase and liquid phase, the 

continuity equation for volume fraction shown in Equation (11) is solved. 

l/g
l/g 0u

t
α

α
∂

+ ⋅∇ =
∂


                          (11) 

2.2 Description of interface conditions 

During the dehumidification process, water vapor at the phase interface is 

absorbed by the liquid desiccant due to vapor pressure difference. Simultaneously, 

i k eff k b M k
i j j

( ) ( ) ( )kk ku G G Y S
t x x x
ρ ρ α µ ρε∂ ∂ ∂ ∂

+ = + + − − +
∂ ∂ ∂ ∂
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latent heat would also be released as vapor phase change occurs. Therefore, the mass 

and energy source terms need to be added into the species transport equation and 

energy conservation equation correspondingly. The calculation methods for the source 

terms are specified in the following part.  

(1) Interface mass source 

According to previous research, the mass transfer resistance at the phase 

interface is usually ignored [46]. Therefore, the overall mass transfer coefficient K  

is formulated in Equation (12) [47]. 

m,g m,l

1 1 1
K h hψ
= +                            (12) 

where m,gh  and m,lh  stand for the local mass transfer coefficient of gas phase and 

liquid phase respectively. ψ  is a factor related with the concentration and 

temperature of the liquid desiccant. The local mass transfer coefficient is determined 

according to the penetration mass transfer theory. The formulations for m,gh  and m,lh  

are specified in Equation (13) and (14). 

m,g
c

=2  gD
h

tπ
                            (13) 

l
m,l

c

=2  Dh
tπ

                            (14) 

where gD  and lD  are the diffusion coefficients of processed air and liquid 

desiccant respectively. ct  means the contact time between air and solution and is 

calculated by Equation (15), 

c
surf

lt
u

=                               (15) 

where l  is the flow distance of the falling film and surfu  is the velocity of falling 

film which can be obtained by the cell macro supplied by Fluent software.  

After the determination of overall mass transfer coefficient K , the mass source 

term lg,kS  in the species transport equation (7) can be obtained by Equation (16).  
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lg,k e ( )gS K d d A= −                        (16) 

in which, gd  and ed  stand for the humidity of air and the equivalent air humidity 

of solution at its concentration and temperature. A  represents the mass transfer 

contact area or the wetting area. It is worth noting that in the 2D model, the whole 

dehumidifier plate is assumed to be fully wetted by falling film. However, in 3D 

model, the film shrinkage can be simulated and only the actual wetted area takes part 

in the dehumidification process.  

(2) Interface energy source 

The latent heat of water vapor condensation and dilution heat of desiccant solution 

are generated during the process of dehumidification. As the dilution heat is much 

smaller that the condensation latent, it is neglected in the model [48]. As a result, the 

energy source term at the phase interface is calculated by Equation (17) as follows, 

1

E lg,k lg,k
0

m

k
S S H

−

=

=∑                           (17) 

By integrating the governing equations shown from Equation (1) to Equation (11) 

and the interface sources terms determined by Equation (16) and Equation (17), the 

comprehensive hydrodynamics and heat and mass transfer characteristics in a falling 

film dehumidifier can be obtained. 

3 Experimental setup and model configuration 

3.1 Introduction of experimental system 

An experimental system was designed and built up to validate the 3D simulation 

model, as shown in Fig. 3. The whole system contained two subsystems, namely air 

subsystem and solution subsystem. A single channel falling film dehumidifier with the 

dimension of 500 mm×30 mm×540 mm (Length×Width×Height) was fabricated and 

installed in the system. As the liquid desiccant of LiCl solution is corrosive, the 

stainless steel of 316L with excellent corrosion resistance ability was used to be the 

material of the dehumidifier and plastic pipe was used for the solution loop. The 

whole system was covered by thermal insulation cotton to prevent the heat exchange 

between the whole system and ambient environment. It is noteworthy that the 

dimension of dehumidifier was determined according to dehumidification 
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performance and the whole size of the system. In order to get desirable 

dehumidification performance, the length and height of the dehumidifier are usually 

in the range of 200~700mm according to previous studies. Moreover, the whole 

system was installed in an air-conditioning system, the whole size of the experimental 

system was limited by the size of the air-conditioning room. Finally, after careful 

consideration and validation, we chose the dehumidifier with the size of 500 mm×30 

mm×540 mm (Length×Width×Height).   

The liquid desiccant was stored in one plastic tank before the experiment. An 

electrical heater controlled by a Proportion-Integration-Differentiation (PID) 

controller was used to heat the liquid desiccant to the desired temperature. Driven by 

a pump connected with the tank, the liquid desiccant circulated in the pipe and flowed 

through a three-way valve firstly. By adjusting the opening angle of this valve, the 

flow rate of solution could be changed and its exact value was measured by a turbine 

flow rate meter with a relative accuracy of  3%± . A distributor shown in Fig. 3 was 

used to uniformly distribute the liquid desiccant on the plate. When the falling film 

flowed through the plate and got in contact with the processed air, it flowed back to 

another solution tank. The inlet and outlet solution temperatures were measured by 

two Pt-100 thermocouples with an accuracy of 0.1 K. The ambient air was blown into 

the air duct by a blower. There was a valve in the air duct to adjust the air flow rate. In 

order to get processed air with desired temperature and humidity, an electrical heater 

and a humidifier were installed at the inlet of the air duct. The values of air 

temperature and humidity at the inlet and outlet dehumidifier were obtained by two 

temperature and humidity sensors with the accuracy of 0.1 K for temperature and 2.5% 

for humidity. The air flow rate was measured by a micro-manometer and a pitot tube 

installed at the outlet of dehumidifier with a measurement accuracy of 2.2%. All of 

the signals generated by different sensors were collected, displayed and stored by a 

data logger during the experiments. It is worth noting that the experimental study was 

just to provide reliable validation data for the developed 3D CFD model. Therefore, 

we only emphasized our main work of CFD simulation in the title without mentioning 

the experimental work.     
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Fig. 3. Schematic diagram of the experimental system. 

3.2 Configuration of computational model  

The schematic diagram of the single channel falling film dehumidifier is 

illustrated at the left side of Fig. 4. During the experiments, it was found the falling 

film was nearly eudipleural. Therefore, in order to reduce the calculation amount, the 

computational domain was only half of the actual dehumidifier, as shown in Fig. 4. 

The detailed dimension of the computational domain is 250 mm*30 mm*540 mm 

(Length*Width*Height). The software of ICEM was used to get structured mesh for 

the domain and part of the mesh is illustrated in Fig. 4. As one can see, in order to 

capture the flow behavior of the thin liquid desiccant falling film, the size of the mesh 

was very small near the plate and then becomes greater and greater gradually to 

reduce the computational time.  
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Fig. 4. Sketch map of the dehumidifier and computational domain. 

3.3 Boundary conditions, initial and calculation settings 
In present study, the commercial CFD software Fluent was used to simulate the 

simultaneous heat and mass transfer during dehumidification. The boundary 

conditions for different parts in the computational domain is shown in Fig. 4. The left 

side was set as symmetry and the right side was set as adiabatic wall. The front side 

and back side of the physical model were all set as wall. The whole bottom was 

regarded as pressure outlet. The top side was divided into two parts, namely liquid 

desiccant inlet and processed air outlet (counter flow was arranged in the 

dehumidifier). The boundaries for these two parts both were velocity inlet. As the 

processed air outflowed from the top side, the magnitude of air velocity was set as 

negative value during simulation.  

At the beginning of the simulation, the processed air occupied the whole 

computational domain which corresponded to the air volume fraction gα  of 1 and 

liquid desiccant volume fraction lα  of 0 at 0t = . The inlet humidity and 

temperature of the moist air and inlet concentration and temperature of liquid 

desiccant were given at the interface of the Fluent software. As the effect of gravity 

was taken into consideration in present study, the body force weighted pressure 

discretization scheme was adopted during simulation [26]. In order to decouple the 

pressure and velocity equations, the SIMPLE (Semi-Implicit Method for Pressure 

Linked Equations) along with the highly recommended PRESTO! pressure 

interpolation scheme [45] was used. The first order upwind scheme was applied to 

solve the momentum, turbulence, energy and species transport equations. To judge 
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whether the steady state was achieved or not, the average air humidity at the gas outlet 

was monitored. 

4 Model validation 

4.1 Grid independence validation 

ICEM software was used to obtain structured mesh for the computational domain. 

During simulation, the liquid desiccant falling film flowed along the plate 

dehumidifier with a pretty thin film thickness (usually less than 1mm). In order to 

capture the flow characteristics of the thin film, fine size grid with the width less than 

0.1mm was applied for the domain near the wall, as indicated in Fig 4. Generally, the 

computational accuracy increases with the increase of mesh quality. However, the 

increase of mesh quality not only increase the computational accuracy but also 

computational cost at the same time. Therefore, there exists a balance between the 

computational accuracy and cost. Therefore, to reduce the computational time, less 

mesh quality is desired if the computational accuracy is desirable. Therefore, the 

study of grid independence validation is conducted before simulation. The grid 

structures for grid independence validation were initially selected according to the 

study of Luo et al. [38] on 2D simulation. According to their results and the ratio of 

structural parameters between our model and theirs, five different levels of grid 

structure with the size of 41×221×601 (Width×Length×Height), 56×221×601, 

102×371×1001, 102×520×1402 and 152×371×1001 were selected for comparison. It 

is also worth mentioning that the size in the width direction was arranged to make 

sure it was thin enough to accurately capture the thin falling film. The simulation 

conditions for solution side included the LiCl concentration and temperature of 38% 

and 28oC respectively and the inlet velocity of 0.12m/s. For air side, the absolute 

humidity content and temperature of air were 20g/kg and 27oC and the inlet air 

velocity was 0.6 m/s. As the result for grid independence validation was only affected 

by the mesh quality but seldom affected by the magnitude of contact angle, a contact 

angle of 50o was selected for an example. Absolute moisture removal, which is 

defined by the difference of humidity content between the inlet and outlet air, was 

selected to evaluate the dehumidification performance. The absolute moisture 
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removals under different grid structures were compared in Fig. 5. It is clear that the 

absolute moisture removal firstly increased with the increasing of mesh quality and 

then levelled off at the grid structure of 102*371*1001. As a result, to keep a balance 

between the simulation accuracy and computational time, the subsequent simulation 

chose this grid structure for further study.  
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Fig. 5. Absolute moisture removal at different grid sizes. 

4.2 Validation of developed 3D model by mass transfer performance 

The newly developed 3D simulation model based on CFD technology was 

validated in terms of mass transfer performance. Experiments were conducted by the 

abovementioned experimental system shown in Fig. 3. The detailed operating 

conditions were listed out in Table 1. Similarly, simulations were carried out based on 

the developed 3D model under the conditions shown in Table 1. As the contact angle 

of LiCl solution has significant effect on the wettability of falling film on 

dehumidifier, the contact angle of LiCl solution on the stainless steel was purposely 

measured by a standard contact angle goniometer with an accurcay of 0.1o, and the 

result of 58.5o is presented in Fig. 6. Accordingly, the contact angle in the CFD setting 

panel was also set as 58.5o to reflect the actual wettability of dehumidifier. The 

comparison results between the experimental absolute moisture removal and 

numerical ones are shown in Fig. 7. It is clear that the absolute moisture removal 

increases with the increasing of inlet humidity content for both experiment and 

simulation. Moreover, the values for the experimental and calculated ones are also 
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agreed well with each other. For example, when the inlet humidity content is 21g/kg, 

the absolute moisture removal is 1.95g/kg for experiment and 1.9g/kg for simulation. 

The greatest difference occurs at the humidity content of 17g/kg. However, the 

experiment and simulation results are 1.17g/kg and 1.39g/kg with a difference of only 

0.22g/kg. Consequently, the novel 3D simulation model can predict the 

dehumidification performance accurately, which provides an effective way to 

investigate the effects of different factors on dehumidification performance 

quantitatively.  
Table. 1. Working conditions for the experiments and simulations. 

Parameter ( / )su m s  (%)sX  ( )o
sT C  ( / )au kg s  , ( / )a id g kg  ( )o

aT C  
Magnitude 0.12 35 27 0.7 21 27 

 

    
Fig. 6. Contact angles of LiCl solution.  
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Fig. 7. Comparison between the measured and simulated absolute moisture removal. 

5 Parametric study on dehumidification performance  

The parametric study is to identify the influences of different parameters on 

dehumidification performance in the practical application. In the real operation of the 

liquid desiccant system, dehumidification process is adopted to deal with the latent 
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load in the processed air. Therefore, the temperature, humidity and velocity of 

processed air will affect the performance of a dehumidifier. As liquid desiccant, LiCl 

solution for example, is the solution for water vapor absorption, its temperature, 

concentration and velocity will also have effect on the mass transfer process. The 

contact angle can reflect the wettability of material of the dehumidifier and directly 

affect the heat and mass transfer contact area. Therefore, it also has significant effect 

on the dehumidification performance. To systematically investigate different 

parameters on dehumidification performance, the abovementioned parameters are 

included in the parametric study. 

5.1 Influence of air temperature  

By adopting the validated 3D CFD model, the influences of various parameters on 

dehumidification performance were studied. Fig. 8 indicates the absolute moisture 

removals under different air temperatures. The surface contact angle was set as 50o. 

As shown, the absolute moisture removals keep constant at the value of 2.1g/kg even 

though the air temperature varies from 24oC to 36oC. The explanation is that the 

change of air temperature has little effect on the wettability and mass transfer 

coefficient during dehumidification process. The wetting area was kept at 0.152m2. 

The mass transfer coefficient was determined by Equations (12)-(15). As the change 

of air temperature in present study had negligible influence on the diffusion 

coefficient of gD , the whole mass transfer coefficient would have negligible change 

under different air temperatures.  

As the falling film shrunk gradually along the flow direction, the 

dehumidification processes at different y-z planes are different. To analyze the 

influence of falling film shrinkage on mass transfer behavior, the contours of water 

vapor at y-z planes with different x values are compared in Fig. 9. It is obvious that 

the distribution of humidity content at different y-z planes is different. It is 

noteworthy that the water vapor volume friction at y-z plane with x=0.1m shows the 

lowest value, which corresponds to best dehumidification performance. According to 

Fig. 9, the falling film (the blue part in Fig. 9) fully wetted the dehumidifier in the 
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planes of x=0m and x=0.05m. And the falling film in y-z plane with x=0.1m almost 

fully wetted the plate with only a small non-wetted area at the bottom. However, the 

falling film did not fully wet the planes with x=0.15m and x=0.2m with a large 

proportional of non-wetted area. Due to the longer contact time of processed air with 

solution, more water vapor was absorbed by liquid desiccant and the water vapor 

volume fractions in the planes with x=0m, x=0.05m and x=0.1m were lower than that 

of the other two planes correspondingly. Moreover, as shown in the dotted box and 

the corresponding local enlarged drawing, there existed a falling film boundary in the 

y-z plane of x=0.1m. In this area, the turbulence of flow was vigorous which 

corresponded to intense heat and mass transfer with the processed air. The intense 

dehumidification process could be demonstrated by the dramatical change of contours 

in this zone. Consequently, more water vapor was absorbed and led to lower water 

vapor volume fraction in the y-z plane with x=0.1m. However, the 2D simulation can 

only reflect the heat and mass transfer behavior of one y-z plane. Therefore, it is 

necessary to develop the 3D model to explore the detailed dehumidification behavior 

in an actual dehumidifier. Moreover, the falling film lengths at x-z planes with 

different y values are indicated and compared in Fig. 10. As shown, the falling film 

consists of main part with nearly uniform film thickness and a rim part with a bulge. 

Along the flowing direction, the length of the falling film becomes smaller and 

smaller, which means that the falling film shrinks gradually. Therefore, the water 

vapor absorption by LiCl solution only occurs on the wetted area in the 3D model. 

However, in a 2D model, as the film shrinkage can not be simulated, it assumes that 

the absorption happens on the whole plate dehumidifier which is not practical.         
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Fig. 8. Influence of air temperature on dehumidification performance. 

  
Fig. 9. Contour of water vapor at different y-z plane. 
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Fig. 10. Contour of LiCl solution at different x-z planes. 

5.2 Influence of air velocity 

The influence of air flow rate on absolute moisture removal is illustrated in Fig. 

11. Under the operational conditions shown in Fig. 11 and surface contact angle of 50o, 

when the air velocity increases from 0.2m/s to 1.2m/s, the corresponding absolute 

moisture removal shows a reduction of 2.35g/kg from 3.77g/kg to 1.42g/kg. The 

contours of moisture content at the air outlet are compared in Fig. 12. It is clear that 

the humidity content tends to be smaller near the falling film and becomes greater 

gradually. Moreover, the water vapor gradient is more distinct at lower air velocity, 

which indicates that more water vapor was absorbed by LiCl solution and better 

dehumidification performance was obtained. The main reason is that lower air 

velocity corresponds to longer contact time between processed air and LiCl solution, 

which is also indicated in Fig. 11. As can be seen, the change tendencies of absolute 

moisture removal and contact time are similar with each other.  
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Fig. 11. Influence of air velocity on dehumidification performance. 

 

 
Fig. 12. Contour of moisture content under different air velocities at air outlet. 

5.3 Influence of air humidity 

Fig. 13 shows the absolute moisture removals at different inlet air humidity. The 

absolute moisture removal almost shows a liner increment with the increase of air 

inlet humidity. Specifically, the absolute moisture removal increases from 0.95g/kg to 

2.41g/kg when the air inlet humidity increases from 13g/kg to 23g/kg, which is 

caused by the increment of mass transfer driving force shown in Equation (16). The 
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mass transfer driving force in terms of moisture content difference between process 

air and LiCl solution has an increment of 10g/kg from 6.53g/kg to 16.53g/kg 

correspondingly. What is more, the comparison of contours of moisture content at the 

same x-z plane with y=-10mm was given under the inlet humidity content of 15g/kg 

and 21kg/kg, as shown in Fig. 14. As mentioned before, the moisture content changes 

significantly near the solution falling film. However, in the zone far from the falling 

film, the moisture content still maintains high. For example, when the inlet humidity 

content is 15g/kg, the moisture content near the outlet is still lager than 13g/kg at most 

of the zone. Similar results can be also observed in Fig. 14 for the inlet air humidity of 

21g/kg. This indicates that near the falling film, when the moisture content different 

between the solution and processed air is great, intensive absorption occurs which 

results in the low moisture content of processed air near the falling film. However, in 

the air zone far from the falling film, water vapor transfers driven by moisture content 

difference in the form of diffusion. The key point is that the diffusion coefficient of 

water vapor in air is quite small, which is the reason of the high humidity content in 

most of the air zone.  
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Fig. 13. Influence of air inlet humidity on dehumidification performance. 
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Fig. 14. Comparison of moisture content contours at the x-z plane with y=-10mm under different 

inlet humidity. 

5.4 Influence of solution inlet velocity 

As shown in Fig. 15, the absolute moisture removals under various solution inlet 

velocities are compared. When the solution inlet velocity increases from 0.08m/s to 

0.18m/s, the absolute moisture removal increases from 1.63g/kg to 2.3g/kg gradually 

which is partially caused by the increase of wetting area. As shown in Fig. 15, the 

actual wetting area has an increment of 0.027m2 from 0.138m2 to 0.165m2. The 

detailed distributions of solution falling films on plate dehumidifier at various 

solution velocities can be found in Fig. 16. However, the relative increment of wetting 

area is 19.6% which is smaller than that of the absolute increment of 41.1%. 

Therefore, the mass transfer improvement is also resulted from the increment of mass 

transfer coefficient. Obtained from Equation (15), the increment of solution inlet 

velocity will lead to the increment of solution superficial velocity surfu  and 

decrement of contact time ct . As a result, the whole mass transfer coefficient will be 

greater at higher solution inlet velocity.     
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Fig. 15. Influence of solution velocity on dehumidification performance. 

 
Fig. 16. Comparison of wettability of falling film under different solution flow rates. 

5.5 Influence of solution temperature 

Fig. 17 illustrates the dehumidification performance in terms of absolute moisture 

removal at different solution temperatures. Obviously, the absolute moisture removal 

presents a distinct decrement with the increment of solution temperature. Specially, 

the value shows a decrement of 0.84g/kg from 2.54g/kg to 1.7g/kg when solution 

temperature increases from 18o to 33o. The increase of solution temperature leads to 

the increment of solution vapor pressure and decrement of mass transfer driving force 
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with moisture content decreasing from 17.4g/kg to 11.62g/kg, which is the contributor 

of absolute moisture removal decrement. In fact, the local mass transfer coefficients 

between LiCl falling film and processed air at x-z plane (y=-0.25m) are compared in 

Fig. 18. It is noteworthy that as the dehumidification process only occurred at the 

phase interface between processed air and solution, the contours in Fig. 18 were just 

the phase interface with the LiCl solution volume friction of 0.01~0.99. Under the 

solution temperatures of 21oC, 27oC and 33oC, the local average mass transfer 

coefficient maintains around the value of 0.520kg/(m2.s) with pretty small fluctuations. 

That is to say, the change of solution temperature has negligible influence on the mass 

transfer coefficient. As a result, the relative reduction of absolute moisture removal 

with the value of 49.4% is almost the same with that of the relative decrement of 

moisture content difference with the value of 49.7%.  
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Fig. 17. Influence of solution inlet temperature on dehumidification performance. 
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Fig. 18. Contours of mass transfer coefficient under different solution temperatures at y=-250mm. 

5.6 Influence of solution concentration 

The effect of solution concentration on dehumidification performance is 

presented in Fig. 19. Due to the increment of mass transfer driving force in terms of 

moisture content difference, the absolute moisture removal increases from 1.8g/kg to 

2.38g/kg when the solution concentration changes from 31% to 39%. In Fig. 20, the 

mass friction of LiCl at the outlet falling film (only the solution zone is presented in 

Fig. 20) is illustrated under different inlet solution concentrations. It is clear that the 

LiCl concentration shows the smallest value at the phase interface and then gradually 

increases to the stable value which is the same with that of the inlet concentration. 

Moreover, the thickness of the falling film with detectable concentration change is 

pretty small, as can be demonstrated in Fig. 20. In other words, the water vapor 

absorption occurs at the phase interface firstly and leads to the LiCl concentration 

decrement at the surface of the falling film. In the falling film, the LiCl transfer in 

solution is driven by the concentration difference between the phase/gas interface and 

main part of falling film. However, such transfer proceeds mainly in the form of 

diffusion as the turbulence in the falling film is small. As a result, the solution 

concentration is pretty low at the falling film surface but almost maintains at the inlet 

concentration at other parts of the falling film.   
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Fig. 19. Influence of solution inlet concentration on dehumidification performance. 

 
Fig. 20. Mass fraction of LiCl at the solution outlet. 

5.7 Influence of surface contact angle  

As different materials with different wettability may be adopted for the 

fabrication of dehumidifiers, the contact angles of LiCl solution on these materials 

may be different. Therefore, the absolute moisture removals under different surface 

contact angles are simulated and compared in Fig. 21 to indicate the influence of 

surface wettability. Apparently, the absolute moisture removal presents a significant 

decrement with the increment of contact angle. Specifically speaking, when the 

contact angle increases from 10o to 90o, the absolute moisture removal decreases from 

2.36g/kg to 1.6g/kg. The solution contact angle on the dehumidifier is a crucial 

parameter to determine the wettability of the falling film on the plate. Under the 
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operational conditions shown in Fig. 21, the wetting area of falling film on 

dehumidifier decreases from 0.21m2 to 0.091m2 when the contact angle changes from 

10o to 90o, as shown in Fig. 22. In fact, the relative decrement of absolute moisture 

content is smaller that of the wetting area. Such seemed discrepancy is caused because 

the decrement of falling film wetting area leads to the increment of solution velocity 

as the solution flow rate is constant. According to Equations (12) to (15), the 

increment of solution velocity will result in the increase of mass transfer coefficient. 

Finally, as the relative decrement of wetting area is greater than that of the relative 

increment of mass transfer coefficient, the absolute moisture removal shows a 

declining tendency, as shown in Fig. 21.  
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Fig. 21. Humidity variation along the x direction. 
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Fig. 22. Wettability of falling film at different contact angles. 

5.8 Discussion on the simulation results 

The effects of various operational parameters on mass transfer performance were 

compared and analyzed in Fig. 8 to 22. As the change of air temperature has 

negligible influences on both wettability and mass transfer driving force, it has nearly 

no effect on mass transfer performance. Differently, the air humidity, solution 

temperature and concentration are directly related with the mass transfer driving force, 

their change can always affect the dehumidification performance significantly. The 

wettability of falling film on dehumidifier increases with the increasing of solution 

flow rate and decreases with the increasing of contact angle. The change of wettability 

directly influences the behavior of mass transfer during dehumidifier. For the 

influence of air velocity, its increase leads to the decrement of absolute moisture 

change due to the decrease of contact time between solution and processed air. 

 Based on the 3D simulation, it is clear that as the falling film shrinks along the 

flow direction, the dehumidification process occurred in the dehumidifier is 

inhomogeneous, as demonstrated in Fig. 9. However, both the film shrinkage and 

inhomogeneous mass transfer process can not be described by 2D simulation, which 

clearly indicates the necessity of 3D simulation. Moreover, as shown in Fig. 12 and 

Fig. 20, the intensive mass transfer process mainly occurs at the phase interface, 
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which results in the sharp change of both humidity content and solution concentration. 

However, in the flow zone away from the phase interface, water vapor transfer in 

processed air or LiCl transfer in solution proceeds mainly in the form of diffusion. 

Due to the low diffusion coefficients, such kind of mass transfer greatly reduces the 

dehumidification performance, which could be indirectly verified by the high vapor 

humidity content or solution concentration far from the phase interface.  

Based on the simulation results on the detailed dehumidification behavior, some 

practical suggestions to improve the dehumidification performance are put forward as 

follows: firstly, some dehumidifiers with modified structures, such as plate-fin 

structure and curved plate, could be adopted to replace the plane plate. Such structures 

can improve the flow turbulence in both falling film and processed air to increase the 

mixing of fluids. The increment of turbulence in flow can lead to strong mass 

exchange in solution or air and thus quicken the mass transfer rate and 

dehumidification performance. Then, as indicted in Fig. 21 and Fig. 22, the contact 

angle plays a vital role in determining the falling film wettability and 

dehumidification performance. Consequently, specific super-hydrophilic coating can 

be pasted on the surface of the dehumidifier for greater wetting area and better 

dehumidification performance. For example, by adopting the super-hydrophilic nano 

titanium dioxide (TiO2) coating developed by our research group, the contact angle 

can be reduced from 58.5o to 14o, as shown in Fig. 23. It is noteworthy that the 

present study mainly focuses on developing and validating the newly proposed 3D 

model. Therefore, the detailed investigations on suggested dehumidification 

enhancement approaches are not carried out temporarily. In our future study, more 

elaborative studies on such aspects will be conducted on the basis of the developed 

3D model.    

 
Fig. 23. Contact angle of LiCl solution on stainless steel dehumidifier with coating.  

6 Conclusion 

A novel 3D simulation model based on CFD technology was developed to study 
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the dehumidification performance of a falling film dehumidifier. After validation by 

the experimental data, the newly proposed 3D model was used to explore the 

simultaneous hydrodynamics and dehumidification process in the dehumidifier. Some 

of the conclusive remarks were drawn and presented as follows: 

(1) Due to the falling film shrinkage on the dehumidifier, the flow and 

dehumidification behavior in the dehumidifier was inhomogeneous, which 

could not be reflected by 2D simulation model.  

(2) The parameter, i.e. inlet air humidity, solution temperature and concentration   

directly, determined the mass transfer driving force with distinct impact on 

dehumidification performance. The absolute moisture removal almost kept 

constant at different air temperatures but increased with the increase of air 

velocity. For solution flow velocity, greater flow velocity corresponded to 

larger wetting area and better dehumidification performance as well. 

(3) Intense water vapor absorption occurred at the phase interface, which led to 

great concentration gradient of both solution and humidity contents near the 

falling film interface. However, mass transfer in the zone away from the 

interface mainly proceeded in the form of diffusion, which left nearly 

unchanged solution concentration and relatively high humidity content in 

such zone. Therefore, some modified dehumidifier structures, such as 

plate-fin and curved plate, could be employed to improve the turbulence in 

fluid flow for the purpose of dehumidification enhancement.  

(4) The 3D simulation was able to evaluate the influence of contact angle on 

dehumidification performance. Smaller contact angles corresponded to better 

wettability of falling film and dehumidification performance as well. 

Therefore, from the prospect of contact angle, the super-hydrophilic coating 

could be applied on the dehumidifier surface to improve the wettability for 

better dehumidification performance. 

The novel 3D CFD simulation model is a promising and economic approach to 

study the detailed heat and mass transfer behavior not only in the liquid desiccant 

cooling system but also in other relevant fields, such as absorption refrigerant, 
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evaporative cooling and chemical absorption. The simulation results can give detailed 

information on mass transfer characteristic and thus provide some basic guidance for 

the design and operation of dehumidifier. However, the present study mainly focused 

on the validation of model and parametric study of difference influencing factors, 

which has limited direct contribution for the practical application of the liquid 

desiccant cooling system. Besides, we only focused on the dehumidification process 

and paid little attention on regeneration process which is another indispensable 

process in the system. Therefore, in the future study, further studies will be conducted 

to investigate the effects of different configurations of dehumidifiers on mass transfer. 

Moreover, new 3D CFD simulation model will also be developed for regeneration 

process to study the detailed heat and mass transfer behavior. 
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