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Abstract 

The falling film type dehumidifier/regenerator is widely used in the liquid 

desiccant air-conditioning system (LDAC) and its heat and mass transfer 

characteristics significantly affects the system mass transfer ability. In practice, falling 

film shrinks along the flow direction in a plate dehumidifier which greatly reduces the 

desiccant/air contact area for mass transfer and deteriorates the moisture removal 

ability. In addition, the current liquid desiccant may corrode the metal-made 

dehumidifier/regenerator which further reduce the system reliability and system 

performance. Accordingly, the present study developed a novel theoretical model and 

a 3D CFD simulation model to accurately describe the simultaneous heat and mass 

transfer processes in the dehumidifier/regenerator, and proposed novel methods by 

plate surface treatment and liquid desiccant modification to enhance the mass transfer 

performance and to alleviate the metal corrosion problem.   

Firstly, concerning film shrinkage on the falling film dehumidifier, a novel 

theoretical model was developed with the consideration of both falling film shrinkage 

shape and vapor condensation, and a novel 3D CFD simulation model was also 

successfully developed. After experimental validation, the theoretical model was 

employed to analyze the influence of vapor condensation on the whole 

dehumidification performance. Compared with the situation without condensation, the 

relative increment of absolute moisture change ranges from 1.2% to 10.7% when 

concerning vapor condensation for different operational conditions. For CFD 

simulation, the newly developed 3D model could predict the absolute moisture 
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removal accurately. Falling film of liquid desiccant shrank gradually along the flow 

direction, which led to an inhomogeneous water vapor absorption process in the 

dehumidifier. The intense absorption occurred at the phase interface, resulting in large 

concentration gradient of solution and moisture content in the zones near the interface. 

However, mass transfer in the form of diffusion in other zones lowered the whole 

dehumidification performance.  

To alleviate the film shrinkage and enlarge the mass transfer area between 

solution and air, this study successfully introduced a new surfactant PVP and 

successfully fabricated a novel and stable LiCl/H2O-MWNTs nanofluid for the falling 

film solution. The new kind of non-volatile, odorless and nontoxic additive is 

polyvinyl pyrrolidone (PVP). After the addition of this surfactant into liquid desiccant, 

the dehumidification rate and regeneration rate had an average relative increment of 

22.7% and 26.3% respectively due to the reduction of contact angle and the increase 

of surface energy. A comparison study was conducted to investigate the performance 

of LiCl/H2O solution, LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid. 

Experimental results showed that LiCl/H2O-PVP solution and nanofluid could 

enhance the dehumidification rate by up to 26.1% and 25.9% and regeneration rate by 

up to 24.9% and 24.7% as a result of contact angle reduction. However, the mass 

transfer enhancement of nanofluid can be only attributed to the adding of surfactant, 

and the adding of 0.1wt% MWNTs had undetected effect on the mass transfer 

performance in present study.  

    In the aspect of anti-corrosion, the present study introduced a novel falling film 
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dehumidifier/regenerator by adopting anodized aluminum, and successfully fabricated 

a new mixed liquid desiccant solution. Electrochemical test results showed that the 

anodized aluminum could alleviate the erosion significantly. Compared with the 

normal aluminum dehumidifier/regenerator, the anodized one had an average 

enhancement of 25.3% for dehumidification and 23.7% for regeneration in terms of 

effectiveness, respectively due to the increase of surface energy and the decreasing of 

surface energy. Also, this study first developed a new mixed liquid desiccant solution 

via the addition of hydroxyethyl urea into lithium chloride solution to reduce its 

causticity. The formula of the new solution—25% LiCl, 39% hydroxyethyl urea and 

36% water—was determined according to the vapor pressure. Its basic thermal 

properties were measured and fitted as polynomial correlations. Electrochemical test 

results demonstrated the lower corrodibility of the new mixed solution. For 

dehumidification/regeneration effectiveness, it also had a significant relative 

improvement of 12.9% and 14.1% respectively. The mass transfer improvement was 

attributed to the larger wetting ratio and greater fluctuation of falling film. In addition, 

correlations were also newly proposed to predict the effectiveness of the mixed 

solution.  

The novelties of present study lie in: firstly, this study developed a theoretical 

model for dehumidification concerning water vapor condensation and a 3D simulation 

model to accurately examine and understand the actual dehumidification/ regeneration 

process. Moreover, the newly proposed methods by adding surfactant and 

nanoparticles were proved to be effective ways for the improvement of wettability and 
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mass transfer performance. Furthermore, the anodizing surface treatment technology 

and mixed liquid desiccant were successfully introduced to alleviate the metal 

corrosion and system performance improvement. Overall, the theoretical, numerical 

and experimental studies conducted in this study give meaningful and feasible 

guidance for the understanding of falling film dehumidification/regeneration process 

and other falling film thermal components.    

 

Keywords: heat and mass transfer, liquid desiccant, dehumidification/regeneration, 

falling film, film shrinkage, vapor condensation, surfactant, nanoparticle, metal 

corrosion, anodized aluminum, CFD simulation 
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Nomenclature 

A  Mass transfer area ( 2m ) 

pc  Specific heat ( J/(kg.K) ) 

1εC , 2εC , 3εC  Constants 

d  Absolute humidity ( g/kg ) 

ed  Equivalent diameter ( m ) 

D  Diffusion coefficient ( 2m /s ) 

E  Energy( J/kg ) 

F  Momentum source term ( 3N/m ) 

g  Gravitational acceleration ( 2m/s ) 

G  Mass flow rate ( kg/s ) 

kG  
The generation of turbulence kinetic energy due to the mean velocity 

gradients ( 3kg/(m.s ) ) 

bG  
The generation of turbulence kinetic energy due to buoyancy 

( 3kg/(m.s ) ) 

h  Enthalpy ( J/kg ) 

mh  Local mass transfer coefficient ( 2kg/(m .s) ) 

lgH  Latent heat of evaporation ( J/kg ) 

k  
Thermal conductivity ( W/(m.K) ) 

Turbulence kinetic energy ( 2m /s ) 

K  Overall mass transfer coefficient ( 2kg/(m .s) ) 

J  Mass flux ( 3kg/(m .s) ) 

l  Flow distance ( m ) 

L  Length of the rim part (m) 

LDCS  Liquid desiccant cooling system 

m  The number of species 

n  The number of phases 
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Nu  Nusselt number ( ehd /λ ) 

P  Pressure ( Pa ) 

sP  Vapor pressure of solution( Pa ) 

Q Liquid flow rate of the unit width ( 3m /(m.s) ) 

Re  Reynolds number 

εR  Additional term ( 3kg/(m.s ) ) 

ES  Energy source term ( 3W/m ) 

lgS  Mass transfer source term ( 3kg/m ) 

KS , ES  User-defined source terms ( 3kg/(m.s ) ) 

t Time (s) 

ct  Contact time (s) 

T  Temperature ( o C ) 

surfu  Surface velocity of liquid film ( m/s ) 

u  Velocity ( m/s ) 

u  Velocity vector 

W  Width of falling film ( m ) 

X  X  direction 

sX  Solution concentration ( % ) 

Y  Y  direction 

MY  
The contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate ( 3kg/(m s ) ) 

Z  Z  direction 

Greek symbols 

  The volume fraction of phase 

k , ε  The inverse effective Prandtl numbers for k  and  , respectively 

  Shrinkage angle ( o ) 

  Film thickness ( m ) 

  Dynamic viscosity ( Pa.s ) 
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  Kinetic viscosity ( 2m /s ) 

  Contact angle ( o ) 

  Density ( 3kg/m ) 

  Dissipation rate of turbulence kinetic energy 

  Surface tension ( N/m ) 

  Deformation factor 

  Concentration difference ratio 

Subscripts 

G Gas phase 

E Equilibrium 

Eff Effective 

i, j Signal of coordinate axis 

L Liquid phase 

K kth species 

M Main part 

Q qth phase 

R Rim part 

S Solution 

T Turbulence 
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Chapter 1 Introduction 

1.1 Research background  

According to the statistics, people spend 70%~90% of their life time inside the 

buildings [1]. Therefore, in this point of view, the indoor environment plays a vital 

important role in determining the quality of people’s life. The indoor environment refers 

to the conditions of air within a space, it contains a lot of judgment criteria which 

include humidity, thermal comfort, ventilation, airborne contaminants, acoustic 

conditions and so on [2]. Among which, humidity and thermal comfort are two 

important factors and also our research focus in present study. Generally speaking, these 

two impacts are controlled by the air conditioning system for the space. The energy 

consumption of buildings accounts for a heavy proportion in the whole energy 

consumption, such as more than 60% in Hong Kong, 30% in the America and 40% in 

European countries [3].  

Figure 1.1 shows the proportions of energy consumption by various end-uses in 

Hong Kong. About 20% of the total energy is consumed by air conditioning and 

refrigeration systems. The ratio is as high as 34% for residential purpose in Hong Kong 

reported by the Hong Kong Energy End-use Data 2016 

(https://www.emsd.gov.hk/filemanager/en/content_762/HKEEUD2018.pdf) which is 

shown in Figure 1.2.  

In nowadays, vapor compression cooling system (VCS) has been commonly used 

to handle the sensible and latent load worldwide. The change of states for processed air 

in a typical primary return air system in summer can be described by Figure 1.3. In the 
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system, outdoor fresh air and indoor return air are mixed and cooled for the purpose of 

cooling and humidity removal. In order to remove the water vapor from air, the air is 

cooled down under its dew point temperature. However, the process from point 3 to 

point 4 is to reheat the supercooled air to fulfill the temperature requirement of supply 

air. In fact, this process is a kind of energy waste due to its previous overcooling process. 

Poor control ability of humidity is another issue raised by the traditional VCS. During 

the evaporation process in an evaporator which is a key component in VCS, water vapor 

may condensate on the surface of the evaporator. The condensate water may breed 

bacteria which is a great threat to the indoor environment quality. 

Besides the issues mentioned above, another fact is that the conventional VCS is 

heavily relied on electricity consumption. Nevertheless, the electricity is mainly 

generated by coal plants all around the world nowadays. The overuse of fossil fuels 

such like coal will lead to excess carbon dioxide emission and climate change. In the 

future, with the request of high quality life among people, more energy will be required 

by air-conditioning system to keep a comfortable indoor built environment.  

Liquid desiccant air-conditioning system (LDAC) was introduced to efficiently 

handle the latent load. Compared with the traditional VCS, the LDAC has the potential 

of energy conservation up to 30~50% [4]. The schematic diagram of a LDAC is present 

by Figure 1.4. Different with the VCS, it deals with the sensible load and latent load 

separately which leads to higher system efficiency and more comfortable indoor 

environment. What is more, the regenerator, which is a key component in LDAC can 

make use of low grade energy, such as solar energy, waste heat, during the regeneration 
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of liquid desiccant instead of electricity. Therefore, LDAC is considered as a promising 

candidate in the cooling field, especially in high humid regions, such as Hong Kong.  

 

Figure 1.1 All energy consumption by end-uses in Hong Kong in 2016. 

 

 

Figure 1.2 All residential energy end-uses in Hong Kong in 2016. 
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Figure 1.3 Enthalpy-humidity diagram for primary return air system. 

 

 

Figure 1.4 Schematic diagram of a liquid desiccant air-conditioning system. 

 

1.2 Introduction of the liquid desiccant dehumidification 

The liquid desiccant dehumidification system is an important subsystem in the 

LDAC. The latent heat load or humidity load is dealt with by the subsystem. A 

dehumidifier for water vapor absorption and a regenerator for solution desorption are 

two indispensable components for continuous system operation. Other accessories, 

such like heat exchangers, pump, pipelines, etc., are also necessary which can be found 

in Figure 1.5.  
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Figure 1.5 Schematic diagram of liquid desiccant dehumidification system. 

 

The two key components, namely dehumidifier and regenerator, operate under 

similar principles but have adverse functions. The mass transfer driving force for them 

are the pressure difference of water vapor between liquid desiccant and air. Differently, 

in a dehumidifier, due to the lower partial pressure of water vapor at the surface of 

liquid desiccant, water vapor in the processed air is absorbed by the strong liquid 

desiccant with low temperature. On the contrary, in the regenerator, the water vapor 

evaporates from weak solution with high temperature to the regeneration air to make 

the solution strong. There are several types of dehumidifier/regenerator. Generally, they 

can be classified into three types, i.e. packed bed, spray tower, falling film 

dehumidifiers [5-7]. Figure 1.6 shows a picture of the adiabatic packed bed 

dehumidifier/regenerator. In a packed bed dehumidifier, the concentrated liquid 

desiccant is sprayed in the bed and flows along the packed material. The processed air 

also flows through the space in the bed and contacts with the solution. Due to the partial 
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pressure difference of water vapor between liquid desiccant and air, water vapor in the 

air is absorbed by the concentrated solution. During this process, latent heat due to 

water vapor absorption would release according to the energy conservation principle. 

As a result, the solution temperature will increase continually along the flow direction, 

and this inevitably deteriorates the absorption performance. In addition, other problems, 

such as low wetting ability of packed materials, possibility of liquid entrainment, high 

pressure drop of air, etc., further limit its wide application [6-8]. Even though the spray 

tower has smaller pressure drop for air than the packed bed type, it is easier to carry 

liquid droplet into the processed air. To make the matters even worse, the efficiency of 

spray tower is low. The sketch map for spray tower dehumidifier/regenerator is 

presented in Figure 1.7. In order to solve the problems mentioned above, researchers 

introduced another kind of dehumidifier/regenerator, namely falling film type. 

Compared with the packed bed one and spray tower, the solution flow along the plate 

or tube and the processed air flows next to the solution in the same channel. The 

configuration can overcome the disadvantages of liquid entrainment and high pressure 

drop of air [5-8]. What is more, to alleviate the mass transfer deterioration caused by 

the solution temperature increment, internal cooling/heating can be introduced into 

falling film type dehumidifier/regenerator. The cold/hot water or other medium flows 

in the channel next to the one for liquid desiccant solution. As a result, the temperature 

of desiccant solution can maintain at a steady level, resulting in higher mass transfer 

efficiency than adiabatic dehumidifier/regenerator. 
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Figure 1.6 Schematic diagram of adiabatic packed bed dehumidifier/regenerator [6]. 

 

 

Figure 1.7 Schematic diagram of spray tower dehumidifier/regenerator [6]. 

 

For the liquid desiccant, there are also several types. In early days, organic 

solutions, such like ethylene glycol (EG) and triethylene glycol, were employed. The 

organic solution has the advantage of low surface tension which leads to good 

wettability on surface. It also has no corrosion on plastic or metal. Nevertheless, the 

high viscosity and volatility limit its practical application greatly. Afterwards, 

investigators introduced inorganic solution or salt solution to replace the organic ones. 



 

 8 / 227 
 

Calcium chloride (CaCl2), lithium chloride (LiCl) and lithium bromide (LiBr) are the 

three most widely studied types [9, 10]. Compared with the organic ones, they have low 

viscosity, no volatility and also low vapor pressure, suitable for the application of liquid 

desiccant dehumidification. For the CaCl2 solution, it is easy to crystallize [5]. 

Therefore, in nowadays, lithium chloride (LiCl) and lithium bromide (LiBr) are often 

adopted in practical application. Sometimes, the combination, such as LiCl+LiBr, is 

also employed for better thermo-physical properties [11, 12]. Unfortunately, metal 

corrosion caused by the salt solution is still a serious problem. Metal corrosion may 

affect the heat and mass transfer performance and reduces the reliability of LDAC as 

well.   

1.3 Organization of the thesis 

The thesis elaborated the research outputs of approaches for actual description of 

dehumidification/regeneration process, mass transfer enhancement and anti-corrosion 

properties of falling film type dehumidifier/regenerator. The detailed configurations of 

the thesis were introduced as follows: 

Chapter 2 comprehensively reviewed the research status of liquid desiccant 

dehumidification system. The aspects of model development for dehumidifier/ 

regenerator, heat and mass transfer enhancement approaches, metal corrosion caused 

by liquid desiccant and CFD study of simultaneous heat and mass transfer process were 

concluded. Moreover, the research gaps and the objectives of present study were also 

briefly given.  

The experimental system for the investigation of falling film type dehumidifier 
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and regenerator with internal cooling/heating was introduced in Chapter 3. Then, some 

indices for evaluating the mass transfer performance were formulated. To validate the 

rationality of the experimental system, uncertainty analysis of different parameters and 

energy balance validation were conducted.  

Chapter 4 introduced a novel numerical model for internally cooled falling film 

dehumidification process with the consideration of both film shrinkage shape and vapor 

condensation. The models for falling film shrinkage shape and dehumidification 

process were described firstly. To address the vapor condensation on non-wetted area, 

Reynolds analogy was adopted. The developed model was then validated by 

experimental results. Finally, parametric study on different influencing factors and case 

study based on a typical summer day of Hong Kong were carried out to analyze the 

influence of vapor condensation on the whole dehumidification performance.  

In Chapter 5, a novel 3D simulation model to describe the simultaneous heat and 

mass transfer process in a falling film dehumidifier based on CFD technology was 

introduced. The governing equations, interface conditions, boundary conditions and 

model configuration were firstly given. Then, model validations in terms of grid 

independence check and experimental comparison were carried out. Finally, parametric 

study to analyze the influence of different parameters on dehumidification performance 

were studied and discussed.  

Chapter 6 introduced the research results of mass transfer enhancement during 

dehumidification/regeneration process by adding surfactant PVP and nanoparticles 

MWNTs. For the additional of surfactant PVP, the wettability and thickness of falling 
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film on plate were measured firstly. The comparison of experimental results for mass 

transfer performance with and without adding surfactant were given. For the adding of 

nanoparticles MWNTs, the fabrication process of nanofluid was introduced firstly. Then, 

the experimental results for dehumidification/regeneration process of normal LiCl 

solution, LiCl solution with surfactant and LiCl solution with nanoparticles MWNTs 

were compared. Finally, some discussions on the experimental findings were stated.  

Chapter 7 elaborated the contents of metal anti-corrosion in the aspects of plate 

surface modification by anodizing and newly developed mixed liquid desiccant. For 

anodized aluminum plate dehumidifier/regenerator, corrosion behavior measured by 

electrochemical method between normal and anodized aluminum was compared. Then, 

both the dehumidification and regeneration performance of normal and anodized plate 

dehumidifier/ regenerator were explored by experiments. The results were analyzed and 

discussed accordingly. For the newly developed mixed liquid desiccant, the formula 

was given firstly. Some thermal properties of the new liquid desiccant were also 

measured subsequently. Finally, both the dehumidification and regeneration 

performance of the new desiccant solution and the conventional LiCl solution were 

measured and discussed.  

In Chapter 8, all the research findings in both numerical and experimental studies 

were concluded. Moreover, some recommendations for future work were represented.   
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Chapter 2 Literature review 

2.1 Mathematical models on the heat and mass transfer processes 

in LDAC 

According to the literature review of Luo et al. [13], the mathematic models for 

both adiabatic and internal cooling dehumidifier can be divided into three groups: 

simplified model, effectiveness-NTU model and finite difference model. Most of the 

models for internal cooled dehumidifier are based on the finite difference model [13]. 

In the finite difference model, a series of differential equations based on conservation 

laws are used to illustrate the heat and mass transfer processes between processed air, 

liquid desiccant and cold/hot water under reasonable assumptions. Khan and Martinez 

[14] developed a two dimensional model for the tube-fin absorber. Good agreements 

were observed between numerical results and experimental data. After that, Ren et al. 

[15] adopted a series of differential equations to describe the one-dimensional 

dehumidification process with both parallel and counter flow configuration. Even 

though the influences of film thickness, non-unity value of Lewis factor and wettability 

of falling film were considered in their model, these factors were only set as constant 

values rather than variables in their model. Both the internal cooling/heating model for 

dehumidifier/regenerator was developed by Yin et al. [16]. Their model was more or 

less the same as that developed by Ren et al. [15]. However, they developed a new 

correlation for the prediction of mass transfer coefficient based on their experimental 

data. The results showed that the model agreed well with the experiments. And the 

employment of internal cooling enhanced the dehumidification performance in the 
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dehumidifier. In the work done by Liu et al. [17], internal cooling dehumidifiers with 

three different types of flow configurations, namely parallel-flow, counter-flow and 

cross-flow, were investigated and compared. Counter-flow dehumidifier showed the 

best absorption performance. Different from the abovementioned models, Mesquita et 

al. [18] developed a model with the consideration of both constant film thickness and 

variable film thickness. They stated that the constant thickness model under-predicted 

the dehumidification rate and the variable thickness model agreed well with the 

experimental data. 

As one can see, most of the foregoing models did not take the contraction of falling 

film into consideration. Ren et al. [15] mentioned the effect of incomplete wetting and 

introduced a constant factor in their model, but how to determine this constant value 

was still a noticeable problem. In fact, the shrinkage of falling film on plate has been 

observed by the researchers in various areas. For example, in the field of chemical 

industry, the contraction has been investigated both theoretically and experimentally. 

Kabova and Kuznetsov [19] and Joo et al. [20] experimentally studied the falling film 

characteristics on a non-isothermal plate. The shrinkage characteristics of film on plate 

was theoretically investigated and numerically simulated by Zhang et al. [21]. When it 

concerns about LDAC, early in 1984, Peng and Howell [22] theoretically studied the 

wettability characteristics of film in a regenerator. Subsequently, Jain et al. [23] 

proposed a factor to describe the incomplete wetting in a dehumidifier for better 

prediction of dehumidification performance. Recently, Qi et al. [24] and Dong et al. [25] 

developed models for the regenerator and dehumidifier respectively based on the work 
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of Zhang et al. [21]. The key contribution of their work was that they considered the 

non-wetting condition of falling film and adopted a series of mathematics equations to 

describe it rather than setting the wettability as a constant value. 

2.2 CFD simulation on the coupled heat and mass transfer processes in LDAC 

Benefiting from the development of computer science, CFD is able to use the 

computational fluid dynamic (CFD) technology to analyze the detailed and complicated 

fluid flow and heat transfer process [77]. In fact, the CFD method has shown its 

convenience and superiority in various fields, such as chemical reaction, aircraft design 

and fluid dynamics [78-80], and will become more and more popular in the foreseeable 

future.  

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. [81] 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. [82] 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. [83] and Ho et al. [84] 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. [84] also conducted the 3D simulation 
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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 were not 

consistent with the conventional simplified assumptions. Subramanian et al. [85] 

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 showed good agreement with experiments. Xu 

et al. [86] investigated the flow behavior of a liquid phase flowing on an inclined steel 

plate 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 without the consideration of 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 [87], LiBr solution absorption 

[88] and water evaporation [89] 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 
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al. [90] 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. [89] 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. [91] 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. [92] 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 

prediction was observed.  

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

elaborately discussed below. Luo et al. [93] 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 
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dehumidifier [94]. 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. [95] 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. 

 



 

 17 / 227 
 

2.3 Approaches for mass transfer performance enhancement 

2.3.1 Plate surface modification 

Due to the similarities between heat transfer and mass transfer, analogies were 

often made between them. Based on this, large numbers of enhancement structures, 

such like compact plate heat exchangers, can be applied on dehumidifier/regenerator. 

The previous studies are summarized as follows: 

Isshiki and Ogawa [26] investigated the heat and mass transfer performance of the 

so-called constant curvature surface (CCS) tubes with the advantage of maintaining a 

relative constant film thickness. They found that CCS tubes had good wetting 

characteristics in both vertical and horizontal tube absorbers. For film flow rates in the 

range 0.01 to 0.08 kg/s, the improvement was in the range of 0% to 40% for heat transfer 

coefficient and in the range of 0% to 70% for mass transfer coefficient. The 

enhancement was independent with film flow rate but closely related with the actual 

geometry of the tube. Figure 2.1 shows four types of the employed CCS tubes. Most of 

the research on these tubes was reported in the Japanese literature. Unfortunately, the 

authors only provided some simple data without further specifications. 

 

Figure 2.1 Examples of CCS Tubes [26]. 

 

Jung-In Yoon et al. [27] employed four types of tubes, namely: bare tube, bumping 

tube, floral tube and twisted floral tube, to investigate their heat and mass transfer 
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performance during absorption. Their results showed that the floral tube and twisted 

floral tube increased the heat and mass transfer performance up to 40% compared with 

the bare one. However, the bumping tube showed little enhancement.   

 

Figure 2.2 Specification of test tubes [27]. 

 

Chan Woo Park et al. [28] experimentally investigated the effect of surface 

roughness of micro-hatching tubes on the absorption performance. Three kinds of tubes: 

two different micro-scale hatched tubes and a bare tube with the inside diameter of 

14.9mm were selected as the test tubes. They obtained that the absorption performance 

for micro-scale hatched tubes increased up to two times compared with that of bare tube. 

And what is more, the effect of roughness on absorption performance increased with 

the increasing of mass flow rate of solution. 
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Figure 2.3 Micro-hatching tube [28]. 

 

Md. Raisul Islam et al. [29] introduced a novel absorber design concept called the 

film inverting absorber. Conventional horizontal tube absorbers were modified to 

change the continuous film into repeated inverting film. The two proposed absorbers 

were tested experimentally under similar conditions. The maximum increasement of 

absorption rate for the film-inverting absorber was about 100% compared with that of 

the tubular absorber. 

 

Figure 2.4 Film inverting absorbers [29]. 

Similar with Islam’s work [29], Cui et al. [30] applied the film invertor to plate 

absorber with the same consideration of Islam. A mathematical model was developed 

and numerically solved for this new type of absorber. Experiments were carried out 
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under different conditions and the influences of absorption pressure, solution flow rate, 

solution inlet temperature, and cooling water on the absorption process were 

investigated quantitatively. But in their work, the heat and mass transfer improvement 

were not clearly indicated. 

 

Figure 2.5 Film inverting plate absorber. 

 

The effects of surface geometry and surfactant on the falling film absorption 

performance were experimentally investigated by Kim et al. [31]. Two different kinds 

of geometric surfaces, namely flat surface and wire screen covered surface, along with 

four kinds of solutions (pure water and 50% lithium bromide–water solution with or 

without 100 ppm of 2- ethyl-1-hexanol) were tested during their study. Their results 

indicated that surfactant 2-ethyl-1- hexanol could enhance absorption rate up to 3.5 

times in water-cooled absorption process and 2.5 times during adiabatic situation. The 

wire screen surface promoted absorption process in adiabatic conditions but hindered 

the heat and mass transfer process in non-adiabatic conditions. The author ascribed this 

to the reduction the Marangoni convection induced by 2-ethyl-1-hexanol.  

Yoon et al. [32] conducted experimental research to study the influence of 
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hydraulic diameter of tube on the heat and mass transfer characteristics of a Water-LiBr 

horizontal absorber. Three different tube diameters of 9.52mm, 12.7mm and 15.88mm 

had been installed in the absorber. Their experimental results showed that the heat and 

mass transfer performance of the absorber increased with the decreasing of tube 

diameter.  

    Wang et al. [33] carried out some interesting experiments on falling film heat 

transfer by coated division tubes. The tube was especially treated with alternate super 

hydrophobic coated regions and the normal bare regions. Their motivation was that 

such kind of arrangement could enhance the mixing of solution and then the heat and 

mass transfer process could be enhanced. By the high speed camera and thermal 

imaging technique, the flow patterns of falling film and heat transfer characteristics 

were obtained and analyzed. And their initial thoughts about the improvement of heat 

transfer process were validated by the experimental results.  

Wu et al. [34] designed a novel absorber with tube and mesh packing alternating 

structure and the heat and mass transfer performance of this absorber was also 

experimentally investigated. Compared with the conventional horizontal serpentine 

absorber (TA), this kind of absorber inserted the stainless steel mesh into the gaps 

between tubes and created a tube and mesh packing alternating absorber (TPA). 

Therefore, it took no any additional space on one hand, and on the other hand, it 

increased the heat and mass transfer area. According to the experiments, the average 

mass transfer rate and cooling load of TPA were increased by 17.2% and 6.23% 

respectively compared with those of TA scheme; and the average increments of the 
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absorption heat transfer coefficient and the overall heat transfer coefficient of TPA were 

29.4% and 9.89% respectively.  

 

Figure 2.6 Schematic of the absorption body and the packing structure. (a) Absorption 

body. (b) Packing structure.  

 

The heat and mass transfer characteristics of a helical absorber were 

experimentally studied by Yoon et al. [35, 36]. The inlet solution temperature, cooling 

water temperature, inlet solution concentration and cooling water mass flow rate were 

selected as the key parameters for performance evaluation. Results showed that the heat 

and mass transfer coefficients of a helical absorber were similar with that of horizontal 

absorbers at the same operating conditions. Consequently, helical absorbers could be 

applied to reduce the volume of absorbers without any loss of performance.  

An absorber with fin structure installed on the flat plate was designed and 

experimentally studied by Mortazavi et al. [37]. Firstly, numerical method along with 

visualization experiments was used to obtain suitable fin spacing and size for better 

surface wettability. Moreover, in order to get better surface wetting property, special 

surface treatment with both physical and chemical methods were employed. 

Experimental data for the new absorber showed a significant high absorption 
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performance compared with the traditional absorber. But it is worth noting that the fin 

structure in this study was rotated by 90 degree with respect to the flow direction as 

opposed to the configuration adopted in a typical heat exchanger.   

 

Figure 2.7 Plate with offset fins absorber[37]. 

 

The research team from University of Florida conducted a series of study on 

membrane-based absorption [38, 39]. At first, Yu et al. [39] did a numerical study of 

the membrane-based absorption process and indicated that the enhancement of 

absorption could only be achieved if the solution channel thickness was less than a few 

hundred microns. An experimental and theoretical study based on the existing 

membrane technologies by Isfahani et al. [38] showed that nanofibrous membranes 

could enable membrane-based absorption because they had a reasonable pressure drop 

at an absorption rate a few times higher than that of the existing falling film absorption 

technology. In [38], a comprehensive experimental analysis of the membrane-based 

absorption process was conducted. The effects of water vapor pressure, cooling surface 

temperature, solution film thickness, and solution flow velocity on the absorption rate 
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were studied. The high absorption rate and the inherently compact formation of the 

proposed absorber facilitated the development of compact small-scale waste heat or 

solar-thermal driven cooling systems. 

2.3.2 Liquid desiccant modification by adding surfactant 

Some researchers have attempted to add certain kinds of chemical surfactants into 

the liquid desiccant to enhance the water vapour absorption efficiency. In the early 

1960s, Beutler et al. [40] revealed that the absorption rate of refrigerant vapour could 

be remarkably enhanced by the addition of certain kinds of alcohols and other 

hydrocarbon chain compounds with polar groups. In the later 20th century, plenty of 

research focused on mass transfer enhancement via the addition of surfactants. Cosenza 

and Vliet [41] investigated the water vapour absorption characteristics by a LiBr 

solution in a tube falling-film absorber. They found that the absorption rate could be 

enhanced up to four times by adding the surfactant 2-ethyl-1-hexanol. After that, 2-

ethyl-1-hexanol was also used as a surfactant both in plate- and tube-type absorbers 

[42-45]. Hihara and Saito [42] found a four- to five-fold enhancement in absorption rate 

in a plate-type LiBr-based absorber. Perez-Blanco and Sheehan [43] revealed that the 

enhancement ratio was related to the surfactant concentration and that the enhancement 

could reach up to 35% when adding 1000 ppm 2-ethyl-1-hexanol to a 54.2% LiBr 

solution. Rivera and Cerezo [44] added both 1-octanol and 2-ethyl-1-hexanol into a 2 

kW single-stage heat transformer using a LiBr solution. The results showed that the 

coefficient of system performance increased up to 40% after adding 2-ethyl-1-hexanol. 

Sun and Zhang [45] also verified the enhancement of absorption by adding  2-ethyl-
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1-hexanol. N-octanol and n-decanol were used by Hozawa et al. [46] to study the static 

absorption performance by a LiBr solution. They found that the initial absorption rate 

increased up to 2.5 times with the addition of n-octanol. In 1996, Ziegler and Grossman 

[47] reviewed the progress of heat and mass transfer enhancement by the addition of 

surfactants. According to the review, the relevant research could be divided into three 

groups: stagnant pool absorption, vertical and horizontal falling-film absorbers and 

field tests. The commonly adopted surfactants, such as 2-ethyl-1-hexanol, n-octanol, 6-

methyl-2-heptanol and n-heptanol, were introduced, and researchers investigated their 

influences on heat and mass transfer performance. Kang et al. [48] added Triton X-100 

to the water to study the fluid flow and heat transfer performance of falling films on a 

heated surface. They found that the contact angle of water decreased with the increasing 

concentration of Triton X-100, which led to an increase in the falling-film wetting area 

(as shown in Figure 2.8) and a decrease in the falling-film thickness. Consequently, the 

heat transfer rate was significantly increased by adding Triton X-100. In fact, other 

kinds of surfactants, such as alkyl glucoside [49] and 2-methyl-1-pentanol [50], were 

also used by previous researchers to improve the absorption performance, and different 

degrees of enhancement were observed. A summary for some of the experimental 

studies on heat and mass transfer enhancement by surfactants is specified in Table 2.1.  
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Figure 2.8. Effect of surfactant concentration on falling-film flow pattern [48]. 

 

Table 2.1. Comparison between different kinds of surfactants. 
 

Author Modea Solutionb Surfactant Toxicity Odour Enhancement 
Cosenza & Vliet [121] FA LiBr/H2O 2-ethyl-1-hexanol High Yes 3~4  

Hozawa et al. [46] SA LiBr/H2O 
n-octanol 
n-decanol 

Small Yes ~2.5  

Hihara & Saito [42] FA LiBr/H2O 2-ethyl-1-hexanol High Yes 4~5 
Perez-Blanco & 
Sheehan [43] 

FA LiBr/H2O 2-ethyl-1-hexanol High Yes ~0.35 

Kyung & Herold [51] FA LiBr/H2O 2-ethyl-hexanol Small Yes 1.2-1.7 
Glebov et al. [50] FA LiBr/H2O 2-methyal-1-pentanol Small Yes 0.2-0.32 

Rivera & Cerezo [44] FA LiBr/H2O 
1-octanol 2-ethyl-1-

hexanol 
High Yes ~0.4 

Kim et al. [52] BA NH3/H2O 
2-ethyl-1-hexanol, n-

octanol 
Small Yes ~ 4.81 

Kang et al. [48] FH H2O Triton X-100 Small Yes  
Sun & Zhang et al. [45] FA LiBr/H2O 2-ethyl-1-hexanol High Yes 1.9-2.5 

a: FA: falling film absorption; SA: static absorption; BA: bubble absorption; FH: falling-film heat transfer; De: 

dehumidification; 

 

There are several explanations to interpret the significant improvement of heat and 

mass transfer performance by adding only a tiny amount of surfactant. Kang et al. [48] 

attributed the enhancement to the improvement of wettability and the decrease in the 

falling-film thickness. In fact, such changes in terms of flow pattern may be caused by 

the reduction of liquid surface tension after adding the surfactant, which were partly 

verified by Daiguji et al. [53] and Kulankara and Herold [54]. Daiguji et al. [53] stated 

that the surface tension of liquid had a significant effect on the absorption performance, 
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and Kulankara and Herold [54] experimentally found that the addition of surfactants 

reduced the surface tension up to a critical degree with the increase of surfactant 

concentration. Other scholars thought that the enhancement was caused by the 

Marangoni convection, which was caused by the imbalance of surface tension between 

different phase interfaces, as shown in Figure 2.9 [55]. However, the trigger mechanism 

for Marangoni convection is still unclear. Some possible theories, such as the 

Kashiwagi model [56], the salting-out model [53], the solubility model [57] and the 

vapour surfactant theory [58], have tried to give a reasonable interpretation for the 

trigger mechanism. However, they can only partly explain the experimental 

phenomenon, and their explanations are not applicable for all experimental 

observations.  

It is worth noting that all researchers focused on absorption refrigeration except for 

Kang et al. [48]. Because the aqueous solution, such as a LiCl or LiBr solution, 

circulates in a closed loop in an absorption refrigerant system, the volatility and odour 

of the surfactants do not matter in such system. However, in an open-type LDAC, the 

aqueous solution comes into direct contact with the air, which will be delivered to the 

air-conditioned room. The volatility and odour of the surfactant are thus impermissible 

for the consideration of residents’ health. Therefore, looking for a surfactant without 

volatility and odour has become one of the main challenges in the field of heat and mas 

transfer enhancement by adding surfactants in LDACs.  
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Figure 2.9. Photograph of the Marangoni convection [55]. 

 

2.3.3 Liquid desiccant modification by adding nano-particle 

In order to overcome the inherent drawback of poor thermal conductivity of 

conventional fluids, certain amount of fine particles are dispersed into the basefluid to 

increase the thermal conductivity and heat and mass transfer performance. The 

modified fluid with particles is called nanofluid which is defined to be the stable lyosol 

with ultrafine particles of diameter less than 100nm [59]. In the last few decades, more 

and more attention has been paid to nanofluid since it was observed with significant 

enhancement in heat and mass transfer [60, 61].  

Kang et al. [62] experimentally investigated the absorption performance of LiCl 

solution in a falling film tube-type absorber with the adding of carbon nanotubes (CNT) 

and Fe nanoparticles. In order to evenly distribute the nanoparticle into LiCl solution, 

an ultrasonic vibrator and the surfactant of Arabic gum were employed. Their results 

revealed that the mass transfer enhancement by adding CNT (average 2.16 for 0.01 wt % 

and average 2.48 for 0.1 wt %) was higher than that of Fe nanoparticles (average 1.71 

for 0.01 wt % and average 1.90 for 0.1 wt %). Yang et al. [63] identified the absorption 

performance of NH3/H2O in a falling film tube absorber. Three kinds of nanoparticles, 
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namely ZnFe2O4, Al2O3 and Fe2O3, were added into the basefluid of NH3/H2O solution. 

Sodium dodecyl benzene sulfonate was firstly mixed with the three nanoparticles in the 

NH3/H2O basefluid. Then, two hours of mechanical agitation and 30 minutes of 

ultrasonic vibration were exerted on the mixed solution to get the stable nano-particle 

suspension of ammonia–water solution. By analysing the experimental results, they 

found that the absorption performance was weakened by only adding surfactant or 

adding poorly dispersed nanoparticles. When the nanoparticles were well dispersed into 

the basefluid, the effective absorption ratio could be increased up to 50% and 70% with 

the adding of ZnFe2O4 and Fe2O3 nanoparticles at the ammonia mass fraction of 15%. 

Kim et al. [64] performed similar experimental study with that of Kang et al. [62] but 

with the adding of SiO2 nanoparticles. They revealed that the SiO2 nanoparticles could 

be evenly and steadily dispersed into LiBr/H2O solution only when the concentration 

of SiO2 was less than 0.01 vol%. Otherwise, surfactant was required for steady 

dispersion. The absorption rate was increased up to 18% when the SiO2 concentration 

was 0.005 vol%, which was caused by Brownian motion. Pineda et al. [65] 

experimentally identified the CO2 absorption performance of methanol with the adding 

of Al2O3 and SiO2 nanoparticles in a tray column absorber. They used an ultra-sonicator 

for the dispersion of SiO2 nanoparticles during their preparation of methanol-based 

nanofluid. The maximum enhancement ratios of 9.4% and 9.7% for Al2O3 and SiO2 

were detected during their experiments at the concentration of 0.05 vol%. Zhang et al. 

[66] dispersed the Fe3O4 nanoparticles into LiBr solution to investigate its absorption 

performance in a falling film absorber. They indicated that the mass transfer 
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enhancement ratio increased with the decrease of particle size. The enhancement ratio 

could reach up to 2.28 times for the particle size of 20nm and concentration of 0.05 

wt%. As one can see, surfactant is often added into the basefluid as a stabilizer. However, 

except Yang et al. [63] who identified the influence of surfactant alone, other 

researchers who adopted surfactant all failed to solely investigate the effect of surfactant 

on mass transfer performance. It is worth noting that the abovementioned literatures are 

all about absorption refrigeration. Few previous studies concern the liquid desiccant 

dehumidification/regeneration and the existing ones are summarized in the following 

part.  

Ali et al. [67, 68] studied the dehumidification performance of CaCl2 in vertical 

and inclined plate falling film dehumidifiers with the addition of Cu-ultrafine particles 

by numerical method. The flow patterns between solution and air were parallel flow, 

counter flow and cross flow. They indicated that the addition of tiny amount of Cu-

ultrafine particles had negligible influence on the dehumidification performance. 

However, they did not conduct any experiments to validate their numerical findings.  

Table 2.2 summarizes the research on falling film absorption by adding different 

kinds of nanoparticles 

Table 2.2. Comparison between different kinds of nanofluids. 
 

Author Modea Basefluid Nanoparticle Dispersion methodb Methodc Enhancement 

Kang et al. [62] FA LiCl/H2O CNT, Fe UV, Arabic gum E 1.71~2.48 

Yang et al. [63] FA NH3/H2O 
ZnFe2O4, 

Al2O3, Fe2O3 
MA, UV, SDBS E 0.5~0.7 

Kim et al. [64] FA LiBr/H2O SiO2  E ~0.18 
Pineda et al. 

[65] 
FA 

CH3OH/ 
H2O 

Al2O3, SiO2 UV E 0.094~0.097 

Zhang et al. [66] FA LiBr/H2O Fe3O4   ~2.28 
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Ali et al. 
[67, 68] 

De CaCl2/H2O Cu  N  

a: FA: falling film absorption; De: dehumidification; 

b: UV: ultrasonic vibration; MA: mechanical agitation; 

c: E: experimental study; N: Numerical study; 

 

2.4 Approaches to improve the metal anti-corrosion performance 

Luo et al. [69] experimentally studied the performance of a fin-tube internally-

cooled dehumidifier and reported the good absorption performance of the fin-tube 

absorber. In their study, in order to enhance the corrosion resistance performance of the 

dehumidifier, the surface treatment technology of electroplating was employed. Some 

antiseptic materials were adhered on the surface of the fin through electroplating. 

Comparative corrosion resistance tests demonstrated the good anti-corrosion 

performance of the adopted fin-tube dehumidifier and the poor anti-corrosion 

performance of stainless steel 304 and copper. The dehumidification performance of a 

stainless steel dehumidifier was studied by Luo et al. [70, 71]. The influences of various 

parameters, including the film thickness on absorption behavior, was identified.                                    

Yin et al. [72] studied both the dehumidification and regeneration performance of 

an internally cooling/heating absorber made by stainless steel. Their results revealed 

that the heat and mass transfer efficiency of internally-cooled/heated dehumidifier/ 

regenerator was higher than the adiabatic ones.  

Gao et al. [73] also conducted experiments to compare the dehumidification 

effectiveness and moisture removal rate between an internally cooled and an adiabatic 

dehumidifier. Internally cooled dehumidifier was verified to have higher 

dehumidification effectiveness and bigger moisture removal rate. However, they did 
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not give detailed information about their dehumidifier. 

In the work done by Zhang et al. [74], the dehumidifier made of stainless steel was 

designed and investigated both by experiments and simulation analysis. After the 

experimental and numerical study of absorption performance under various operating 

conditions, an internally cooled/heated LDAC system driven by exhaust heat of heat 

pump was proposed with relatively high COP.  

In consideration of the strong corrosion of liquid desiccant, Liu et al. [75] 

introduced an internally-cooling dehumidifier made of thermally conductive plastic. 

The adopted thermally conductive plastic to overcame the disadvantage of low thermal 

conductivity for normal plastic with the thermal conductivity as high as 16.5 W/(m.K). 

On one hand, the new dehumidifier could achieve superior corrosion resistance capacity. 

On the other hand, it could also perform comparable heat and mass transfer 

performance compared with dehumidifiers made of metals.  

Lee et al. [76] also introduced a kind of plastic dehumidifier made of heat-resistant 

acrylonitrile butadiene styrene plastic. In order to overcome the low wettability of 

plastic, hydrophilic coating and groove shape were treated on the surface of the plate. 

The Sh and Nu correlations for the process of heat and mass transfer were developed 

with an error within 25%  according to their experimental results.  

Mortazavi et al. [37] designed an internally cooled dehumidifier with offset fins 

made of copper. The new surface sturcture could not only increase the wetting area but 

also enhance the absorption rate significantly which was a very promising framework 

for the development of highly compact absorber.  
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As we know, the commonly used materials for falling film dehumidifier are metals, 

such as stainless steel [70-72] and copper [37]. But, if no special treatment is employed, 

the metal corrosion would probably occur [69]. Therefore, some surface treatment 

processes, such as electroplating [69], were introduced. However, other researchers 

gave up the use of metal directly and chose special plastic [75, 76]. However, compared 

with metals, plastic has the inherent disadvantage of relative low wettability and 

thermal conductivity. Therefore, it is quite necessary to find other materials with the 

excellent anti-corrosion performance, good wettability, high heat conductivity and good 

workability. 

2.5 Research gap  

To summarize, there are plenty of researches concerning the mathematics models 

and the mass transfer performance enhancement methods during dehumidification/ 

regeneration which include structure modification, the adding of surfactant and nano-

particles. However, they have limitations.   

As mentioned before, to improve the dehumidification performance, internal 
cooling is introduced and the cooling water with relatively low temperature flows at the 
other side of the plate as indicated in Figure 2.10. If the temperature of cooling water 
is lower than the dew point temperature of processed air, water vapor condensation will 
occur at the non-wetted area. As shown in Figure 2.11, the phenomenon has been 
observed in our experiments with the cooling water temperature of 18oC. It is well 
known that whether the condensation occurs or not depends on the parameters of air 
humidity and cooling water temperature. By summarizing the previous experimental 
studies of internal cooling dehumidification (shown in  

Table 2.3), it is interesting to find that water vapor condensation would take place 

as the cooling water temperature was lower than air dew point temperature for almost 

all the studies except the work done by Yin et al. [16, 72] and Kessling et al. [96]. In 

the subtropical area such as Hong Kong, the humidity is very high all the year around 
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and so is the corresponding dew point temperature. In such circumstance, vapor 

condensation on non-wetted area is more likely to occur. However, no mathematical 

model concerned about the vapor condensation on non-wetted area which would 

happen under certain conditions. 

 

Figure 2.10 Flow channels of internal cooling dehumidifier.  

 

Figure 2.11 Water vapor condensation on the non-wetted area. 

Table 2.3 Summary of experimental conditions on air humidity and cooling water. 
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Author Air inlet humidity (g/kg) Cooling water tem. (oC) Dew point tem. (oC) 

Yin et al. [16, 72] 9.5~14.5 22~24 13.3~19.8 
Kessling et al. [96] 14.5 24.1 19.8 
Luo et al. [70] 18~24 18~24 23.3~27.9 
Liu et al. [75]  14.2~24.6 11.1~17 19.5~28.3 
Bansal et al. [97] 20.1~20.4 4.8~7.3 25~25.3 
Zhang et al. [74] 16.3~25.5 15.4~17.0 20.8~22.4 

 

Regarding CFD simulations on liquid desiccant falling film, the reported work was 

only 2D simulation. However, the 2D simulation cannot evaluate the contraction of 

falling film which has been observed, which significantly affects the heat and mass 

transfer performance. Therefore, it is better to conduct 3D simulation for the 

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

In previous studies, tubes with various structures, such as bare tubes, constant 

curvature surface (CCS) tubes, micro-scale hatched tubes, helical tubes, and few kinds 

of plates, for example: plate with off-set fins and wire screen plate were employed to 

enhance the heat and mass transfer performance during absorption. And at the same 

time, structures like film-inverting configuration and membrane-based absorption also 

attracted attention on researchers. The main purpose of developing special structures is 

to increase the heat and mass transfer area on one hand, and on the other hand, to disturb 

the flow for the aim of enhancing the exchange of solution between the interface and 

main stream. From the previous literature, a lot of enhanced structures have been 

applied to tubes, but few are adopted by plates. In fact, from the point of heat exchanger, 

plate heat exchanger is efficient and compact. Therefore, in the future work, some kinds 

of compact plate type absorbers can be designed and explored.    
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Previous researches related to surfactant mainly focused on absorption 

refrigeration. In the absorption cooling system, working pairs of refrigerant and 

absorbent were certain binary solvents that circulated in a closed loop. Therefore, it 

does not matter to add the surfactants with odour, toxicity and volatility in the closed 

type system. As a matter of fact, nearly all the surfactants adopted by previous are 

alcohols or something similar, n-octanol, n-heptanol and 2-ethyl-1-hexanol for example. 

They are more or less odorous, volatile or toxic. However, differently from the 

absorption refrigeration system, the LDAC works in an open loop in which the 

processed air should contact directly with the desiccant solution. Therefore, the 

foregoing surfactants cannot be applied to the LDAC due to their odour, toxicity and 

volatility which might be serious threats to the indoor air quality as the processed air 

may carry the droplets and pollutants into the indoor environment. Furthermore, all 

previous studies were concentrated on the absorption performance in the absorber, but 

the regeneration process which is another indispensable part has drawn little attention.  

According to the foregoing literature review on nano-fluid for the purpose of mass 

transfer enhancement, we can see even though there are some studies related to the 

mass transfer on nanofluid, bubble absorption and absorption refrigeration for example. 

There are few works can be found related to liquid desiccant dehumidification. What is 

more, according to the research by Yang [63] and Kim [64], the adding of surfactants 

for the purpose of nanofluid stability plays an important role in the mass transfer 

process. However, some researchers failed to investigate the effect of surfactant on 

mass transfer alone, such as Lee et al. [98] and Kang et al. [62]. In fact, apart from the 
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numerical study carried out by Ali et al. [67, 68], all of the foregoing studies on gas 

absorption is about absorption refrigeration which is operating in a closed loop, for 

example, the operation pressures of Kang et al. [62] and Kim et al. [64] were both 

0.01bar. However, the mass and heat transfer occurred in the LDAC process at 

atmospheric pressure in an open loop. What is more, no study pays attention to the 

regeneration process which is an indispensable part in the LDAC. The study of Ali et 

al. [67, 68] did not take the dispersion of nanoparticle into consideration which is a very 

practical and serious problem in the research of nanofluid.  

Due to the special chemical property of liquid desiccant, such as LiCl solution, 

dehumidifier or regenerator made of metal would be corroded by desiccant solution. 

Therefore, to maintain the heat and mass transfer performance and system reliability, it 

is quite necessary to alleviate or eliminate the corrosion. Even though some efforts have 

been made in terms of surface modification and material development, the effort is 

never too much. As the aluminum is one of the most widely used material for fabrication 

of heat exchanger, it can be also applied in the area of LDAC after the surface treatment 

of anodizing. However, no related study has been carried out to explore the anti-

corrosion performance of anodized aluminum and so neither the mass transfer 

performance. To reduce the influence of corrosion on LDAC, approaches can not only 

put forward in the aspect of material for dehumidifier/regenerator but also from the 

liquid desiccant itself. In other words, new kinds of liquid desiccant with lower 

corrodibility can be developed. However, few studies can be found in this aspect in 

previous work.  
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2.6 Research objectives 

Concerning the falling film shrinkage and metal corrosion and to fill the research 

gap mentioned above, the present study intended to conduct a series of research work 

to describe the actual dehumidification/regeneration process and improve the mass 

transfer and anti-corrosion performance of falling film dehumidifier/regenerator by 

liquid desiccant modifications and plate surface treatment. The specific objectives were 

listed out below.   

To describe the actual and detail dehumidification/regeneration process, the 

research objectives were:  

(1) To experimentally and numerically study the falling film dehumidification/ 

regeneration characteristics on plate with the consideration of both film shrinkage 

and water vapor condensation (only for dehumidification) on the non-wetted area 

of plate.  

(2) To build a novel 3D CFD simulation model for the consideration of the actual 

dehumidification process and to investigate the simultaneous hydrodynamic, heat 

and mass transfer behavior in a dehumidifier under various conditions in detail. 

 

In the aspect of mass transfer enhancement, the research objectives were： 

(3) To find a non-volatile, odorless and nontoxic surfactant and explore the mass 

transfer performance of solutions under various working conditions with and 

without the addition of surfactant.   

(4) To steadily and evenly disperse the multi-walled carbon nanotubes (MWNTs) into 
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LiCl solution and to identify the mass transfer performance of solutions with and 

without the addition of nanoparticles. 

   

In the aspect of anti-corrosion by plate surface treatment and solution modification, 

the research objectives were: 

(5) To fabricate a dehumidifier/regenerator made of anodized aluminum and to 

evaluate its corrosion behavior. Further, to investigate its mass transfer 

performance and compare it with that of dehumidifier/regenerator made of normal 

aluminum.  

(6) To develop a novel mixed liquid desiccant for low causticity and to investigate 

and compare the mass transfer characteristics of the mixed liquid desiccant with 

that of the conventional LiCl solution. 

 The aforementioned research objectives can be briefly summarized by the 

following research flow chart in Fig 2.12. According to the flow chart, the whole work 

can be divided into three categories: theoretical study, numerical study and experiment 

study. 
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Figure 2.12 Research flow chart of present study.
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Chapter 3 Introduction of experimental system for 

dehumidification/regeneration and system validation 

In present study, both experiment and simulation are adopted to investigate the 

heat and mass transfer characteristics in falling film dehumidifier/regenerator. A 

purpose-built test bench with the function of parameters adjustment was introduced. To 

evaluate the dehumidification/regeneration performance, some indices and their 

formulations were presented. Finally, the rationality of the whole experimental was 

validated by analyzing the uncertainties of different parameters and checking the energy 

balance in this chapter.  

3.1 Description of the experimental test bench 

The detailed schematic diagram of the system is shown in Figure 3.1. The real 

picture for the experimental system is shown in Figure 3.2. The whole test bench 

consisted of three loops distinguished by the color of the arrows, namely processing air 

loop, liquid desiccant loop and cooling/heating water loop. By regulating the 

instruments in each loop, six parameters, including air flow rate, temperature, inlet 

humidity and solution flow rate, temperature and concentration, can be adjusted to 

desired values. The test bench was installed in a laboratory with the ability to keep the 

temperature and moisture at a relatively steady level. All pipes or ducts in the system 

were wrapped by thermal insulation material to minimize their heat exchange with 

ambient environment.  

The air was pumped into the air duct by the help of an axial fan. By regulating the 

angle of a damper in the duct, the required air flow rate could be obtained. After that, 
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an electrical heater and a humidifier were employed to adjust the inlet air temperature 

and humidity. The heating power of electrical heater was controlled by a Proportion-

Integration-Differentiation (PID) controller automatically through the feedback signal 

of air temperature. The air then flowed into the single channel regenerator for solution 

regeneration.  

For the desiccant solution loop, the solution was stored in a plastic tank with an 

electrical heater inside. With the help of another PID controller, the solution 

temperature was adjusted to a certain value. Then, the solution was driven by a pump 

to flow in the loop. The flow rate was controlled by a three-way valve by regulating the 

opening angle. After filling the distributor, the liquid desiccant overflowed the 

distributor through the gap and fell along the surface of the single channel stainless steel 

regenerator. A collector was installed under the regenerator to collect the solution after 

regeneration. Finally, the solution flowed back to another tank which connected with 

the collector.  

In the present study, internal cooling/heating was employed to strengthen the 

dehumidification/regeneration performance. During dehumidification, water vapor in 

the humid air would be absorbed by the liquid desiccant due to the positive water vapor 

difference between solution and humid air. In this process, water in the phase of vapor 

changes to the change of liquid and latent heat would release and absorbed by liquid 

desiccant. However, higher solution temperature corresponds to lower mass transfer 

driving force. In the process of regeneration, liquid water evaporates from the desiccant 

solution driven by the partial water vapor pressure difference between solution and air. 
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During the mass transfer process, vaporization latent heat which absorbs mainly from 

the bulk solution is needed. As a result, a temperature reduction in the solution which 

corresponds to the deterioration of regeneration performance would occur if no 

measures are taken. Therefore, in our experiments, cold water supplied by a water 

chiller was used to cool the liquid desiccant during dehumidification and hot water 

provided by a controllable heat source was used to heat the solution during the 

regeneration process by the help of a single channel heat exchanger indicated in Figure 

3.1. Counter current flow was arranged in the heat exchanger for higher efficiency.  

The schematic diagram of the single channel dehumidifier/regenerator is 

illustrated in Figure 3.3. It has the size of 500mm*500mm (Length*Width). In order to 

alleviate or avoid the corrosion caused by liquid desiccant on heat and mass transfer 

characteristics, stainless steel 316L was used during the fabrication of the 

dehumidifier/regenerator. 
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Figure 3.1 Schematic diagram of the test rig. 

 

 

Figure 3.2 Real picture of the experimental system. 
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Figure 3.3  Detailed configuration of the single channel regenerator. 

 

The inlet and outlet air temperatures and humidity were measured by two 

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

Pitot tube which was connected with a micro-manometer was installed at the outlet of 

air duct to measure the airflow rate. The accuracy for air flow rate measurement was 

2.5%. Both the inlet and outlet temperatures of solution and heating water were got by 

four Pt-100 thermocouples with the accuracy of 0.1K. Two turbine flow rate sensors 

with the accuracy of 3% were employed to measure the flow rate of liquid solution and 

heating water respectively. For the measurement of solution concentration, a specific 

gravity hydrometer and a Pt-100 thermocouple were used. The solution density and 

temperature were obtained firstly. Then, with the conversion equations provided by 

Conde [12], the concentration was calculated with the uncertainty of 0.2%. All the 

experimental signals generated by thermocouple, flow meter and humidity sensor were 

collected, converted and displayed by a data logger. The data were also stored by the 
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data logger for subsequent processing. A standard contact angle goniometer made by 

Rame-hart instrument Co. was employed for the measurement of contact angle on 

stainless steel plate. It has a high accuracy of 0.1o. Before the measurement, the surface 

of the plate was cleaned by acetone and ultrasonic cleaning tank for credible results. 

The wetting area was obtained by using a high resolution infrared thermal imager from 

FLUKE company with the error within 3%. For the measurement of falling film 

thickness, we adopted the JDC-2008 accumeasure instrument developed by TianJin 

University. It has the accuracy of 0.8 m  . The working priciple of accumeasure 

instrument is shown in Figure 3.4 [71]. The circuitry consists of a capacitor, a 

operational amplifier and two electrical condutors. The two conductors are seperated 

by a dielectric medium and when the permittivity of the medium changes, the capacitor 

voltage changes simultaneously. According to the measured capacitor voltage, initial 

value of height and other parameters, the thickness of falling film can be determined. 

The specifications of directly measured parameters are illustrated in Table 3.1. 

Table 3.1 Specification of direct measured parameters 

Parameter Instrument Accuracy 

Temperature ( o C ) Pt-100 thermocouple  0.1K  
Air relative humidity( % ) Humidity sensor  2.5%  
Solution flow rate( /kg s ) Turbine flow rate sensor  3%  
Water flow rate( /kg s ) Turbine flow rate sensor  3%  
Air flow rate( /kg s ) Pitot tube  2.5%  
Solution density( 3/kg m ) Specific gravity hydrometer 3 1 /kg m  
Contact angle( o ) Standard contact angle goniometer  0.1o

  
Wetting area( 2m ) Infrared thermal imager  3%  
Film thickness( mm ) JDC-2008 accumeasure instrument  0.8 m  
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Figure 3.4 Working principle of the JDC-2008 accumeasure instrument. 

3.2 Performance indices and data reduction 

Several criteria have been used to evaluate the performance during 

dehumidification/regeneration [11-21]. The most commonly used ones are absolute 

moisture removal, dehumidification effectiveness, dehumidification rate and mass 

transfer coefficient. Their definitions are shown in the following part. 

Absolute moisture removal ( d ) is defined as, 

, ,a in a outd d d = −                      (3-1) 

where ,a ind and ,a outd  represent the inlet and outlet absolute humidity respectively. This 

index can indicate the absolute humidity change before and after absorption process 

directly. As a result, it is often employed by researchers when the outlet humidity 

content is the main concern. 

The absolute air humidity was not measured directly but by the conversion via the 

measured dry bulb temperature and relative humidity.  

Dehumidification effectiveness ( ) is defined as, 

,

, ,

, e in

a in a out

a in

d d

d d


−
=

−
                        (3-2) 
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In equation (3-2), ,e ind  is the absolute moisture content of the processing air in 

the condition of equilibrium with inlet desiccant solution at its concentration and 

temperature. This criterion indicates the ratio of actual moisture removal amount and 

potential greatest moisture removal and shows the efficiency of a dehumidifier which 

has the same meaning of heat transfer efficiency for a heat exchanger. What is also 

worth noting is that in present study the flow pattern between processed air and solution 

is countercurrent which is illustrated by Figure 3.5a. The outlet processed air humidity 

,a outd   is no smaller than the equivalent moisture content of ed    Therefore, the 

effectiveness is smaller than 1. However, when the flow pattern between processed air 

and solution is parallel as shown by Figure 3.5b and Figure 3.5c, due to internal cooling 

effect of cooling water channel, the outlet humidity content of processed may be smaller 

than that of the equivalent moisture content determined by the solution inlet temperature. 

This may make the dehumidification effectiveness larger than 1, which is inappropriate. 

Therefore, in such circumstance, the cooling water inlet temperature can be adopted 

when calculating ed .  

 

(a)               (b)                (c) 

Figure 3.5. Configurations of the flow pattern of fluid in dehumidifier. 



 

 49 / 227 
 

The definition for dehumidification rate is: 

, ,.( )a a out a inm G d d = −                     (3-3) 

in which aG  stands for the mass flow rate of processing air. ,a outd  and ,a ind  donate 

the inlet and outlet absolute humidity respectively. 

The mass transfer coefficient is defined as: 

, ,

e ,

a o a ia
m

a i

d dG
h

A d d

−
=

−
                     (3-4) 

where A   is the wetting area of falling film on plate. ed   represents the absolute 

moisture content of the processing air in the condition of equilibrium with desiccant 

solution at its concentration and temperature and is acquired by the equation in [12]. 

    The above description only introduced the performance indices for 

dehumidification. In fact, the ones for regeneration are more or less the same except the 

order of the different parameters in the formulations. Therefore, no extra explanation 

will be given here and more detailed introduction can refer to related references.  

3.3 Uncertainty analysis and validation of the experimental system 

During the experiments, working conditions were changed by regulating the 

corresponding actuators. Generally, all experimental parameters during the data 

processing can be classified into two groups, i.e. the directly measured group and 

indirectly measured group. They are differentiated by whether they can be measured by 

sensors directly or not. The uncertainties of the former group are obtained according to 

the accuracies of sensors, and the later ones are calculated based on the method of 

uncertainty propagation which is shown in Equation (3-5) [99]. The uncertainties for 

all parameters are summarized and listed in Table 3.2. 
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Table 3.2 Summary of parameters’ uncertainties 

Parameter Uncertainty Parameter Uncertainty 

All Temperatures/T   0.1K  Air absolute humidity/ d  2.5%  
Solution flow rate/ sG   3%  Absolute moisture removal/ d  3.5%  
Solution density/ s  3 1 /kg m  Dehumidification effectiveness/  5.0%  
Air flow rate/ aG   2.2%  Regeneration rate/ m  4.1% 
Air relative humidity/    2.5%  Mass transfer coefficient/

mh  6.2% 
Water flow rate/ wG   3%    
Solution concentration/ sX  0.2%    

 

2 2 2
1 2

1 2

ln ln ln= ( ) ( ) ... ( )n

n

y f f f
x x x

y x x x


  

  
+ + +

  
          (3-5) 

where y   indicates the indirect measured parameter and nx   represents the 

uncertainty of the thn  direct measured parameter. The relationship between y  and 

ix  can be described by Equation (3-6). 

1 2( , ,..., ,..., )i ny f x x x x=                      (3-6) 

Simultaneous heat and mass transfer took place in the single channel dehumidifier 

when water vapor absorption happens. During this process, both the energy and mass 

conservation equations must be satisfied. The equations can be expressed as follows: 

, , , , , ,( ) ( ) ( ) s s o s i a a i a o w w i w oG h h G h h G h h− = − + −               (3-7) 

, , ,
, ,

1 1( ) ( )  a a i a o s s i

s o s i

G d d G X
X X

− = −                 (3-8)  

In equation (3-7), sG  and aG  represents the mass flow rate of solution and air 

respectively.  h  stands for enthalpy. The subscripts ,  ,  s a w  indicate the solution, air 

and cooling water correspondingly. The inlet and outlet parameters are differentiated 

by the other letter ,  i o  in the subscript.   

During the dehumidification/regeneration experiments, the absolute humidity 
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changes were found to be less than 5g/kg in all conditions. Although the change of air 

humidity could be detected by humidity sensor, the concentration change of liquid 

desiccant was too small to be measured accurately in one cycle. As a result, only the 

energy conservation equation was validated in the present study. As shown in Figure 

3.6, most of the validation data fell into the error band of 15% . According to previous 

references, the enthalpy difference always fell into the error band of 0~30%. Therefore, 

the present maximum absolute energy difference of 15% is in the acceptable range. The 

random fluctuation of the enthalpy difference can be contributed to two reasons: (1) the 

uncertainties of sensors which include flow meters, Pt100 thermocouple. It is worth 

noting that even though the accuracy for the Pt100 thermocouple is as high as 0.1oC, 

the difference between the inlet and outlet cooling water is relative small (smaller than 

1oC in most of the experimental conditions). As a result, even the 0.1oC uncertainty 

may cause relative big difference in energy difference. (2) although thermal isolation 

material was covered on the surface of all ducts, small amount of heat exchange still 

existed between the experimental system and ambient environmental. These two factors, 

mainly the former one, led to the energy difference, as shown by Figure 3.6. Therefore, 

the rationality of the test rig can be proved adequately. 
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Figure 3.6 Energy balance validation of the test rig: (a) Regeneration process; (b) 

dehumidification process. 

 

3.4 Summary 

This chapter introduced the purpose-built test bench for the investigation of 

dehumidification/regeneration performance in detail. Some criteria which included 

dehumidification/regeneration effectiveness, dehumidification/regeneration rate and 
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mass transfer coefficient to evaluate the heat and mass transfer performance were also 

introduced. Then, the experimental system was validated by analyzing the uncertainty 

and checking energy balance. The validation results provided reliable foundation for 

the subsequent experimental study.    
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Chapter 4 Numerical model for internally cooled liquid 

desiccant dehumidification concerning film shrinkage shape 

and vapor condensation 

In this chapter, the mathematical models for dehumidification with the 

consideration of water vapor condensation on non-wetted area were firstly developed 

under some commonly adopted assumptions. Some existing empirical correlations to 

predict the mass transfer coefficient in the plate type falling film dehumidifier were also 

evaluated by present experimental data. A new correlation with obvious improvement 

in terms of mass transfer coefficient prediction was also developed. The influence of 

water vapor condensation on dehumidification performance under various operating 

conditions was identified. Finally, a case study was carried out based on the type 

summer design day in Hong Kong to evaluate the effect of vapor condensation in detail.  

4.1 Model for the falling film shrinkage on plate Mass transfer model concerning 

film shrinkage shape and vapor condensation on non-wetted area 

4.1.1 Model for the falling film shrinkage on plate 

A schematic diagram for the flowing characteristics of liquid desiccant on plate is 

illustrated in Figure 4.1. According to the work done by Levich [100] about thermos-

capillary motion in a very shadow vessel, the thin film flow on the vertical plate can be 

described by the following momentum and mass conservation equations: 
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Figure 4.1  Schematic diagram of the falling film on plate. 

 

2

2

0
0

y

y

up

y z

u dz



 

= 


=

                         (4-1) 

In fact, Equation (4-1) is derived only for YZ plane as the present study mainly 

focused on the film shrinkage which occurred in the y-direction. The momentum 

equation was derived from the Navier-Stokes equation on the YZ plane based on the 

fact that the falling film flow was steady flow and there was no mass force in the y-

direction. It is also assumed that the liquid velocity in z-direction caused by the thermal 

convection was much smaller compared with the liquid velocity caused by capillary 

convection according to Levich [100]. 

The boundary conditions are given as follows: 

0,     0;

,   

y

y

z u

u
z grad

z
  

= =

 

= =


                    (4-2) 

For boundary conditions, it requires that the tangential stress at the free surface of 
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falling film is equal to the surface tension gradient of solution.  

The surface tension gradient can be determined according to the research of 

Zhang et al. [21] which is formulated in Equation (4-3).  

cos cosm rgrad
D

  
 

−
=                   (4-3) 

where, m  and r  are the surface tension of solution at the main part and rim part 

respectively. They are determined by solution concentration, solution temperature and 

solution concentration, wall temperature respectively. D  is the rim part length and 

calculated by Equation (4-4).    represents the contact angle and    is the angle 

shown in Figure 4.1, which can be described by Equation (4-5) [21]. 

2sin 2 ( 1) ( 1)
1 cos 1 cos

D
  

  
 

= + − − −
− −

               (4-4) 

2 2
cos x

x y

u

u u
 =

+
                     (4-5) 

In Equation (4-4),    is the deformation factor.    is the film thickness of 

solution which can be obtained by Nusselt equation [101] by Equation 6. In equation 

(4-5), xu  stands for velocity in x-axis.  

1/3
2

3( )
( )

s s

s

G

W x g





=                       (4-6) 

where sG , s  and s  represent the mass flow rate, dynamic viscosity and density 

of solution respectively and are calculated by the equations in [12]. ( )W x  is the film 

width at the x  position. g  is the gravitational acceleration.  

The value of xu  can be determined by Equation (4-7).  

21
2

s
x

s

g
u





=                              (4-7) 
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By integrating the equations from (4-1) to (4-7), the expression of yu   can be 

described as follows: 

2

2

2 4c1+ -1
2y xs

x

u u
u

=                          (4-8) 

where c  is described by Equation (4-9). 

( cos )
4 m r

s

c
D


  


= −                        (4-9) 

In order to get the width of falling film at the x  position, an integration should 

be applied to Equation (4-8) which is described as follows: 

/

0
( ) 2 xL u

yW Wx u dt= −                         (4-10) 

Through the integration transformation, the Equation (4-10) can be converted to 

the form of Equation (4-11).  

0
2

20

4c( ) 2 1+ -1 
x

x

W Wx dx
u

= −                   (4-11) 

where W  stands for the initial film width. By solving the Equations from (4-4) to (4-

11) with iteration, the film width at the x  position can be obtained. 

4.1.2 Model for the heat and mass transfer in dehumidifier considering vapor 

condensation 

Before modeling the mass and heat transfer in the dehumidifier, some commonly 

adopted assumptions are stated below [15-18]: 

(1) There is no heat exchange between the dehumidifier and surrounding.  

(2) The properties of solution, air and cooling water are constant in one control volume.  

(3) The fluctuation of film surface in one control volume is not considered.  

(4) The local wall temperature is equal to the local water temperature due to the thin 
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wall thickness and relatively high thermal conductivity of steel.   

It is noteworthy that the above assumptions are made based on the following facts: 

(1) insulation foam was covered at the outer surface of dehumidifier to present the heat 

exchange between dehumidifier and surrounding environmental. (2) The control 

volume is very small; (3) the plate has a thickness of 3mm and a thermal conductivity 

of 17 W/m.K. The heat transfer coefficient between cooling water and plate could reach 

up to 2000 W/m2.K. 

The whole dehumidifier was divided into N elements along the direction of x-axis. 

For each microelement, based on the conservation law and the abovementioned 

assumptions, the heat and mass transfer processes can be described by the following 

equations without the consideration of vapor condensation on the non-wetted area. 

The moisture change in air can be presented by: 

( ) ( )a a m e aG Wdw w w x dx= −                     (4-12) 

where aG  , aw   denote the mass flow rate and absolute humidity content of air 

respectively. m  is the mass transfer coefficient between air and solution. 

The sensible heat exchange between air and solution is: 

, , ( ) ( )a p a a h a s aG Wc dT T T x dx= −                   (4-13) 

in which ,p ac  means the heat capacity of air. aT  and sT  are the temperatures of air 

and solution respectively. ,h a  represents the heat transfer coefficient between air and 

solution which can be determined by the following empirical correlation [102]: 

,
1/ 2 1/ 3

h a = 0.664* Re Pr                       (4-14)  

The enthalpy change of air consists of two parts, namely sensible and latent heat 
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exchange, which can be described as: 

, , , ,{[ ( ) ] }a p a a p a p v p a a a a adh c dT c c c w T w dw= + + − +            (4-15) 

where ,p vc  and  are the heat capacity of water vapor and latent heat of vaporization. 

The mass balance between air and solution is: 

s a aG Gd dw=                            (4-16) 

in which sG  is the mass flow rate of solution. 

The energy balance for cooling water is described as follows: 

, , ( ) ( )w p w w h w s wG Wc dT T T x dx= −                    (4-17) 

where wG  , ,p wc   and wT   are the mass flow rate, heat capacity and temperature of 

cooling water respectively. ,h w  is the heat transfer coefficient that can be calculated 

by Equation (4-14). 

The energy balance between air, desiccant solution and cooling water is: 

, ( ) 0a a w p w w s sG G Gdh c dT d h+ + =                   (4-18) 

By solving the set of equations from (4-12) to (4-18), the dehumidification 

characteristics in a dehumidifier can be obtained with the consideration of film 

contraction.  

As mentioned before, vapor condensation would take place on the non-wetted area 

of the plate dehumidifier if the local wall temperature wT  is lower than the local dew 

point temperature dewT . When condensation happens, the Equations (4-12), (4-13) and 

(4-17) should be replaced by the following equations: 

, , ,( ) ( ) ( )( ( ))a p a a h a s a h a w aG W W Wc dT T T x dx T T x dx  −= − + −          (4-19) 

( ) ( ) ( )( ( ))a a m e a c Tw aG W W Wdw w w x dx w w x dx  −= − + −           (4-20) 
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, , ( ) ( ) ( )( ( ))w p w w h w s w c Tw aG W W Wc dT T T x dx w w x dx  −= − + −         (4-21) 

where c  is the mass transfer coefficient at the non-wetted region of plate and can be 

determined by the Reynolds’ analogy [18, 103] between heat and mass transfer as 

shown in Equation (4-22). Tww  is the absolute moisture content of saturated air at the 

temperature of local plate and determined by Equations (4-23) and (4-24).  

2/3
, ,

h h
c

p a p ac Le c

 
 =                           (4-22) 

2 3 41
2 3 4 5 6 7( ) ( )w w w w w w

w

c
ln p c c T c T c T c T c ln T

T
= + + + + + +           (4-23) 

0.622 w
Tw

w

p
w

P p
=

−
                       (4-24) 

where, 

1 2 3
4 7

4 5 7

5800.2206,   1.3914993,   0.048640239

0.41764768 10 , 0.14452093 10 , 6.5459673

c c c

c c c− −

= − = = −

=  = −  =  

P is the atmospheric pressure. 

By combining the Equations from (4-4) to (4-24), the heat and mass transfer 

processes in the dehumidifier with the consideration of film contraction and vapor 

condensation can be settled numerically. The calculation flow chart is presented in 

Figure 4.2. 



 

 61 / 227 
 

 

Figure 4.2 Calculation flow chart for solving the model. 

 

4.1.3 Model for the heat and mass transfer in regenerator  

The assumptions adopted when descripting the heat and mass transfer processes 

in regenerator are the same with those in dehumidifier. In fact, the governing equations 

are also similar except the heat and mass transfer direction. In a regenerator, the water 

vapor evaporates from solution to the ambient air rather than being absorbed by liquid 

desiccant solution. 

    According to the abovementioned assumptions, the mass balance equations for air 

and solution can be formulated by: 
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( ) ( ) 0
a a m a e

G Wdw w w x dx− − =                    (4-25) 

0
s a a

G Gd dw− =                         (4-26) 

The energy conservation equations for air, solution and heating water are severally 

described by Equation (4-27), (4-28) and (4-29). 

, , ( ) ( ) 0
a p a a h a a s

G Wc dT T T x dx− − =                  (4-27) 

,( ) 0
a a s s w p w w

G G Gdh d h c dT+ + =                   (4-28) 

, , ( ) ( ) 0
w p w w h w w s

G Wc dT T T x dx− − =                  (4-29) 

    In Equation (4-28), the enthalpy change of air is presented by Equation (4-15). 

    By adopting the empirical correlations (4-14), the heat transfer coefficient h  

[102] can be calculated.  

4.1.4 Determination of mass transfer coefficient in dehumidifier/ regenerator 

The mass transfer coefficients in Equation (4-12), (4-20) and (4-25) should be 

determined before the calculation. The accuracy of the selected empirical correlation 

plays an important role in the reliability of model. Therefore, some of the commonly 

used correlations in the form of non-dimensional Sherwood number were evaluated by 

the present experimental data. Their prediction accuracies are presented in the form of 

Mean Absolute Relative Deviation (MARD) which is defined in Equation (4-30). The 

specifications of the results are indicated in  

 

 

 

Table 4.1. 
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exp

1

1 N
pre

i pre

Sh Sh
MARD

N Sh=

−
=                       (4-30) 

 

 

 

Table 4.1 Prediction accuracies of some existing correlations. 
 

Authors Correlation MARD 

Chilton–Colburn analogy [15, 18] 1/3 1/20.664* Re
a a

Sh Sc=
 

49.32% 

Yin et al. [16] 2.991 1.56 0.330.345* * Re *
a a

Sh Ts Sc
−

=
 

51.21% 

Lee et al. [76] 
0.381 0.269 0.601

* 0.143 0.69

,

0.92 * Re * Re *

( / ) * ( / )

a s a

s s a i e
X X

Sh Sc

w w

=

 

78.29% 

 

From the above table, the existing empirical correlations fail to give accurate 

prediction for present experimental results. The empirical correlation for regeneration 

is even rare. Therefore, in present research, correlations to predict the mass transfer 

coefficient in internal cooling/heating dehumidifier/regenerator were fitted according 

to the experimental results.  

The mass transfer coefficient mh  is expressed in Equation (4-31). 

a
m

D
h Sh

l


=                          (4-31) 

in which a  is the density of air. l  is the characteristics length. For the rectangular 

channel in present study, it can be calculated by Equation (4-32). D  is the diffusion 

coefficient of moist air determined by Equation (4-33) which is proposed by Fuller et 

al. [104]. Sh   is the dimensionless Sherwood number which can be obtained by 
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equation (4-34).  

2ab
l

a b
=

+
                           (4-32) 

where a and b denote the length and width of rectangular channel respectively.  

3 1.75

1/3 1/3 2

1 110 * ( )

[( ) ( ) ]
a w

a w

T
M M

D
P v v

− +

=
 + 

                  (4-33) 

In Equation (4-33), T represents the temperature of air. aM  and wM  stand for 

the molar mass of air and water vapor severally. P   means the pressure of air.  

av（ ）  and wv（ ）  are the diffusion volume of molecule for air and water vapor 

respectively.  

-0.62 -23.6 1.57 -0.13 0.3
,

5 4.81 3 8 1.3

65.1*Re * * * ( )     e
356

139  ( )          
3

w
a a a i e
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0.7 -0.5 -0.6 w
a a a,i e

s

T
Sh Sc w w D humidification

T

T
Sh = 0.0 * Re * Sc * d d Regeneration

T

−=
−

+

  (4-34) 

where aRe   is the Reynolds number of air and described in Equation (4-35). aSc  

stands for the Schmidt number of air and defined in Equation (4-36).  

vl
Re =




                          (4-35) 

in which v  and   are the velocity and dynamic viscosity of air respectively.  

Sc =
D




                          (4-36) 

The nomenclature in Equation (4-36) is in accordance with the foregoing 

definitions. 

    The most important part of the proposed correlations is the prediction of Sherwood 

number. The form of this correlation is developed according to the regeneration 

experiments as shown above. The influences of air flow rate can be reflected by the 
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parameters of aRe   and aSc  . a,ind   and ed   can indicate the effects of air inlet 

humidity, solution temperature and concentration. Mean Relative Deviation (MRD) and 

Mean Absolute Relative Deviation (MARD) are used to evaluate the prediction 

accuracy of new correlations. 

, ,exp

1 ,exp

1 N
m pre m

i m

h h
MRD

N h=

−
=                     (4-37) 

, ,exp

1 ,exp

1 N
m pre m

i m

h h
MARD

N h=

−
=                      (4-38) 

Figure 4.3 and Figure 4.4 show the comparison between experimental data and 

correlation predictions in terms of mass transfer coefficient for dehumidification and 

regeneration respectively, from which good agreement can be observed. Both the 

MARDs of mass transfer coefficient for dehumidification and regeneration are less than 

8%. 93 out of 101 experimental data points have the MRD within 15%   for 

dehumidification and 117 out of 130 for regeneration.     
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Figure 4.3 Comparison between the experimental and predicted mass transfer 
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coefficients of dehumidification. 
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Figure 4.4 Comparison between the experimental and predicted mass transfer 

coefficients of regeneration. 

 

4.2 Models validation: falling film shrinkage shape and dehumidification 

performance  

The governing equations mentioned above were solved by finite difference 

method. The model with the consideration of shrinkage and condensation were 

validated by two index, namely falling film wettability and mass transfer characteristics. 

The mass transfer characteristics are described by the absolute moisture change, as 

shown by equation (4-39). 

Before the calculation, an important parameter named contact angle need to be input 

into the model. The contact angle of Lithium chloride (LiCl) solution was measured by 

a standard contact angle goniometer made by Rame-hart instrument Co. as mentioned 
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above. The value of the contact angle on 316L stainless plate is 58.5o which is shown 

in Figure 4.5. In addition to the contact angle, the flow behavior of falling film in terms 

of wettability on plate dehumidifier was measured by a high resolution infrared thermal 

imager of FLUKE company. After capturing the infrared picture, the wetting area on 

plate dehumidifier can be measured by the Microsoft Visio and GetData Graph Digitizer.  

 

Figure 4.5 Contact angle of LiCl solution on plate. 

 

The flow pattern of falling film on plate dehumidifier for experiment and 

computation are illustrated and compared, as shown in Figure 4.6. It is worth noting 

that the experimental wetting area of falling film was measured in an indirect way. 

Firstly, a high resolution infrared thermal imager made by FLUKE company was 

employed to capture the infrared thermal image of the falling film on plate. Then, the 

infrared thermal picture was processed by the Microsoft Visio and GetData Graph 

Digitizer to obtain the exact value of wetting area. The experimental and computational 

wetting areas are 0.174m2 and 0.168m2 when the solution flow rate, temperature and 

concentration are 0.11kg/s, 28oC and 36% severally. As a result, the shrinkage model 

can predict the flow pattern of film accurately. For the mass transfer characteristic, 
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various experimental under different operating conditions were carried out and 

compared. The results are indicted in Figure 4.7. The MARD between the experimental 

absolute moisture change and the computational ones is 4.5%. Therefore, high 

simulation accuracy of the new model in terms of wetting characteristics and mass 

transfer are proved, which provides reliable support for the following study.  

 

Figure 4.6 Flow pattern of falling film on plate dehumidifier. 
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Figure 4.7 Comparison between absolute moisture removal under different conditions: 

(a) solution inlet temperature; (b) solution inlet concentration; (c) solution flow rate; 

(d) air inlet humidity; (e) air flow rate; (f) air temperature. 

 

4.3 The influence of different parameters on dehumidifier performance  

(1) Influence of contact angle and solution flow rate on wetting area 

The influence of wetting ratio which is defined as the ratio between the wetted 

area and the potential largest wetting area is reported in Figure 4.8a. It is worth noting 

that the potential largest wetting area is the wetting area of falling film without 

shrinkage. For the present adopted plate dehumidifier, the value for the potential largest 

wetting area is 0.216 m2. The wetting ratio decreases with the increase of contact angle. 

When the contact increases from 20o to 80o, the wetting ratio has a reduction of 38.1% 

from 99.7% to 61.1%. What is more, the reduction rate increases with the increase of 

contact angle. The phenomenon can be explained by Equations (2) and (3). It is the 

surface tension gradient in the rim part that contributes to the shrink of falling film. 
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When the contact angle is small, the driving force for shrinking is also small. 

Consequently, the shrinkage is not obvious with smaller contact angle. The wetting 

ratios at different solution mass flow rates are shown in Figure 4.8b when the contact 

angle is 58.5o. The computational results show that the wetting ratio has a slight increase 

with the increase of solution flow rate. However, the experimental wetting ratios almost 

keep constant at different mass flow rate. The explanation is that the streamline at the 

side boundary formed after the pre-wetting of dehumidifier by solution. An obvious rim 

part of the falling film was observed during the experiments, as shown in Figure 4.10a. 

Under practical experiments, the influences of surface conditions, such as the micro-

structure and other adhered dusts, affected the position of the rim streamline. In order 

to change the position of rim streamline, enough force should be provided to overcome 

the resistance at the boundary. However, the increase of flow rate during the present 

experiments failed to provide the driving force to make the rim streamline move 

outward. As a result, the rim streamline keeps nearly motionless and so does the wetting 

ratio. Differently, the calculated falling film shape was obtained under ideal surface 

condition. That is to say, the micro-structure or other adhered dusts on the plate 

dehumidifier was not taken into consideration. Consequently, the calculated rim 

streamline moves outward and makes the wetting ratio great with the increase of 

solution flow rate, as demonstrated in Figure 4.10b. Besides, the influences of other 

parameters, such as solution concentration, temperature, air flow rate, flow rate and 

humidity, on wetting ratio were also investigated at normal operation conditions. Their 

effects on wetting ratio are small compared with the contact angle and solution flow 
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rate. 
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Figure 4.8 Influences of contact angle and flow rate on wetting ratio. 
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Figure 4.9 Rim part of experimental and calculated falling film on plate dehumidifier. 

 

(2) Influence of solution flow rate 

The influences of various parameters on dehumidification performance with and 

without considering condensation were identified by the new model which are 

illustrated in the following parts.    

As shown in Figure 4.10, the influence of solution flow rate on dehumidification 

performance is illustrated. The absolute moisture removal increases with the increase 

of solution mass flow rate. The ascending trend results from the increase of wetting area 

which has been shown in Figure 4.8b. The cooling water inlet temperature is set to be 
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18oC in the following investigation if no explanation is stated. It is obvious that the 

absolute moisture change is greater after taking the vapor condensation on non-wetted 

area into consideration. Averagely speaking, the difference of absolute moisture change 

after considering condensation is 0.1g/kg, which indicates the necessity of considering 

the condensation. The reason is that the wall temperature of plate dehumidifier was 

lower than the dew point temperature of processed air under the condition of internal 

cooling. As a result, water vapor in the processed air would condense on the non-wetted 

area of plate dehumidifier besides dehumidification by liquid desiccant on the wetted 

area, which contributes to higher absolute moisture change shown in Figure 4.11. The 

explanation is also applicable for the higher absolute moisture change observed in Fig. 

Figure 4.11 to Figure 4.16. Moreover, it is also found that the difference becomes 

smaller and smaller with the increase of solution flow rate. The reason is that with the 

increase of solution flow rate, the wetting area becomes greater and the non-wetted area 

becomes smaller. Smaller non-wetted area corresponds to less significant influence of 

vapor condensation on the whole mass transfer performance as the condensation area 

is smaller. 
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Figure 4.10 Influence of solution flow rate on dehumidification performance. 

 

(3) Influence of solution temperature 

Figure 4.11 shows the influence of inlet solution temperature on dehumidification 

characteristics. A descending tendency is observed when the solution inlet temperature 

has an ascending trend. The explanation is that when the solution temperature increases 

from 26oC to 35oC, the equivalent moisture content at the surface of solution also 

increases from 5.58g/kg to 9.76g/kg. This means that the mass transfer driving force 

between desiccant solution and processing air decreases with the increase of solution 

temperature. Therefore, the absolute moisture change is smaller at higher solution 

temperature. Condensation also takes place under the working conditions of Figure 4.11.  
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Figure 4.11 Influence of solution inlet temperature on dehumidification performance. 

 

(4) Influence of solution concentration  

The influence of the solution concentration on absolute moisture change is 

summarized in Figure 4.12. When the concentration of LiCl solution changes from 32% 

to 38%, the removal amount of water vapor increases from 1.4g/kg to 1.87g/kg for the 

situation with the consideration of condensation. This is caused by the fact the 

equivalent moisture content of solution reduces from 8.69g/kg to 5.33g/kg with the 

increase of solution concentration. The average relative difference between the 

situations with and without the consideration of vapor condensation is 6.4% under the 

operating conditions shown in Figure 4.12. 
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Figure 4.12 Influence of solution concentration on dehumidification performance. 

 

(5) Influence of air flow rate 

From Figure 4.13, the influence of air flow rate on dehumidification ability can be 

detected. With the increase of air flow rate from 0.03kg/s to 0.065kg/s, the absolute air 

moisture difference between the inlet and outlet has a significant reduction up to 1.7g/kg 

when taking the condensation into consideration. The increase of mass flow rate of air 

corresponds to the growth of air velocity in the dehumidifier. Higher velocity of 

processing air means shorter contact time between air and desiccant solution. As a result, 

air at low mass rate has great absolute moisture change as shown in Figure 4.13. When 

the cooling water inlet temperature is 18oC, water vapor will condensate on the non-

wetted area of plate as can be found in Figure 4.13.     
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Figure 4.13 Influence of air flow rate on dehumidification performance. 

 

(6) Influence of air dry bulb temperature  

As can be seen from Figure 4.14, the air temperature has negligible effect on the 

dehumidification performance. Even though the temperature of air increases from 28oC 

to 36oC, the absolute moisture changes almost keep at 1.73g/kg with condensation. The 

reason is that the change of air temperature at normal range can neither affect the mass 

transfer coefficient greatly nor change the wettability. Besides, the relative average 

increment of absolute moisture removal is 5.8% after taking the vapor condensation 

into consideration.       
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Figure 4.14 Influence of air inlet bulb temperature on dehumidification performance. 

 

(7) Influence of air inlet humidity 

It can be concluded from the computational results in Figure 4.15 that the 

dehumidification rate in terms of absolute moisture removal increases with the increase 

of air inlet humidity. As indicated in Figure 4.15, when the equivalent water vapor 

content at the surface of solution keeps at 6.34g/kg, an increase of air inlet humidity 

from 15g/kg to 24g/kg enlarges the mass transfer driving force obviously and so does 

the absolute moisture change. Moreover, the influence of condensation becomes more 

obvious with the increase of air inlet humidity. At the inlet humidity of 15g/kg, the 

vapor condensation shows negligible influence on the whole mass transfer performance. 

However, as the inlet humidity increases gradually, the difference becomes greater and 

the greatest difference is observed at the biggest humidity content of 24g/kg. The reason 

can be attributed to the increase of mass transfer driving force for condensation. As the 

cooling water keeps constant at nearly 18oC, the wall temperature of dehumidifier plate 
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also keeps nearly unchanged which leads to constant moisture content of saturated air 

at plate temperature ( Tww ). As a result, the condensation mass transfer driving force in 

terms of absolute moisture difference has a relative increment of 9g/kg when the inlet 

humidity increases from 15g/kg to 24g/kg, which makes the influence of vapor 

condensation more significant at higher air humidity. 
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Figure 4.15 Influence of air inlet humidity on dehumidification performance. 

 

(8) Influence of cooling water temperature 

The effect of cooling water temperature on dehumidification performance is 

illustrated in Figure 4.16. It can be summarized from this figure that the reduction of 

cooling water temperature enhances the absorption performance. The absolute moisture 

removal has a gradual increase from 1.6g/kg to 1.77g/kg with considering the 

condensation. The phenomenon can be owed to the enhancement of internal cooling 

effect. Furthermore, the decrement of cooling water temperature lowers the moisture 

content of saturated air at plate temperature ( Tww ) and enlarges the mass transfer force 
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for condensation. As a result, the effect of vapor condensation on non-wetted area 

becomes more distinct at lower cooling water temperature as shown by Figure 4.16.  
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Figure 4.16 Influence of cooling water temperature on dehumidification performance. 

 

4.4 Case study of a typical summer day in Hong Kong 

In order to further evaluate the influence of vapor condensation on non-wetted area 

in practical situation, a typical summer day was selected in Hong Kong 

[https://energyplus.net/weatherlocation/asia_wmo_region_2/CHN/CHN_Hong.Kong.

SAR.450070_CityUHK]. The detailed climate conditions of this day are presented in 

Figure 4.17. The corresponding hourly dew point temperatures are calculated and 

shown in Table 4.2. As one can see, the dew point temperatures all day around are higher 

than 25oC, which means that in high humidity regions, such as Hong Kong, 

condensation on the non-wetted area in the dehumidifier is very likely to happen. By 

the new mathematics model, the dehumidification performance in a dehumidifier was 

studied under the operating conditions shown in Figure 4.18. After taking the 
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condensation into consideration, the absolute moisture removal has an obvious 

increment in every hour. Averagely speaking, the hourly relative increment is 6.2%. 

Even though this is not a significant influence, when we take the huge amount of 

processing air and heavy electricity consumption into consideration, the final effect of 

water vapor condensation on non-wetted area of a dehumidifier would make a big 

difference. The consideration of condensation helps to give accuracy prediction of the 

dehumidification performance and so does the characteristics of LDAC.  
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Figure 4.17 Weather conditions of the typical summer day in Hong Kong. 

 

Table 4.2 Dew point temperatures at different hours in the typical summer day. 

Hour/h 1 2 3 4 5 6 7 8 9 10 11 12 
/o

dew Ct  25.3 25.4 25.6 25.6 25.7 25.4 25.4 25.8 25.5 25.1 25.1 26.4 
Hour/h 13 14 15 16 17 18 19 20 21 22 23 24 

/o

dew Ct  26.1 25.1 25.3 25.2 25.1 25.2 25.1 25.3 25.4 25.8 25.4 25.6 

 



 

 84 / 227 
 

0 5 10 15 20 25

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2
Xs = 36%

ms=0.12kg/s

Ts,i=28
o

C

ma  = 0.035kg/s

T
w,i 

= 18
o

C

 

 

 With condensation

 Without condensation

A
b

s
o

lu
te

 m
o

is
tu

re
 c

h
a

n
g

e
 /
 g

/k
g

Hour / h  

Figure 4.18 Dehumidification performance with and without the consideration of 

condensation. 

 

4.5 Summary 

This chapter proposed a novel mathematical model for plate type dehumidifier 

with the consideration of falling film shrinkage shape and water vapor condensation on 

non-wetted area. Compared with previous models, the developed model firstly 

considered the vapor condensation in the non-wetted area of dehumidifier. Some main 

conclusions are drawn as follows: 

(1) A new Sherwood number correlation was proposed for the simulation purpose. 

The new correlation has high prediction accuracy with the MARD of 7.1%.  

(2) The new model can predict the flow patterns of falling film on plate accurately 

with the relative difference of 3.45% under certain operating conditions.  

(3) For the dehumidification performance in terms of absolute moisture removal, the 

MARD between the experiment and simulation ones is as low as 4.5%. Among all 
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the influencing factors on water vapor condensation, the most prominent one is the 

cooling water temperature. The proportion of vapor condensation to vapor 

absorption by liquid desiccant is larger at lower cooling temperature. The inlet 

humidity of processing air also directly affects the condensation as it is one 

important factor that determines the mass transfer driving force of condensation. 

(4) Quantitatively, the relative hourly increment of absolute moisture change is 6.2% 

during the selected typical summer day in Hong Kong under certain working 

conditions after the consideration of vapor condensation.  

The theoretical model can help to get a basic understanding of falling film flow 

shape, dehumidification performance and effect of vapor condensation on non-wetted 

area, which provides valuable guidance for the study and design of the dehumidifier 

and the LDAC as well.. However, restricted by the limitations of the film shrinkage 

model, it is currently hard to be applied on the complex configurations with enhanced 

structures, which greatly hinders the widely practical application of the theoretical 

model. 
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Chapter 5 Development of a novel 3D CFD simulation 

model for investigating liquid desiccant dehumidification 

performance 

The reported CFD simulations on liquid desiccant dehumidification were all 

based on the 2D model. However, the 2D simulation can not evaluate the contraction 

of falling film which has been observed by many studies and significantly affects the 

heat and mass transfer performance. 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. The details for the proposed 3D model and 

simulation results are elaborated below.  

5.1 Mathematical model of CFD simulation 

5.1.1 Governing equation for selected models 

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: 

(1) Mass conservation equation  

( ) ( )= 0u
t

 


+ 


                      (5-1) 

where   is the density and u  is the vector of velocity. 
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(2) Energy conservation equation 

( ) ( ) eff k k E( ) = E u E P k T h J S
t

 


 +  +   − + 
           (5-2) 

where mean the energy and is defined by Equation (5-3). P  and T  are the pressure 

and 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 u
E h


− +                              (5-3) 

(3) Momentum conservation equation 

( ) ( )= - ( ( ))
T

u uu P u u g F
t

   


+   +   +  + +


       (5-4) 

in which,   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 one for processed air 

is in the range of 5800~13000 in present 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 [105], the RNG (Renormalization group) k −  

turbulence model was selected to describe the hydrodynamics behavior in the 

dehumidifier. The governing equations of turbulence kinetic energy and its dissipation 

rate are gives as follows, 

      (5-5) 

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

  
    

   
+ = + + − − +

   
  (5-6) 

(5) Species transport equation 

i k eff k b M k
i j j

( ) ( ) ( )k
k ku G G Y S

t x x x
    

   
+ = + + − − +

   
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( ) ( )q q k,q q q k,q q k,q k,q lg,k= x ux D x S
t

    


+  − 


         (5-7) 

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 is described 

by Equation (5-8) and (5-9). 

                           (5-8) 

                        (5-9) 

where l  and g  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 (5-10). 

                             (5-10) 

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

equation for volume fraction shown in Equation (5-11) is solved. 

l/g
l/g 0u

t





+  =


                          (5-11) 

In the commercial software of Fluent, there are four kinds of multiphase model: 

Volume-of-Fluid (VOF), Mixture, and Euler model and Euler-Lagrange model. 

According to the user manual of Fluent, the VOF model can be used to capture the 

phase interface of immiscible fluids, such as falling film stratified flow on plate. 

l l g g    = +

l l g g    = +

g l 1 + =
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Compared with other models, it has desirable computational accuracy and moderate 

computational amount. Moreover, according to our previous literature review, it has 

been successfully applied to simulate the falling film flow by a lot of investigators. 

Therefore, the present study directly adopted the VOF model to capture the phase 

interface without comparison of different multiphase model. The simulation results 

agreed well with the experimental results which adequately demonstrated the rationality 

of the VOF model. 

5.1.2 Interface conditions 

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

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

would also be released as 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 method for the source terms is specified in 

the following part.  

(1) Interface mass source 

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

is usually ignored [106]. Therefore, the overall mass transfer coefficient K   is 

formulated in Equation (5-12) [107]. 

m,g m,l

1 1 1
K h h

= +                            (5-12) 

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

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

of the liquid desiccant. The local mass transfer coefficient is determined according to 
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the penetration mass transfer theory. The formulations for m,gh  and m,lh  are specified 

in Equation (5-13) and (5-14). 

m,g
c

=2  gD
h

t
                            (5-13) 

l
m,l

c

=2  D
h

t
                            (5-14) 

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 (5-15), 

                              (5-15) 

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 (5-7) can be obtained by Equation (5-16).  

lg,k e ( )gS K d d A= −
                       (5-16) 

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 

c
surf

l
t

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

smaller that the condensation latent, it is neglected in the model [108]. As a result, the 

energy source term at the phase interface is calculated by Equation (5-17) as follows, 

1

E lg,k lg,k
0

m

k

S S H
−

=

=                            (5-17) 

By integrating the governing equations shown from Equation (5-1) to Equation (5-

11) and the interface sources terms determined by Equation (5-16) and Equation (5-17), 

the comprehensive hydrodynamics, heat and mass transfer characteristics in a falling 

film dehumidifier can be obtained. 

5.1.3 Model configuration 

The schematic diagram of the single channel falling film dehumidifier is illustrated 

at the left side of Figure 5.1. During the experiments, it was found that 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 Figure 5.1. 

The detailed dimension of the computational domain is 250 mm*30 mm*500 mm 

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

domain and part of the mesh is illustrated in Figure 5.1. As one can see, in order to 

capture the thin falling film of liquid desiccant, the size of the mesh is very smaller near 

the plate and then becomes greater and greater gradually to reduce the computational 

time.  
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Figure 5.1. Sketch map of the dehumidifier and computational domain. 

 

5.1.4 Setting of initial, boundary conditions and simulation parameters 

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 Figure 5.1. 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 were all velocity inlet. As the processed outflowed from 

the top side, the magnitude of air velocity was set as negative value during simulation.  

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

domain which corresponded to the air volume fraction g  of 1 and liquid desiccant 
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volume fraction l  of 0 at 0t = . The inlet humidity and temperature of the moist air 

and inlet concentration and temperature of liquid desiccant was 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 [82]. 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 [109] was used. The first order 

upwind scheme was applied to solve the momentum, turbulence, energy and species 

transport equations. To judge whether the steady state was achieved or not, the average 

air humidity at the gas outlet was monitored. 

5.2 Model validation 

5.2.1 Check of grid independence 

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

During simulation, the liquid desiccant falling film flows 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. Then, the grid size becomes greater gradually in the 

domain far away from the wall to reduce the total amount of mesh and computational 

time, as indicated in Figure 5.2. To avoid the influence of mesh dimension on the 

simulation results, grid independence was checked before simulation. 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. The simulation conditions for solution side are: the concentration and 
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temperature of LiCl were 38% and 28oC respectively and the inlet velocity was 0.3 m/s. 

For air side, the absolute humidity content and temperature of air were 0.02 kg/kg and 

27oC and the inlet air velocity was 0.6 m/s. 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 removals under 

different grid structures were compared in Figure 5.2. It is clear that the absolute 

moisture removal firstly increase with the increasing of mesh quality and then levels 

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.  

1.90

1.95

2.00

2.05

152*371*1001102*520*1402102*371*100156*221*601

 

 

A
b

s
o

lu
te

 m
o

is
tu

re
 r

e
m

o
v
a

l 
(g

/k
g

)

Grid size

41*221*601

 
Figure 5.2. Absolute moisture removal at different grid size. 

 

5.2.2 Comparison of simulation results with experimental ones  

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

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

abovementioned experimental system introduced before. The detailed operating 
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conditions were listed out in Table 5.1. Similarly, simulations were carried out based on 

the developed 3D model under the conditions shown in Table 5.1. It is noteworthy that 

the contact angle of LiCl solution in dehumidifier under the conditions shown in Table 

5.1 was measured by a standard contact angle goniometer with an accuracy of 0.1o. The 

result is presented in Figure 5.3. According to Figure 5.3, the contact angle was also set 

as 58.5o in the CFD setting panel. The comparison results between the experimental 

absolute moisture removal and numerical ones are shown in Figure 5.4. 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 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 5.1. 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 
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Figure 5.3. Contact angles of LiCl solution. 
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Figure 5.4. Comparison between the measured and simulated absolute moisture 
removal. 

 

5.3 Influence of contact angle on mass transfer performance  

As the influences of various parameters on the heat and mass transfer 

performance in a dehumidifier have been elaborately investigated in our previous 

experimental studies, no more parametric study on influencing parameters will be 

conducted further. Based on the validated 3D simulation mode, the influence of contract 
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angle on simultaneous fluid flow and dehumidification process will be discussed, which 

is not easy to fulfill by experimental study.  

The absolute moisture removals under different surface contact angles are 

simulated and compared in Figure 5.5. 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. 

Under the operational conditions shown in Figure 5.5, 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 Figure 5.6. In fact, as can be seen, the relative decrement 

of absolute moisture content is smaller that of the wetting area. Such seemed 

discrepancy is caused by the fact that the decrement of falling film wetting area leads 

to the increment of solution velocity as the solution flow rate is constant. According to 

the above mentioned equations, 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 Figure 5.5.  
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Figure 5.5. Influence of contact angle on dehumidification performance. 

 
Figure 5.6. Wettability of falling film at different contact angles. 
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5.4 Discussion of the mass transfer characteristics based on CFD simulation 

The contours of water vapor at y-z planes with different x values are illustrated 

and compared in Figure 5.7. It is clear that 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. This indicates that near the falling film, as 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.  

 Figure 5.7 shows the mass fraction of LiCl at the outlet falling film 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 Figure 

5.7. 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 in solution transfers driven by the concentration difference between the 

surface 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 
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concentration at other parts of the falling film. 

As can be seen from Figure 5.7 and Figure 5.8, the intensive mass transfer process 

mainly occurs at the phase interface, 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 the processed air or LiCl transfer in solution mainly 

proceeds 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. Therefore, 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 fluid. Then, as indicted in Figure 5.6, the contact 

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

performance. Consequently, some super-hydrophilic coating with high durability 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 

reduce from the original 58.5o to 14o, as shown in Figure 5.9. 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 
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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.    

 
Figure 5.7. Contour of water vapor at different x position. 
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Figure 5.8. Mass fraction of LiCl at the dehumidifier outlet. 

 
Figure 5.9. Contact angle of LiCl solution on stainless steel dehumidifier with coating. 

 

5.5 Summary 

A novel 3D simulation model based on CFD technology was developed to study 

the dehumidification performance in a falling film dehumidifier. After being validated 

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 the 2D simulation model.  

(2)  The intense water vapor absorption occurred at the phase interface, which led to 
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great concentration gradient of both solution and humidity content near the falling 

film interface. However, mass transfer mainly proceeded in the form of diffusion 

in the zone away from the interface, which caused nearly unchanged solution 

concentration of solution and relatively high humidity content in these zones. 

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 reflect 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 sprayed 

on the surface of a dehumidifier to improve its wettability for better 

dehumidification performance.  

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

the detailed dehumidification or regeneration performance in the liquid desiccant 

cooling system. The simulation results can provide some basic guidance for the 

investigation and design of dehumidifier/regenerator. Even though the novel model was 

built and validated based on plain plate, it can be easily applied to other configurations 

with more complex structures. The presented work is just our preliminary attempts and 

further simulation work will be conducted with different kinds of structures in future. 

The 3D simulation model can be a useful and effective tool for the design and 

optimization of the practical dehumidifier/regenerator. 
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Chapter 6 Enhancing the mass transfer performance of 

dehumidifier/regenerator by adding surfactant and 

nanoparticles 

This chapter presented the experimental results on the enhanced 

dehumidification/regeneration ability by adding surfactant and nanoparticles. It can be 

divided into two parts: mass transfer characteristics with the addition of surfactant and 

mass transfer performance with the addition of surfactant and nanoparticles. In the first 

part, an odorless, non-volatile and nontoxic surfactant called polyvinyl pyrrolidone 

(PVP-K30) was firstly introduced in the liquid desiccant dehumidification system for 

the purpose of mass transfer enhancement. The concentration of surfactant PVP was 

firstly determined according to the measurement results of contact angle. Then, the 

influences of different parameters on mass transfer performance were identified 

systematically. The experimental results were analyzed in the aspect of wetting area and 

falling film thickness. In the second part, the mass transfer performance of LiCl/H2O 

solution, LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid were investigated 

and compared. The stable LiCl/water-MWNTs nanofluid was prepared by adding 

surfactant polyvinyl pyrrolidone (PVP) through mechanical methods firstly. Then, 

similar with the first part, the effects of some operating parameters on mass transfer 

were studied. Finally, the results were analyzed and also explained.  

6.1 Mass transfer enhancement by adding surfactant PVP 

6.1.1 Determination of the concentration of PVP 

In the initial trials of experiments, some possible candidates, such as n-octanol, n-
heptanol and 2-ethyl-1-hexanol, were adopted. However, they were found to be more 
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or less odorous, volatile or toxic, which may be a great threat to residents’ health if 
applied in the field of liquid desiccant dehumidification. Therefore, we gave up these 
candidates and tried to find some other possible ones who would decrease the surface 
tension of solution after tiny addition. After a lot of trials, for example: Triton-100, 
stearic acid, SDBS and PVP, finally, we selected the PVP as it was non-volatile, odorless, 
nontoxic and can dissolve in LiCl solution. As shown in  

Table 6.2 [110], PVP-K30 can easily dissolve in different kinds of solutions 

including LiCl desiccant solution and has steady physical and chemical properties under 

conventional working environment as well. It has been widely used in various industries, 

such as medicine, healthcare, food production, cosmetics and detergent [111]. Without 

polluting the processed air, PVP-K30 is very suitable for LDAC. 

Table 6.1 Specifications of the PVP-K30. 
 

Name Molecular formula Molecular weight Toxicity 

polyvinyl pyrrolidone (C6H9NO)n 40000 non-toxic 
Odour Stability Solubility Manufacturer 

odorless Stable 100mg/mL(water) Aladdin 

 

Using a standard contact angle goniometer, the contact angles of LiCl solution 

under various surfactant concentrations ranging from 0% to 3% were measured, as 

shown in Figure 6.1. We can see the significant contact angle reduction of 16.5o even 

when the concentration of surfactant is only 0.1%. With the increase of surfactant 

concentration, the contact angle presents a descending trend. However, the drop rate 

decreases gradually and reaches to a steady level. When the concentration of surfactant 

changes from 0% to 0.4%, the decrement of contact angle is up to 30.5o from 58.5o to 

28o. Nevertheless, only 4.1o reduction is detected even though the surfactant 

concentration increases from 0.4% to 3%. The decrease of contact angle corresponds to 

the reduction of surface tension. It means that the surface tension of solution reduces 
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dramatically to a certain valve with the increase of surfactant concentration and then 

keeps almost constant at higher concentration. Therefore, in the present study, the 

surfactant concentration of 0.4% was selected for regeneration investigation due to the 

reason stated above. Figure 6.2 shows the contact angles of LiCl solution without 

surfactant and with the surfactant concentration of 0.4%. 

 
Figure 6.1 Contact angle of LiCl solution under different surfactant concentrations. 
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Figure 6.2 Pictures of contact angles with 0.4% and without surfactant. 

 

6.1.2 Wettability of falling film on dehumidifier/regenerator 

As shown in Figure 6.3, the influence of solution flow rate on wetting area with 

and without surfactant is indicated. The concentration and temperature of solution were 

34% and 50oC. The wetted areas for solution with and without surfactant keep constant 

at around 0.209m2 and 0.174m2 respectively when the mass flow rate is bigger than 

0.08kg/s. Therefore, it is concluded the wettability will not change when the mass flow 

rate of solution reaches a certain value. During the experiments, a distinct rim part of 

the falling film was observed as shown by Figure 6.4. An explanation for the unobvious 

change of wetting area under different solution flow rates is that no enough energy can 

be provided to overcome the resistance at the rim streamline to make it expand outward. 

As a result, the rim streamline keeps nearly motionless and so does the wetting area. 

By comparing the data with and without surfactant, a remarkable relative increment of 

20.1% can be found by adding surfactant with the concentration of 0.4%. 



 

 108 / 227 
 

0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17

0.16

0.17

0.18

0.19

0.20

0.21

0.22

0.23

0.24

 Without PVP, average wetted area: 0.174 m
2

 With PVP,      average wetted area: 0.209 m
2 

   

 

 

W
e

tt
e

d
  
a

re
a

 o
n

 p
la

te
(m

2
)

Solution flow rate(kg/s)  

Figure 6.3 Influence of solution flow rate on wetting area with and without surfactant. 

 

 

Figure 6.4 Information of the rim part of the falling film on plate. 

 

6.1.3 Falling film thickness 

By the abovementioned JDC-2008 accumeasure instrument, the film thickness 

of liquid desiccant on plate was measured. The film thicknesses under different 

solution flow rates are presented in Figure 6.5. The film thickness has a gradual 

increase when the flow rate increases from 0.088kg/s to 0.156kg/s. The film thickness 

increases from 0.671mm to 0.730mm for solution without surfactant and from 

0.555mm to 0.625mm for solution with surfactant. The average film thicknesses for 
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solutions with and without surfactant are 0.696mm and 0.593mm respectively. A 

reduction of 0.103mm is detected by adding 0.4% surfactant. Comparison is also 

shown between the experimental film thickness and predicted value of Nusselt 

equation [101] in Figure 6.5. The formulation for the Nusselt is described by Equation 

(6-1) as follows: 

2
1/3

s 20.909(Re )s

g





=                       (6-1) 

As the dynamic viscosity of liquid desiccant with PVP is unknown, the 

comparison is only conducted for LiCl solution without surfactant. The predicted film 

thicknesses by Nusselt equation match well with the experimental ones with the mean 

absolute relative deviation of 4.1% for all experimental data.  
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Figure 6.5 Influence of solution flow rate on film thickness with and without surfactant. 

6.1.4 Experimental results for dehumidification  

(1) Influence of solution flow rate 

As shown in Figure 6.6, the influences of solution flow rate on 
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dehumidification performance with and without surfactant are indicated. The average 
dehumidification rate and effectiveness are 0.079g/s and 14.5% respectively for 
liquid desiccant without surfactant. For desiccant solution with surfactant, the values 
are 0.093g/s and 16.6% severally. It can be concluded from this figure that with the 
addition of PVP-K30, both the dehumidification rate and effectiveness have a distinct 
increment. The relative increments are 18.0% and 14.3% respectively under certain 
situations. For both operating conditions with and without surfactant, these two 
performance indices do not change much with the increase of solution mass flow rate. 
In order to explain this constant trend of dehumidification performance, the wetting 
ratios of falling film under different mass flow rates were measured by a high 
resolution infrared thermal imager of FLUKE company. It was found that the wetting 
ratios almost kept around 82.7% and 96.7% for solutions with and without surfactant 
even the solution flow rate had a two times increment. The detailed values are shown 
in  

Table 6.2. Consequently, the absorption performance did not show obvious 

change with the change of solution flow rate.  
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Figure 6.6 Influence of solution flow rate on dehumidification performance. 

Table 6.2 Wetting ratio at different solution flow rate. 

Without surfactant With surfactant PVP-K30 
Solution flow rate/kg/s Wetting ratio/% Solution flow rate/kg/s Wetting ratio/% 

0.083 83.2 0.078 97.0 
0.097 83.0 0.089 97.0 
0.109 82.3 0.100 97.6 
0.116 82.1 0.111 97.5 
0.136 83.9 0.122 95.0 
0.148 82.6 0.134 95.4 
0.164 82.1 0.145 97.8 

  0.156 96.5 

 

(2) Influence of solution temperature 

Figure 6.7 shows the influence of inlet solution temperature on dehumidification 

characteristics. The dehumidification rates have a distinct decrease when the solution 

temperature increases from 28oC to 35oC for both situations. This can be contributed to 

the rise of partial water vapor pressure on the surface of solution with the increase of 

temperature. When the inlet air humidity keeps unchanged, the increment of surface 
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partial water vapor pressure of solution reduces the mass transfer driving force. 

However, the dehumidification effectiveness does not show a descending trend. 

Because the equilibrium humidity of solution also decreases with the increase of 

solution temperature. The reduced amplitudes on the numerator and denominator are 

close to each other, which result in the negligible trend of dehumidification 

effectiveness. The absorption enhancement by adopting surfactant can also be easily 

detected from this figure with the average relative increments of 24.5% and 17.1% for 

dehumidification rate and effectiveness respectively.   
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Figure 6.7 Influence of solution inlet temperature on dehumidification performance. 

(3) Influence of solution concentration  

The influence of the solution concentration on dehumidification characteristics is 

presented in Figure 6.8. As can be seen from this figure, the increase of solution 

concentration leads to the rise of dehumidification rate. This trend is caused by the 

decrement of partial water vapor pressure on the surface of solution results from the 

increase of concentration. Different from the growing trend of dehumidification rate, 

the other index, namely dehumidification effectiveness, does not show an apparent 

tendency. Even though the concentration increases from 34% to 38%, the 

effectivenesses fluctuates around the values of 14.3% and 17.6% with and without 

surfactant. This can be attributed to the comparable amount of growth on the numerator 

and denominator. For these four solution concentrations, the relative enhancements for 

dehumidification rate and effectiveness are both 23% averagely.  
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Figure 6.8 Influence of solution concentration on dehumidification performance. 

 

(4) Influence of air flow rate 

From Figure 6.9, the influence of air flow rate on dehumidification ability can be 

analyzed. It is obvious that the dehumidification rate increases with the increment of 

air flow rate. The explanation is that greater mass flow rate corresponds to higher mass 

transfer coefficient. In this study, when the air flow rate changes from 0.023kg/s to 
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0.06kg/s, the mass transfer coefficient rises from 0.02 kg/(m2.s) to 0.037 kg/(m2.s) for 

liquid desiccant without surfactant. Interestingly, the dehumidification rate drops 

significantly at the great mass air flow rate as shown in Figure 6.9. The same trend goes 

for the dehumidification effectiveness. In order to validate such strange trend, repeated 

experiments were conducted at the air mass flow rate of 0.065kg/s and 0.069kg/s under 

the same working conditions. For the mass flow rate of 0.065kg/s, the dehumidification 

effectiveness ranges from 5.4% to 6.0% without surfactant and 7.78% to 8.41% with 

surfactant. As a result, the fluctuation of the results is very small when the air flow rate 

is 0.065kg/s and the same conclusion also goes for the flow rate of 0.069kg/s. In our 

opinion, it may be caused by the short contact time of processing air with liquid solution 

at greater mass flow rate. The difference of absolute moisture content between the inlet 

and outlet air is too small within a short contact time. On the contrary, the 

dehumidification effectiveness shows an ascending trend. This can be easily understood 

in terms of the definition of this index. The numerator which indicates the absolute 

moisture removal keeps decreasing because of the reduction of contact time when the 

air mass flow rate has a growing trend. On the other hand, the denominator is constant 

under the same operating conditions. As a result, the effectiveness presents a declining 

trend with the increase of air flow rate.  
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Figure 6.9 Influence of air flow rate on dehumidification performance. 

 

(5) Influence of air dry bulb temperature  

The experimental results under different air temperatures are illustrated in Figure 

6.10. Both of the two performance criterions maintain steady under various 

temperatures ranging from 29.5oC to 36.5oC. The average dehumidification rates with 

and without surfactant are 0.067g/s and 0.086g/s with a relative increment of 28.4%. 
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For the dehumidification effectiveness, the values are 13.7% and 17.0% respectively. 

The stable trend of these two indices can be interpreted from the following two aspects. 

On one hand, the increasing of air temperature does not have a distinct effect on the 

mass transfer force. On the other hand, the influence of air inlet dry bulb temperature 

on falling film flow characteristics is very weak.      
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Figure 6.10 Influence of air inlet bulb temperature on dehumidification performance. 
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(6) Influence of air inlet humidity  

It can be seen from the experimental points in Figure 6.11 that the 

dehumidification rates increase obviously with the increase of inlet air humidity. When 

the inlet humidity changes from 16.5g/kg to 24.6g/kg, the rate has a 0.07g/s increment 

from 0.04g/s to 0.11g/s for the situation with surfactant. Greater absolute humidity of 

the processing air means bigger mass transfer force when other parameters of liquid 

desiccant keep unchanged. Similar tendency can also be observed for dehumidification 

effectiveness in this figure. It can be understood in two aspects. On one hand, the 

increase of inlet air humidity leads to the increment of mass transfer. On the other hand, 

the increase amplitude on the denominator which indicates the difference between 

equilibrium humidity and inlet air humidity is smaller compared with that of numerator. 

Under the same operating conditions, the employment of surfactant PVP-K30 can 

enhance the dehumidification performance significantly, which can also be 

demonstrated in Figure 6.11.   
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Figure 6.11 Influence of air inlet humidity on dehumidification performance. 

 

6.1.5 Experimental results for regeneration 

(1) The influence of air temperature 

Figure 6.12 shows the effect of air inlet dry bulb temperature on regeneration rate. 

No distinct trend can be observed when the air temperature increases form 28.5oC to 

35.5oC. The regeneration rate keeps around 0.097g/s and 0.132g/s for desiccant solution 

without and with surfactant respectively. It can be explained by the unaltered mass 

transfer coefficient and wetting area under ascending temperature. However, significant 

increment of regeneration rate can be found by adding the surfactant. The average 

relative increment is up to 36.1% for regeneration rate under the same experimental 

conditions. 
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Figure 6.12 Influence of air inlet dry bulb temperature on regeneration rate. 

 

(2) The influence of air flow rate  

The influence of air flow rate on regeneration performance is given in Figure 6.13. 

It is obvious that the regeneration rates show an ascending trend with the increase of air 

flow rate for both solutions. It can be attributed to the increase of mass transfer 

coefficient with the increment of air flow rate. For the surfactant included desiccant 

solution, when the air flow rate increases from 0.023kg/s to 0.065kg/s, an increment of 

0.0193 kg/(m2.s) from 0.0146 kg/(m2.s) to 0.0339 kg/(m2.s) is found. The relative 

enhancement after the addition of surfactant ranges from 24.4% to 40.4% under 

comparable operating conditions. 
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Figure 6.13 Influence of air flow rate on regeneration rate. 

 

(3) The influence of air inlet humidity 

As shown in Figure 6.14, the influence of air inlet humidity on regeneration rate 

is illustrated. The regeneration rate decreases with the increase of air inlet humidity. 

This can be easily understood in terms of mass transfer driving force. The regeneration 

process is driven by the partial water vapor pressure difference between air and solution. 

The inlet humidity is directly related with the partial water vapor pressure in air. When 

the inlet humidity has an increment, the mass transfer driving force has a corresponding 

decrement, and so does the regeneration rate. The enhancement in terms of regeneration 

rate is clearly presented in Figure 6.14.  
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Figure 6.14 Influence of air inlet humidity on regeneration rate. 

 

(4) Influence of solution temperature 

The results of regeneration rates with four different temperatures are compared in 

Figure 6.15 for desiccant solution with and without surfactant. When the solution 

temperature changes from 48oC to 55oC, the regeneration rate also increases from 

0.10g/s to 0.14g/s for surfactant excluded solution and from 0.13g/s to 0.20g/s for 

surfactant included solution. The ascending trends are owing to the increment of partial 

water vapor pressure of solution. The partial water vapor pressure has an increment of 

2021.8Pa from 4653.8Pa to 6675.6Pa (The partial water vapor pressure in air is 

2230.4Pa under the working conditions of Figure 6.15). A noteworthy relative 

increment of 40.4% is found at the temperature of 55oC with the adding of surfactant.   
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Figure 6.15 Influence of solution inlet temperature on regeneration rate. 

 

(5) The influence of solution flow rate 

As shown in Figure 6.16, the mass flow rate of solution has negligible influence 

on regeneration characteristics. Even when the flow rate increases from 0.080kg/s to 

0.145kg/s by two times, the regeneration rate fluctuates around the values of 0.077g/s 

and 0.102g/s for situations without and with surfactant. The average absolute increment 

for regeneration rate is 0.025g/s from 0.077g/s to 0.102g/s for solution without and with 

surfactant. The stable values of regeneration rate can be interpreted by the falling film 

characteristics described above. The increase of solution flow rate will not increase the 

wetting area and change the falling film thickness obviously, so solution flow rate has 

insignificant effect on the regeneration rate.    
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Figure 6.16 Influence of solution flow rate on regeneration rate. 

 

(6) Influence of solution concentration 

Figure 6.17 provides the experimental data on the influence of solution 

concentration. As shown, the increase of solution concentration leads to the decrease of 

regeneration rate. This descending trend is caused by the decrement of partial water 

vapor pressure on the surface of solution. When the solution concentration increases 

from 31% to 35% under the operating temperature of 55oC, the equivalent moisture 

content at the surface of the solution decreases from 43.9g/kg to 33g/kg. As a result, the 

mass transfer driving force which is the difference between the equivalent moisture 

content of solution and the processed air also decreases from 30.4g/kg to 19.5g/kg. The 

decrement of mass transfer force results to the reduction of regeneration rate from 0.1g/s 

to 0.082g/s and 0.133g/s to 0.105g/s for solution without and with surfactant 

respectively. The relative enhancement for regeneration rate is 31.2% averagely under 

comparable experimental conditions.  
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Figure 6.17 Influence of solution concentration on regeneration rate. 

 

6.1.6 Discussion on mass transfer enhancement mechanism  

Concluded from the foregoing descriptions, the findings that the adding of 

surfactant PVP-K30 can strength the dehumidification/regeneration performance is 

distinct. The increment ranges from 9.8% to 37.5% for dehumidification rate and 8.1% 

to 40.7% for effectiveness under comparable experimental conditions. Averagely 

speaking, the relative increments are 22.7% and 19.9% for dehumidification rate and 

effectiveness respectively for dehumidifier. For regenerator, under different 

experimental conditions, the increment rate is different. On average, the regeneration 

rate had a relative increment of 26.3% by even tiny addition of surfactant. Several tests 

were carried out to reveal the enhancement mechanism. Contact angle and wetting ratio 

were two kinds of those tests, from which we concluded that by adding the surfactant, 

the contact angle of the desiccant solution decreases dramatically even at tiny addition. 

The decrement of contact angle can directly reflect the reduction of surface tension and 
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leads to the increment of wetting ratio. The average relative increment of wetting ratio 

was 16.9%, from 82.7% for solution without surfactant to 96.7% with surfactant. Figure 

6.18 indicates the wettability of falling film on plates at comparative conditions. It is 

obvious that greater contact area between processing air and liquid desiccant means 

more water vapor would be absorbed by solution. Therefore, the increment of wetting 

area caused by the decrement of surface tension is one of the main factors for the 

absorption enhancement. However, the average increment of 16.9% for wetting ratio is 

slightly smaller than the enhancement of 22.7% and 19.9% for dehumidification rate 

and effectiveness. In the subsequent investigation, we measured the film thickness of 

the falling film at the same point of plate for both situations with and without surfactant. 

The JDC-2008 accumeasure instrument developed by TianJin Univesity was adopted 

in present study to obtian the film thickness of the falling film. It was found that film 

thickness had a nearly 0.1mm reduction from 0.681mm to 0.583mm for solution with 

and without surfactant when the mass flow rate of solution was 0.11kg/s. In terms of 

the internal cooing/heating effect, thin film thickness represents small heat transfer 

resistance in the process of heat exchange between liquid desiccant and cooling/heating 

water. As a result, the rise of temperature for surfactant included solution would be 

smaller than that without surfactant during dehumidification process. Similarly, during 

the process of regeneration, the reduction of solution temperature would be smaller by 

adding surfactant. This explanation can be verified by the experimental observations 

that the outlet solution temperature with surfactant was 0.1 to 0.2 oC lower for 

dehumidifier and 0.1oC to 0.3oC higher for regenerator than that of ordinary solution at 
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comparable experimental conditions. Solution with lower temperature has bigger mass 

transfer driving force during dehumidification. During regeneration, the explanation is 

similar. So the other possible factor for absorption enhancement can be reasonably 

contributed to the decrement of film thickness because of the addition of surfactant.  

 

Figure 6.18 The contrast of wettability (a) without surfactant, (b) with surfactant PVP-

K30. 

 

6.2 Mass transfer performance by adding MWNTs 

6.2.1 Fabrication of LiCl-Water-MWNTs nanofluid 

In order to get nanofluid, the nanoparticles should be steadily and evenly dispersed 

into the LiCl solution with long-term stability. Moreover, they are better to have higher 

thermal conductivity. In our trials, the nanoparticles, such as TiO2, SiO2, Al2O3, Fe3O4 

and MWNTs, were selected for dispersion. However, due to the special chemical 

properties of LiCl solution, the dispersion results were not satisfied except the MWNTs. 

Consequently, the MWNTs was chosen for further study. 

 The MWNTs used in present study was bought from Suzhou Hengqiu Graphene 
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Co. LTD. They have the inner diameter of 3-5 nm and outer diameter of 8-15 nm. Their 

lengths range from 3 to 12 um. Some of its characteristic parameters are shown in Table 

6.3. The SEM image of MWNTs was shown in Figure 6.19. The MWNTs are usually 

intertwined with each other as shown in Figure 6.19. Therefore, under normal 

conditions, the nanoparticles can hardly be dispersed in base fluid evenly and stably, 

which was also stated by Kim et al. [64]. In practice, various methods, such as 

mechanical agitation, grinding, ultrasonic vibration and chemical stabilizer, are adopted 

to get stable nanofluid [112]. After various attempts, the present study chose polyvinyl 

pyrrolidone (PVP) as the surfactant to get stable nanofluid. Besides surfactant, 

mechanical agitation and ultrasonic were also employed in the preparation of nanofluid. 

In order to obtain the appropriate concentration of PVP, the concentration from 0.1 to 

0.4 wt% was tested individually. The PVP was firstly dissolved in LiCl solution by 

mechanical agitation. Subsequently, the MWNTs were added into the solution with 1 

hour stirring at 1300RMP. After that, 2 hours of ultrasonic vibration was exerted on the 

previous solution. The prepared solutions with the adding of 0.1 wt% MWNTs at the 

PVP concentration of 0, 0.1, 0.2, 0.3, 0.4 wt% were shown in Figure 6.20-a. After 60 

days of static settlement, the MWNTs deposited totally without the addition of PVP 

which was demonstrated by Figure 6.20b. When the concentration of PVP was less than 

0.4 wt%, different levels of sediment were observed as shown in Figure 6.20b. As a 

contrast, the solution with the adding of 0.4 wt% PVP showed good stability without 

obvious deposits. In order to represent the dispersion characteristics of solution, TEM 

test for solution was carried out and the image was shown in Figure 6.21. From which, 
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the MWNTs were no longer clustered with each other as shown in Figure 6.19. The 

particle distribution of nano-fluid was also obtained by a Mastersizer 3000 laser 

diffraction particle size analyzer made by Malvern Company. The outcome is shown in 

Figure 6.22. As one can see, there are two centralized sections for the particle size 

distribution which is caused by the non-circular structure of MWNTs and correspond 

to the diameter and length of nanotubes. Compared with the particle distribution curves 

of 0 and 60 days, obvious aggregation of particles does not happen. Consequently, the 

MWNTs are steadily dispersed into the LiCl/H2O solution and appropriate for the 

following experiments.      

Table 6.3 Characteristics of MWNTs. 

Parameter 
Inner diameter 

(nm) 
Outer diameter 

(nm) 
Length 
(um) 

Density 
(g/cm3) 

Production 
method 

Specification 3-5 8-15 3-12 1.8 CVD* 

CVD*: Chemical Vapor Deposition 

 

 

Figure 6.19 SEM image of the MWNTs. 
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Figure 6.20 Dispersion results under different PVP concentration: (a) 0 day, (b) 60 

days. 

 

 

Figure 6.21 TEM image of the LiCl/H2O-MWNTs nanofluid. 
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Figure 6.22 Particle distribution of the LiCl/H2O-MWNTs nanofluid. 

 

After the validation of the fabrication methods for nanofluid, the LiCl/H2O-

MWNTs nanofluid with the weight of 30kg was prepared for the dehumidification 

experiments. The heavy concentration of nanofluid was produced at first and then 

diluted to the desired concentration of 0.1 wt%. The fabrication processes and 

technologies were shown in Figure 6.23.  

 

Figure 6.23 Fabrication processes for LiCl/H2O-MWNTs nanofluid. 
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6.2.2 Experimental results for dehumidification  

The influences of air flow rate, inlet humidity, temperature and solution flow 

rate, temperature on dehumidification performance were experimentally investigated 

and compared. The detailed operating conditions are summarized in Table 6.4 as 

follows， 

Table 6.4 Summary of the experimental operating conditions during dehumidification 

Material Parameter Range 

Solution 
Concentration (wt%) 35 
Mass flow rate (kg/s) 0.082~0.16 

Inlet temperature (oC) 28~35 

Processing air 
Inlet humidity (g/kg) 16~24.7 
Mass flow rate (kg/s) 0.023~0.067 

Inlet temperature (oC) 29~37 

Cooling water Mass flow rate (kg/s) 0.12 
Inlet temperature (oC) 18 

PVP Concentration (wt%) 0.4 

MWNTs Concentration (wt%) 0.1 

 

(1) Influence of air flow rate on dehumidification rate  

   The dehumidification rates under the air mass flow rate from 0.023kg/s to 

0.067kg/s are shown in Figure 6.24. Three different kinds of liquid desiccant, namely 

normal LiCl/H2O solution, LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid 

with PVP surfactant, were investigated individually. For all of the three solutions, the 

dehumidification rates show an increase trend with the increase of air flow rate when 

the air flow rate is less than 0.06kg/s. However, at higher flow rate, for example 

0.067kg/s, the dehumidification rate shows a declining trend. An explanation for such 

trends is that the dehumidification rate is the product of the air flow rate and absolute 

moisture removal (the absolute moist content different between the inlet and outlet 
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processed air). As one can see, the absolute moist content always decreases with the 

increase of air flow rate. When the air flow rate is less than 0.06kg/s, the increment of 

air flow rate overwhelms the decrement of absolute moist removal. Therefore, the 

dehumidification rate shows an ascending trend. However, beyond the flow rate of 

0.06kg/s, the decrement of absolute moisture removal overwhelms the increment of air 

flow rate and shows greater influence on dehumidification rate. Therefore, under the 

co-effect of both the air flow rate and absolute moist removal, the dehumidification rate 

has an ascending tendency at air flow rate lower than 0.06kg/s and a descending trend 

at higher air flow rate. Compared with the LiCl/H2O solution, the other two kinds of 

solution have an obvious improvement in terms of dehumidification rate. For example, 

when the air mass flow rate is 0.042kg/s, the dehumidification rate for LiCl/H2O 

solution is 0.0906g/s. While the values are 0.106g/s and 0.108g/s for LiCl/H2O-PVP 

solution and LiCl/H2O-MWNTs nanofluid severally. The relative improvements are 

17.0% and 19.2% correspondingly. Overall, the adding of 0.1 wt% MWNTs does not 

contribute to a detected improvement in mass transfer. The dehumidification rates are 

more or less the same for LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid 

under the same working conditions.  
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Figure 6.24 Influence of air flow rate on dehumidification performance. 

 

(2) Influence of air inlet humidity on dehumidification rate 

Figure 6.25 illustrates the effect of air inlet humidity on dehumidification rate. 

When the air inlet humidity increases from 17g/kg to 24.7g/kg, the dehumidification 

rate also increases from 0.036 g/s to 0.091kg/s under the working conditions shown in 

Fig. 4-35 for LiCl/H2O solution. Similar tendencies can also be observed for the other 

two kinds of solutions. The phenomenon can be interpreted by the growth of mass 

transfer driving force with the increase of air humidity when the solution concentration 

keeps constant. During the mass transfer process, the driving force is the partial water 

vapor pressure difference between processing air and solution. Higher humidity 

corresponds to bigger partial water vapor pressure and leads to greater mass transfer 

force. By adding PVP, the dehumidification rate shows a distinct increase which is 

indicted in Figure 6.25. However, the adding of MWNTs into LiCl/H2O-PVP solution 

has negligible influence on dehumidification performance in present study as shown by 
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Figure 6.25.  
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Figure 6.25 Influence of air humidity on dehumidification performance. 

 

(3) Influence of air inlet temperature on dehumidification rate 

The influence of air inlet dry bulb temperature on dehumidification characteristics 

is illustrated in Figure 6.26. The dehumidification rates fluctuate around the values of 

0.0671g/s, 0.0861g/s and 0.0849g/s for the abovementioned three kinds of solution 

when the temperature of air changes from 29oC to 37oC. No distinct trends for 

dehumidification rate can be concluded from Fig. 4-36 under different air temperatures. 

The reason is that under such narrow change of air temperature, the mass transfer 

coefficient between air and solution almost keeps the same around 0.25kg/(m2.s), 0.309 

kg/(m2.s) and 0.30 kg/(m2.s) for the three kinds of solution. A relative enhancements of 

28.3% and 26.5% are obtained for LiCl/H2O-PVP solution and LiCl/H2O-MWNTs 

nanofluid respectively. Compared with the experimental data of LiCl/H2O-PVP 

solution, the dehumidification rate for LiCl/H2O-MWNTs nanofluid does not show 
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much difference and even has a slight decrease.  
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Figure 6.26 Influence of air temperature on dehumidification performance. 

 

(4) Influence of solution flow rate on dehumidification rate 

As shown in Figure 6.27, the effect of solution flow rate on dehumidification rate 

is presented. Even though the mass flow rate of solution has a nearly 100% increase 

from 0.082kg/s to 0.16kg/s, the dehumidification rates maintain around 0.0692g/s, 

0.0865g/s and 0.0867g/s for the three solutions correspondingly. Therefore, we can 

conclude that the solution flow rate does not influence the dehumidification 

performance under the operating conditions of present study. Compared with the 

dehumidification rate of LiCl/H2O solution, the average relative enhancement for 

dehumidification rate is 25.0% and 25.3% for the other two solution. What is more, the 

enhancement degrees for the two modified solutions are almost the same which 

indicates that adding of MWNTs into LiCl/H2O-PVP solution almost does not affect the 

mass transfer performance.   
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Figure 6.27 Influence of solution flow rate on dehumidification performance. 

 

(5) Influence of solution inlet temperature on dehumidification rate 

From Figure 6.28, the dehumidification rate at different solution temperatures can 

be obtained. It is obvious that the dehumidification rates decrease with the increment 

of solution temperature. When the LiCl/H2O solution inlet temperature increases from 

28oC to 35 oC, the dehumidification rate has a reduction of 0.0154g/s from 0.0698g/s 

to 0.0544g/s. For LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid, the 

decrements are 0.0205g/s from 0.0864g/s to 0.0659g/s and 0.026g/s from 0.088g/s to 

0.064g/s respectively. The reduction in terms of dehumidification rate can be 

contributed to the increment of the partial water vapor pressure at the surface of solution 

when solution temperature has an increment. The dehumidification rate has an obvious 

improvement under the same operating conditions for both the two modified solutions 

as demonstrated by Figure 6.28. In line with the previous phenomenon, the adding of 

MWNTs does not show up a distinct effect on the dehumidification characteristics.  
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Figure 6.28 Influence of solution temperature on dehumidification performance. 

 

6.2.3 Experimental results for regeneration and model development 

The influences of air flow rate, inlet humidity, temperature and solution flow 

rate, temperature on regeneration performance were experimentally investigated and 

compared. The detailed operating conditions are summarized in Table 6.5 as follows， 

Table 6.5 Specification of the experimental working conditions during regeneration 

Material Parameter Range 

Solution 
Concentration (wt%) 34 
Mass flow rate (kg/s) 0.07~0.16 
Inlet temperature (oC) 48, 50, 52, 55 

Regeneration air 
Inlet humidity (g/kg) 13~25 
Mass flow rate (kg/s) 0.023~0.065 
Dry bulb temperature (oC) 27.5~36 

Heating water Mass flow rate (kg/s) 0.12 
Inlet temperature (oC) 51, 53, 55, 58 

PVP Concentration (wt%) 0.4 
MWNTs Concentration (wt%) 0.1 

 

(1) Influence of solution temperature 

The effect of solution temperature on regeneration performance is set out in Figure 
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6.29. From this figure, one can see that the regeneration rates increase with the increase 

of solution temperature for all three solutions which is caused by the increase of mass 

transfer driving force. When the solution temperature changes from 48oC to 55 oC at 

the concentration of 34%, the equivalent water vapor content at the surface of solution 

increases from 24.2g/kg to 35.5g/kg. Both the regeneration rate for LiCl/H2O-PVP 

solution and nanofluid show an obvious enhancement compared with the LiCl/H2O 

solultion as indicated in Fig. 4-39. However, no distinct difference can be detected 

between the LiCl/H2O-PVP solution and nanofluid in terms of regeneration rate.   
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Figure 6.29 Influence of solution temperature on regeneration rate. 

 

(2) Influence of solution flow rate  

As shown in Figure 6.30, the effect of solution flow rate on regeneration 

characteristics is given. The regeneration rates fluctuate around the values of 0.0617g/s, 

0.0745g/s and 0.0780g/s for abovementioned solutions respectively even though the 
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mass flow rate double nearly from 0.075kg/s to 0.016kg/s. This can be mainly attributed 

to the unimportant impact of solution flow rate on mass transfer coefficient. An absolute 

regeneration rate increment of 0.0129g/s and 0.0163g/s for LiCl/H2O-PVP solution and 

nanofluid is obtained. For the two modified solutions, the regeneration rates are more 

or less the same on the whole.   
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Figure 6.30 Influence of solution flow rate on regeneration rate. 

 

(3) Influence of air temperature 

Figure 6.31 gives information about the regeneration rates under different air 

temperatures ranging from 27.5oC to 36oC. Even though the temperature has an 

approximately 9oC increment, the regeneration rates keep at stable values, namely 

0.0841g/s, 0.1051g/s and 0.1049g/s, for LiCl/H2O solution, LiCl/H2O-PVP solution and 

nanofluid. Apparently, relative enhancements of 25.0% and 24.7% in terms of 

regeneration rate are shown for the two modified solutions. The effect of MWNTs on 

regeneration rate can not be detected by comparing the experimental results between 
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the LiCl/H2O-PVP solution and nanofluid in Figure 6.31.  
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Figure 6.31 Influence of air temperature on regeneration rate. 

 

(4) Influence of air flow rate 

From Figure 6.32, one can analyses the influence of air flow rate on regeneration 

rate. It is clear that with the increase of air flow rate, the regeneration rates show a 

growing trend for both three solutions. The growing trend is resulted from the increase 

of mass transfer coefficient. For instance, the heat transfer coefficient for LiCl/H2O 

solution increases from 0.0214kg/(m2.s) to 0.0472kg/(m2.s) when the air flow rate 

changes from 0.023kg/s to 0.066kg/s. Similar with the previous results, the two 

modified solutions show a distinct improvement in regeneration rate. And the 

LiCl/H2O-PVP solution and nanofluid share comparable enhancement in terms of 

regeneration rate.    
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Figure 6.32 Influence of air flow rate on regeneration rate. 

 

(5) Influence of air humidity 

By analyzing the experimental points in Figure 6.33, we can see that the 

regeneration rate has an obvious reduction when the air humidity increases. When the 

air humidity has an increment, the mass transfer driving force which is the difference 

between the air humidity and equivalent water vapor content at the surface of solution 

has a decrement correspondingly. Consequently, the regeneration rates show a 

descending trend as indicated in Figure 6.33. Different degrees of regeneration 

improvement are also presented for surfactant and nanoparticle contained solutions in 

this figure which is consistent with the results in Figure 6.27 to Figure 6.32 and so does 

the influence of nanoparticle alone.       
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Figure 6.33 Influence of air humidity on regeneration rate. 

 

The thermal properties of LiCl/H2O solution are obtained by equations provided 

by Conde [12]. For the 0.4 wt% LiCl/H2O-PVP solution, the density of PVP is 

1.144g/cm3 which is very close to the density of 1.206 g/cm3 for 34 wt% LiCl/H2O 

solution adopted in present study. Concerning its small content, the density of 

LiCl/H2O-PVP solution was considered the same as LiCl/H2O solution and so does the 

density of nanofluid for same reasons. Two other physical properties for LiCl/H2O-PVP 

solution, namely dynamic viscosity and surface tension, were obtained by multiplying 

a factor on the original values of LiCl/H2O solution. In order to determine such factors, 

the dynamic viscosity and surface tension were measured for both LiCl/H2O-PVP 

solution and nanofluid. A rotational viscometer and a surface tension meter based on 

pendant-drop method were employed to measure the abovementioned properties. The 

results are shown in Table 6.6. The factor is the quotient between the value for modified 

solution and the original one. From Table 6.6, the calculated factors for dynamic 
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viscosity and surface tension are 1.095 and 0.746 for LiCl/H2O-PVP solution and 1.107 

and 0.723 for nanofluid correspondingly.   

Table 6.6 Some of the physical properties for solutions. 

 

 

 

(6) Model validation  

By integrating the Equations for regeneration mentioned in Chapter 4, the flow 

characteristics and heat and mass transfer performance of falling film regenerator can 

be numerically solved. To validate the built models, tests in terms of wettability and 

regeneration rate were carried out individually. Two criterions, namely Mean Relative 

Deviation (MRD) and Mean Absolute Relative Deviation (MARD), are employed to 

evaluate the deviations between calculated regeneration rate calm  and experimental 

regeneration rate expm . 

exp

1 exp

1 N
cal

i

m m
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N m=

 − 
=


                     (6-2) 

exp

1 exp

1 N
cal

i

m m
MARD

N m=

 − 
=


                    (6-3) 

The contrast between the infrared images and the computational flow shapes is 

illustrated in Figure 6.34. Table 6.7 provides the measured wetting areas and calculated 

areas and their derivations. As one can see, the models can give accurate predictions for 

both the shrinkage shape and wetting area with the maximum absolute relative 

derivation less than 6%. 

Solution Dynamic viscosity (mPa.s) surface tension (*10-3N/m) 

LiCl 4.20 93.51 
LiCl + PVP 4.60 69.84 
Nanofluid 4.65 67.61 
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Figure 6.34 Measured and computational wettability of different solutions. 

 

Table 6.7 Comparison between the measured wetting areas and calculated ones. 

 

For the regeneration rate, the values for three kinds of solution were checked. 

Figure 6.35 shows the comparison between the experimental values and the calculated 

ones. Almost all the MRDs fall into the error band of 15%  for all these three solutions. 

Even the greatest MARD that happens for LiCl/H2O solution is less than 10% which is 

mainly caused by the slightly poor prediction accuracy of wetting area. For both the 

LiCl/H2O-PVP solution and nanofluid, the MARD is less than 5%. Consequently, not 

only the wettability but also the mass transfer performance of the falling film 

regenerator can be accurately predicted by the proposed model in present study. 

Solution Measured wetting area (m2) Calculated wetting area (m2) Relative derivation 

LiCl 0.172 0.162 -5.81% 
LiCl + PVP 0.209 0.210 0.55% 
Nanofluid 0.210 0.212 0.95% 
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Figure 6.35 Comparison between the experimental and calculated regeneration rate. 

 

6.2.4 Discussion on mass transfer performance by adding MWNTs 

From the experimental data for dehumidification and regeneration performance, 

the conclusion that the LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid can 

significantly improve the mass transfer performance is apparent. Averagely speaking, 

the relative enhancements are 26.1% for the LiCl/H2O-PVP solution and 25.9% for 

nanofluid respectively under the same working conditions for dehumidification. The 

average relative improvements are 24.9% and 24.7% for LiCl/H2O-PVP solution and 

nanofluid respectively under the same operating conditions for regeneration. In order 

to investigate the reason under the mass transfer enhancement, the wettability was 

measured firstly due to its arrestive difference during experiments. A high resolution 

infrared thermal imager from FLUKE company was employed to measure the wetting 

area of solution on plate dehumidifiers which has been mentioned above. The results 

are shown in Figure 6.36. Compared with the distinct film shrinkage for LiCl/H2O 
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solution on plate, the other two solutions can wet the surface greatly without obvious 

film contraction. The wetting area increases from 0.172m2 for LiCl/H2O solution to 

0.209m2 and 0.210m2 with a relative increment of 21.5% and 22.0% for LiCl/H2O-PVP 

solution and LiCl/H2O-MWNTs nanofluid severally. Apparently, the increment of 

wetting area leads to bigger mass transfer contact area between solution and processing 

air and greater dehumidification rate subsequently. For the improvement of wettability, 

it can be contributed to the decrease of contact angles of solutions on dehumidifier. The 

contact angles of the three kinds of solution were presented in Figure 6.37. A remarkable 

reduction of 30.5o from 58.5o to 28o was observed when adding 0.4 wt% PVP into 

LiCl/H2O solution. The contact angle for nanofluid is nearly the same as LiCl/H2O-

PVP solution with a difference of 1.5o which is in accordance with the wetting area 

mentioned above. In fact, the falling film thickness was also measured by the help of a 

JDC-2008 accumeasure instrument developed by TianJin Univesity. The real-time 

results are illustrated in Figure 6.38 and the average ones are given in Table 6.8. 

Compared with the LiCl/H2O solution film thickness of 0.681mm, the other two 

solutions have a film thickness reduction of 0.1mm approximately. Thinner film 

thickness results in smaller heat transfer resistance between solution and cooling water 

and higher efficiency of internal cooling/heating. Consequently, the mass transfer rate 

will be further enhanced at thin film thickness.  
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Figure 6.36 Wettability of different solutions on plate. 

 

 

Figure 6.37 Contact angles of different solutions on plate. 
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Figure 6.38 Film thickness of different solution on plate regenerator. 
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Table 6.8 Average film thickness of falling film for different solutions. 

 

 

 

However, as mentioned above, the average relative enhancements for the 

LiCl/H2O-PVP solution and nanofluid are 26.1% and 25.9%. The enhancement degrees 

are very close to each other which means that the adding of 0.1 wt% MWNTs into 

LiCl/H2O-PVP solution has negligible influence on the mass transfer performance in 

present study. Actually, the thermal conductivity which has been indicated as an 

important factor for the heat and mass transfer enhancement by previous researchers 

[113, 114] was also obtained by Thermal Conductivity Meter-TC3000E. It has the 

resolution of 0.001W/(m.K) and accuracy of 2%. The detailed results which include 

both the validation data and measurements are specified in Table 6.9. From the table, 

the accuracy of the thermal conductivity meter can be validated by the experimental 

data for water which were measured twice. The relative deviation between measured 

valued values and reference value [115] are 1.28% and 0.02% respectively. After the 

validation, the thermal conductivity of LiCl/H2O solution and LiCl/H2O-MWNTs 

nanofluid were measured individually. As one can see from Table 6.9, the relative 

difference between these two solutions are both in 0.5% which shows that the adding 

of 0.1% MWNTs can not heighten the thermal conductivity. The undetected thermal 

conductivity improvement is in line with the negligible effect of MWNTs on mass 

transfer performance.  

Solution Average film thickness(mm) 

LiCl 0.681 
LiCl + PVP 0.583 
Nanofluid 0.577 
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Even though the LiCl/H2O-MWNTs nanofluid can increase the dehumidification 

rate up to 25.9%. The present study contributes such enhancement to the adding of 

surfactant which is indispensable for the stability of nanofluid rather than the 

nanoparticle itself. The conclusion is very different from some research results 

mentioned in the foregoing literature review. In the mind of the author, there are two 

main reasons may lead to the discrepancy. One is that several researchers added 

surfactant into base fluids during the dispersion of nanofluid. However, they failed to 

investigate the effect of surfactant on mass transfer characteristic alone. The other one 

is that the research focus of present study is liquid desiccant dehumidification. All the 

experiments were conducted under atmospheric pressure. Nevertheless, most the 

research on falling film absorption was concerned about absorption refrigeration which 

was conducted under pressures less than atmospheric pressure, 1kPa [62, 64] for 

example. Consequently, the significant difference in terms of operating pressure may 

be another reason.   

Table 6.9 Thermal conductivity measurement results. 

 Test time Water Reference value [115] Relative deviation 

Validation 

(Unit: W/(m.k)) 

First time 0.6150 0.6072 1.28% 

Second time 0.6073 0.6072 0.02% 

 Test time LiCl LiCl+MWNTs Relative difference 

Measurement 

(Unit: W/(m.k)) 

First time 0.5405 0.5428 0.43% 

Second time 0.5420 0.5439 0.19% 

 

6.3 Summary 

In this chapter, we firstly employed the non-volatile, odorless and nontoxic 

surfactant PVP-K30 to enhance the mass transfer performance in the liquid desiccant 
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dehumidification system. Both the dehumidification/regenerator performance in a 

single channel dehumidifier/regenerator was identified under various experimental 

conditions. Some main conclusions are summarized as follows, 

(1) The adding of surfactant PVP-K30 results in a significant improvement for both 

the dehumidification rate and effectiveness. The relative increments for them are 

22.7% and 19.9% respectivley. For regenration, the regeneration rate had a relative 

increment of 26.3% by even tiny addition of surfactant.  

(2) Influencing factors, such as inlet air humidity, solution concentration and 

temperature, determined the mass transfer driving force directly and had distinct 

effect on the regeneration characteristics. Other parameters, such as air 

temperature and solution flow rate, had negligible influence of regeneration 

performance. The regeneration rate increased with the increase of air flow rate. 

(3) The enhancement mechanism of mass transfer can be attributed to the reduction 

of contact angle of liquid desiccant after tiny addition of surfactant. Resulted from 

the decrease of contact angle, the wetting ratio changes from 82.7% to 96.7% with 

a relative increment of 16.9%. The incremental contact area between processing 

air and solution results in more absorption of water vapor by liquid desiccant. The 

film thickness has a decrement of nearly 0.1mm from 0.681mm to 0.583mm. 

Thinner film thickness of falling film results in higher mass transfer driving force 

and also contributes to better internal cooling/heating effect and better 

dehumidification/regeneration performance. 

The stable LiCl/H2O-MWNTs nanofluid was fabricated by the help of PVP 
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surfactant and mechanical methods. The dehumidification/regeneration rates of three 

kinds of solutions, namely LiCl/H2O solution, LiCl/H2O-PVP solution and LiCl/H2O-

MWNTs nanofluid, were identified and compared under various operating conditions. 

A mathematical model which took the film contraction into consideration was also 

newly established and validated for regeneration process. Based on the experimental 

results and numerical simulations, some conclusions are drawn as follows: 

(4) The adding of 0.4 wt% surfactant PVP into LiCl/H2O solution reduces the contact 

angle from 58.5o to 28o. Correspondingly, the falling film thickness has a reduction 

of 0.1mm. The wetting area increases from 0.172m2 to 0.209m2 with a relative 

increment of 21.5%. When adding 0.1 wt% MWNTs into the LiCl/H2O-PVP 

solution, almost the same results are observed in terms of contact angle, film 

thickness and wetting area. The thermal conductivity of LiCl/H2O-MWNTs 

nanofluid with the 0.1 wt% MWNTs has negligible change compared with 

LiCl/H2O solution. 

(5) The average relative increments of dehumidification rates are 26.1% and 25.9% 

respectively for LiCl/H2O-PVP solution and LiCl/H2O-MWNTs nanofluid. The 

average relative regeneration rate enhancements are 24.9% and 24.7% for 

LiCl/H2O-PVP solution and nanofluid respectively compared with LiCl/H2O 

solution under the same operating conditions. The mass transfer enhancement can 

be attributed to the significant decrease of contact angle and improvement of 

wettability. 

(6) The adding of 0.4 wt% PVP surfactant along with high speed agitation and 
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ultrasonic vibration helps to get stable LiCl/H2O-MWNTs nanofluid. However, the 

mass transfer enhancement of nanofluid can only be attributed to the adding of 

surfactant. The adding of 0.1 wt% MWNTs shows negligible influence on 

dehumidification/regeneration performance. 

The developed model with the consideration of film shrinkage on plate regenerator 

can accurately simulate both the wettability and regeneration rate. The greatest MARD 

of wetting area and regeneration rate are 5.81% and 9.01% for LiCl/H2O solution 

among these three solution. For the other two modified solution, the prediction 

deviations are less than 1% for wetting area and 5% for regeneration rate.The 

comparative experimental results for three different kinds of solutions in present study 

are valuable for the study on mass transfer enhancement by adding surfactant and 

nanoparticle. The mathematical models developed provide a practical and accurate way 

for the study and design of plate type regenerator and LDAC. 
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Chapter 7 Enhancing the anti-corrosion performance of 

dehumidifier/regenerator by anodized aluminum and 

developing new mixed liquid desiccant 

In this chapter, two approaches to alleviate the plate metal corrosion caused by 

liquid desiccant were proposed. The two approaches were put forward in two aspects: 

surface modification and development of new mixed liquid desiccant. The first method 

focused on improving the anti-corrosion capacity of dehumidifier/regenerator itself. 

Differently, the second one aimed to reduce the corrodibility of liquid desiccant itself. 

Even though these two approaches are proposed based on different consideration, they 

can both greatly alleviate the corrosion of liquid desiccant on dehumidifier/regenerator, 

which was validated by the electrochemical method. Moreover, the dehumidification/ 

regenerator performance by adopting anodized aluminum and the new mixed liquid 

desiccant was also explored and compared with that of conventional ones.  

7.1 Anti-corrosion by anodized aluminum 
7.1.1 Corrosion behavior of normal and anodized aluminum 

The surface treatment technology of aluminum anodizing is widely used in heat 

exchanger for anti-corrosion. Therefore, a single channel dehumidifier/regenerator 

made of anodized aluminum was fabricated. In fact, some other commonly adopted 

anti-corrosion surface treatment technologies, for example galvanization and 

plastination, can be also adopted for the fabrication of dehumidification/regeneration 

which will be quantitatively analyzed in our future study. 

An electrochemical workstation produced by Wuhan Corrtest Instruments Corp. 
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was used to identify the corrosion behavior. Samples made of normal and anodized 

aluminum were first prepared. After cleaning with an ultrasonic cleaner, the surfaces of 

the samples were covered with nonconducting silicone rubber except for a 1.5 * 1.5-cm 

surface to provide exposure for electrochemical testing. During the test, the sample 

served as the working electrode. The calomel electrode and the platinum electrode were 

regarded as the reference electrode and the auxiliary electrode, respectively. The three 

electrodes connected to the work station were immersed in the tested solution. The Tafel 

polarization curves for both normal and anodized aluminum samples were then 

obtained at the corresponding setting in the electrochemical work station. The scanning 

speed for the polarization curve was 1 mV/s, and the scanning range was −0.25V to 

0.25V relative to the open circuit potential during the test. The Tafel curve was 

measured by the electrochemical station and based on the curve and the post-processing 

software, the self-corrosion current corrI  and self-corrosion potential corrE  could be 

obtained. Moreover, the annual corrosion depth corrh   can be calculated by the 

following Equation (7-1) as follows [116]: 

33.28 10corr corr

M
h I

n

−=                                             (7-1) 

where M  , n  , and    are the molar mass, valence, and density of metal, 

respectively.  

   The Tafel curves for normal and anodized aluminum are compared in Figure 

7.1. According to this figure, the self-corrosion current, potential and annual corrosion 

rate could be acquired, as shown in Table 7.1. The bigger the corrosion potential is, the 

less possibility corrosion occurs. For corrosion current, greater current corresponds to 
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faster corrosion [23]. Therefore, it could be concluded that the corrosion potential of 

anodized aluminum decreases due to the corrosion potential changes from -0.9886V for 

normal aluminum to -0.8713V for anodized one. Consistently, the corrosion rate for 

anodized aluminum is smaller in terms of current density which has a decrement from 

0.1579 2/A cm  to 0.0261 2/A cm . More straightly, the corrosion rate decreases from 

0.0005218mm/Y to 0.000011m/Y by adopting the surface treatment technology of 

anodic oxidation. 

 

 

Figure 7.1. Polarization curve of normal and anodized aluminum plates. 
 

Table 7.1. Corrosion parameters of stainless steel in different solutions. 
Solution (  )corrE V  

2( / )corrI A cm  ( / )corrV mm Y  

Normal Aluminum -0.9886 0.1597 0.0005218 
Anodized Aluminum -0.8713 0.0261 0.000011 

 

7.1.2 Comparison of mass transfer performance between normal and anodized 

dehumidifier 

The mass transfer performances of dehumidifiers/regenerators made of normal and 

anodized aluminum were studied by the experimental system introduced in Chapter 3. 

The dehumidification/regeneration performance under various solution temperatures 

-1.2

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

V
o

lt
a

g
e

 (
V

)

current (A/cm
2
)

               Normal Aluminum  
               Anodized Aluminum



 

 157 / 227 
 

were investigated and the results are shown in Figure 7.2. and Figure 7.3. 

Figure 7.2 shows the influence of inlet solution temperature on dehumidification 

characteristics. As can be seen, the dehumidification effectiveness reduced with the 

increasing of temperature. When the solution temperature increases from 27oC to 34oC, 

the value has a reduction of 2% from 13.3% to 11.3% for normal dehumidifier and 3.6% 

from 17.5% (28.2oC) to 13.1% (34.3oC) for the other one severally. This trend can be 

easily explained by the fact that the increase of solution temperature would result in the 

rise of equilibrium surface vapor pressure on the surface of solution. For the solution 

concentration of 38%, the equilibrium surface vapor pressure is 808Pa at temperature 

of 27oC and 1249Pa at temperature of 34oC. Therefore, the driving force for absorption 

reduced when the humidity of air kept constant. The merit of absorption by adopting 

anodizing plate was also proven, as shown in Figure 7.2. The lower solution 

temperature was likely to have higher increment, and this could be caused by the higher 

water vapor difference between solution and air at lower solution temperature. 

Averagely speaking, the relative enhancement in terms of dehumidification 

effectiveness is about 25.3% under the same operational conditions. 

The regeneration performance of internal heating normal and anodized aluminum 

plate regenerators are compared and illustrated in Figure 7.3. Under the operating 

conditions shown in Figure 7.3, the regeneration effectiveness for both regenerators 

have a declining trend. The reason can be derived from the definition of regeneration 

effectiveness. Even though the numerator has an increment, the increment of the 

denominator is even bigger due to the change of ,a ed . As a comprehensive result, the 

regeneration effectiveness shows a declining tendency with solution temperature. It is 
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clear that the effectiveness of anodized regenerator shows an obvious improvement 

compared with normal one. Averagely speaking, the relative enhancement is 23.7%. 
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Figure 7.2. Dehumidification effectiveness under different solution temperatures. 
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Figure 7.3. Dehumidification effectiveness under different solution temperatures. 
 

7.1.3 Discussion on mass transfer performance enhancement by anodized 

aluminum 

As shown in Figure 7.2 to Figure 7.3, the distinct enhancement of 
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dehumidification/regneration performance by adopting anodized dehumidfier can be 

easily concluded. Under various operating conditions, the degrees of improvement are 

different and the average relative enhancment is about 25%. The main reason can be 

intuitively contributed to the significant increase of wetting area as shown in Figure 7.4. 

In the defination of absolute moisture change, it is the difference between the inlet and 

outlet absolute humidity (for regeneration, it is the difference between the outlet and 

inlet absolute humidity). The outlet absolute humidity is directly determined by the 

wetting area and mass tranfer coefficient at certain working conditions. When the mass 

transfer coefficient is the same, the absolute moisture change is closely related with the 

wettting area of the dehumidifier/regenerator. Bigger wetting area directly contributes 

to greater absolute mositure change. As for the dehumidification/regenerator 

effectiveness, the numerator is the same as the absolute moisture change. The 

denominator is the difference between the equivalent humidity content and inlet 

humidity content of inlet air which are determined by the operating conditions. 

Therefore, the explanation for absolute moisture change also goes for the increment of 

dehumidification/regenerator effectiveness. In order to explore the enhancement 

mechanism, some tests, including wetting area and contant angle of plates, were carried 

out. 
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Figure 7.4. The contrast of wetting area: (a) ordinary plate, (b) anodized plate. 

 

Figure 7.4 presents the wettability of these two different kinds of dehumidiers with 

the help a high resolution infrared thermal imager made by FLUKE company. The 

pictures in Figure 7.4 were captured under the same operating conditions. As shown in 

Figure 7.4a, on the surface of ordinary aluminum dehumidifier, the falling film shrank 

along the flow direction. However, for the anodized one, the shrinking of falling film 

reduced apparently as shown in Figure 7.4b. By the Microsoft Visio and GetData Graph 

Digitizer, the wetting area on plate dehumidifer can be measured. It was found that the 

wetting area increased from 0.143m2 for ordinary aluminum dehumifier to 0.178m2 for 

anodized one with a relative increment of 24.5%. Apart from the wetting area, the 

contact angles which can represent the wettability of material were also measured on 

different plates. A standard contact angle goniometer made by Rame-hart instrument 

Co. with the resolution of 0.1o was employed. The test results are illustrated in Figure 

7.5. Under the same conditions (solution concentration: 34%, solution temperature: 

24oC ), the contact angles for ordinary plate and anodized plate are 85.2o and 43.1o 

respectively. The decrement of contact angle is up to 42.1o which means that the surface 

energy of ordinargy plate increases significantly after adopting the technology of 

anodizing. The surface energy is a basic parameter that indicates the surface wettability 
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of material. Generally speaking, material with higher surface energy has better 

wettability. The thin anodized film on the aluminum plate reduces the surface energy, 

which leads to the decrement of contact angle and increment of wettting area 

subsequently. In order to demonstrate the statement, the surface energy of normal and 

anodized aluminum plates was measured to uncover the mechanism of the wettability 

improvement in the paper. The two-liquid method developed by Owens [26] was 

employed for the purpose of surface energy measurement. The principle of this method 

can be shown by the following Equation (7-2): 

D P

s s s

D P

L L L

  

  

= +

= +
                        (7-2) 

s  and L  represent the surface energy of solid and liquid respectively. The 

superscript D  and P  stand for the dispersion force and polar force severally. 

Equations (7-2) can be also described as following (7-3): 

1 1 1 1

2 2 2 2

(1 cos ) 2 2

(1 cos ) 2 2

D D P P

L s L s L

D D P P

L s L s L

     

     

+ = +

+ = +

              (7-3) 

where   is the contact angle of liquid on solid surface. The number 1 and 2 in the 

subscript correspond to two different kinds of liquid. After selecting two kinds of liquid 

with known dispersion and polar force and measuring their contact angles on solid 

surface, the dispersion and polar force of solid surface can be acquired and so does the 

surface energy by adopting Equation (7-3). 

In present study, we chose water and n-hexadecane as the two kinds of liquid and 

their dispersion and polar force are illustrated in Table 7.2. With the help of a standard 

contact angle goniometer (Accuracy: 0.1o) made by Rame-hart instrument Co., the 

contact angles of these two liquid on surfaces were obtained and shown by Figure 7.6. 

After the measurement of contact angles, the surface energy of normal and anodized 

aluminum plates are calculated by Equations (7-2) and (7-3). The final results are 
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presented in Table 7.3. The surface energy changes from 26.4 mN/m to 47.6 mN/m 

with a nearly two-fold increment by anodizing, which is the actual reason for the 

enhancement of regeneration. 

 

    

 

Figure 7.5. The contrast between contact angle on: (a) ordinary plate, (b) anodized 
plate. 

 
Table 7.2. Parameters of the tested liquid for surface energy measurement. 

 

Liquid P

L  
D

L  L  
water 51 mN/m 21.8 mN/m 72.8 mN/m 

n-hexadecane 0 mN/m 27.6 mN/m 27.6 mN/m 
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Figure 7.6. Contact angles of tested liquid on normal and anodized aluminum 
surfaces. 

 

Table 7.3. Results for surface energy measurement. 
 

Surface Water contact angle n-hexadecane contact angle Surface energy 
Normal Al 89.5o 37.5o 26.4mN/m 

Anodized Al 55.8o 16.0o 47.6mN/m 
 

7.1.4 Discussion on spot corrosion 

In fact, besides the electrochemical test to identify the corrosion behavior, the 

surface corrosion phenomenon was also observed during our immersion tests and 

subsequent experiments. The results for dehumidification tests are shown in Figure 7.7.  

Figure 7.7 shows the results before and after the corrosion experiment. The rusty spots 

on the surface of the ordinary aluminum plate can be observed obviously after the test. 

However, on the surface of the anodized aluminum plate, no such phenomenon was 

detected. In addition, during the subsequent dehumidification experimental study, 
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anodized aluminum plate also showed excellent corrosion resistance performance, 

which proves that the material introduced by present study is suitable for manufacturing 

dehumidifiers. 

 

 

 
Figure 7.7. The results of corrosion resistance ability test: 

Up: ordinary aluminum, Down: Anodized aluminum. 

However, some interesting and noticeable phenomena were observed during the 

field test of regeneration. Figure 7.8a shows the corrosion of normal aluminum by 

lithium chloride solution. A lot of corrosion spots appeared on the surface of normal 

aluminum after experiments. As shown in Figure 7.8b, unlike normal aluminum, no 

corrosion spots appeared on anodized aluminum regenerator when the regeneration 
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temperature was 50oC. Nevertheless, when the regeneration temperature increased to 

55oC or higher, pitting corrosive occurred on the anodized aluminum regenerator, which 

is shown by Figure 7.8c. The corrosion characteristics of anodized aluminum plate at 

the solution temperature of 28oC, 40oC and 55oC were identified by the electrochemical 

method introduced previously. The polarization curves and corresponding results are 

shown in Figure 7.9 and Table 7.4. From Table 7.4, it is clear that the corrosion rate 

increases significantly from 0.000011mm/Y at solution temperature of 28oC to 0.00217 

mm/Y at 55oC. Even though the dense oxide layer covered by anodizing can resist the 

corrosion from liquid solution effectively at relative low operating temperature, pitting 

corrosion occurs and enlarges gradually at higher solution temperature which is a 

serious threat to the anodized aluminum regenerator. The occurrence of pitting 

corrosion is attributed to the damage of oxide layer [27]. In order to alleviate or even 

overcome the pitting corrosion, effective measures, such as improvement of the surface 

treatment technology [28], should be taken and will be conducted in our future study. 

 

 
Figure 7.8. Surface conditions of normal and anodized aluminum regenerator after 

experiments. 
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Figure 7.9. Corrosion characteristics of anodized aluminum plate under different 
solution temperatures. 

 

Table 7.4. Corrosion parameters of anodized aluminum in solution with different 
temperatures. 

Temperature / oC (  )corrE V  2( / )corrI A cm  ( / )corrV mm Y  

28 -0.8713 0.0261 0.000011 
40 -0.9127 0.0548 0.000179 
55 -0.9314 5.19 0.00217 

 

7.2 Anti-corrosion by the development of a new mixed liquid 

desiccant 

7.2.1 Measurement of vapor pressure and determination of formula for the new 

mixed solution 

Hydroxyethyl urea was chosen for its lack of toxicity, lack of volatility, lack of odor, 

and excellent moisturizing capacity. To determine a suitable formula for the mixed 

solution, the 35% LiCl solution, which was appropriate for application in the LDAC, 

was selected for reference. A test bench (Figure 7.10) was designed and constructed to 

measure the vapor pressure of the mixed solution. Figure 7.10-a is a schematic diagram 

of the test system, and Figure 7.10-b is a photograph of the experimental bench. The 
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vapor pressure measurement is based on the static method [117], which means that 

when the mixed solution in the balance chamber achieves a balance with the vapor in 

the chamber at a certain temperature, the pressure of the vapor is the saturated pressure 

for the solution at that temperature. In the vapor pressure measurement system, the 

solution temperature was obtained with a Pt100 thermocouple with an accuracy of ±0.1 

K. The vapor pressure was measured with an absolute pressure meter with an accuracy 

as high as 0.075%. System validation was conducted by measuring the saturation 

pressure of water at various temperatures before the formal experiments. Table 7.5 

compares the measured vapor pressure and the reference data [118] for water. The mean 

absolute relative deviation (MARD) between the measured values and reference values 

is 0.99% when the vapor pressure varies from 2500 to 9200 Pa. It is thus reasonable to 

measure the vapor pressure of the mixed solution with the experimental system. 

The most direct way to reduce the causticity of a liquid desiccant is to lower the 

concentration of LiCl and replace it with other kinds of desiccant. After many attempts, 

we found a nonvolatile, odorless, and nontoxic candidate: hydroxyethyl urea. However, 

a pure solution of hydroxyethyl urea has very limited dehumidification/regeneration 

capacity. As a result, it is necessary to add a certain amount of LiCl to the solution to 

enhance the dehumidification/regeneration capacity. In our study, 25% LiCl was added 

to the mixed solution. The concentration of 25% LiCl is a compromise between the 

vapor pressure and the viscosity. During the experiments, it was found that the viscosity 

increased significantly as the hydroxyethyl urea concentration increased. On one hand, 

the high viscosity of the mixed liquid desiccant increases the power assumption of the 
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pump in the system. On the other hand, it may lead to problems with hydrops and flow 

instability. It is also worth noting that the vapor pressure of the mixed liquid desiccant 

is lower at higher concentrations of LiCl, which benefits water vapor absorption. 

However, the higher concentration of LiCl corresponds to greater corrosivity. Finally, 

to maintain a balance between the vapor pressure and viscosity, the concentration of 25% 

was chosen for the mixed liquid desiccant, and 39% hydroxyethyl urea was then 

determined according to the vapor pressure. In fact, to obtain intuitive comparative 

results in terms of regeneration performance, we determined the concentration of 

hydroxyethyl urea according to the vapor pressure of 35% LiCl solution. That is to say, 

the hydroxyethyl urea was added gradually to the mixed solution until its vapor pressure 

was similar to that of 35% LiCl solution. 

According to this method, the formula of the mixed solution is achieved with 25% 

LiCl + 39% hydroxyethyl urea +36% water. The vapor pressure of the new solution is 

shown in Fig. 3 at temperatures between 20°C and 60°C. With the addition of 39% 

hydroxyethyl urea into the 25% LiCl solution, the solution’s vapor pressure is reduced 

significantly, as shown in Figure 7.11. In addition, the vapor pressure of the mixed 

liquid desiccant shares nearly the same trend as 35% LiCl solution from 20°C to 50°C. 

Beyond 50°C, its vapor pressure is slightly lower than that of the 35% LiCl solution. 

The explanation is that the free energy of the solution is greater under a higher solution 

temperature, which increases the potential of water evaporation from the solution. 

Because the proportion of water in the 35% LiCl solution is higher than that in the 

mixed solution, its vapor pressure is naturally greater to achieve a balance at the surface 
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of the solution. For convenience of application, the experimental data for the vapor 

pressure of the mixed solution were fitted to a polynomial equation with the solution 

temperature, as shown in Equation (7-4). The MARD between the measured values and 

the fitted ones is only 1.38%. 

  
Figure 7.10. Test bench for vapor pressure measurement: (a) schematic diagram; (b) 

real picture. 
 

Table 7.5. Comparison between measured and reference vapor pressure for water. 
T/oC 21.5 24 28 30 33 35 37 38 42 44 

Experiment 2521 2984 3745 4202 4985 5562 6143 6572 8175 9181 
Reference 2566 2986 3783 4247 5035 5629 6282 6633 8210 9209 
MARD/% 1.75  0.07  1.00  1.06  0.99  1.19  2.21  0.92  0.43  0.30  
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Figure 7.11. Water vapor pressure of the new mixed liquid desiccant. 
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2 3 4 4
sat 624.2118 113.2677 4.4309 0.1109 6.4138*10P T T T T−= − + − + −     (7-4) 

 

7.2.2 Corrosion behavior and thermal properties 

The test procedures were the same as introduced in Section 6.1.1. The only 

difference was the solution. In this section, the corrosion behavior of stainless steel in 

both 35% LiCl solution and the newly developed mixed liquid desiccant were measured 

and compared. The Tafel curves for them are shown in Figure 7.12. Table 7.6 

summarizes the results for self-corrosion current, potential and annual corrosion rate 

after data processing. According to Table 7.6, the self-corrosion current of 0.2265 2/A cm  

for the mixed solution is much lower than that of 6.799 2/A cm   for the 35% LiCl 

solution. Moreover, the annual corrosion depth for the mixed solution and the LiCl 

solution are 0.08 mm/Y (mm per year) and 0.00267 mm/Y. Therefore, based on the self-

corrosion current and the annual corrosion depth, the causticity of the newly developed 

mixed liquid desiccant on stainless steel 316L is much less than that of the 35% LiCl 

solution. 

 

  

Figure 7.12. Polarization curves for stainless steel in different solutions. 
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Table 7.6. Comparison of corrosion characteristics in different solutions. 
 

Solution (  )corrE V  
2( / )corrI A cm  ( / )corrh mm Y  

35% LiCl solution -0.5683 6.799 0.08 
New mixed solution -0.2521 0.2265 0.00267 

 

The thermal properties in terms of density, viscosity and thermal conductivity were 

measured and compared with those of 35% LiCl solution [12]. Table 3 lists the 

measuring instruments or sensors. 

Table 7.7. Specifications of the measuring instruments. 
 

Property Instrument Accuracy 

Density Specific gravity hydrometer 31 /kg m  

Viscosity Rotational viscometer 2%  

Thermal conductivity Thermal conductivity meter-TC3000E 2%  

 

Figure 7.13 describes the results for density; it decreases gradually from 1258 

kg/m3 at 21.8°C to 1230 kg/m3 at 60°C. At the same temperature, the density of the 

mixed solution is slightly greater than that of the 35% LiCl solution. However, such a 

tiny difference in density has negligible influence on heat and mass transfer 

performance during regeneration because density has no direct relationship with either 

heat or the mass transfer driving force. A temperature-based polynomial was also 

developed for density, as shown by Equation (7-5). The MARD between the measured 

and predicted values is 0.02%.  
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Figure 7.13. Comparison of density between the mixed solution and the 35% LiCl 
solution. 

71295.5676 - 2.6515 + 0.0542 5.2428 + 8.88612 -4 3 - 4
= T T - * 10 T * 10 T      (7-5) 

The dynamic viscosity of the mixed solution at various temperatures was measured 

with a rotational viscometer with an accuracy of ±2%. Figure 7.14 compares the results 

with those of the 35% LiCl solution. The viscosity of the mixed solution is obviously 

much greater than that of the 35% LiCl solution. At 22°C, the viscosity of the mixed 

solution (15.24 mPa.s) is nearly three times greater than that of the 35% LiCl solution 

(5.65 mPa.s). As the solution temperature increases, the absolute difference between 

them decreases. From the point of view of viscosity, even though the addition of 

hydroxyethyl urea to the LiCl solution obviously reduces the concentration of LiCl and 

helps to maintain the mixed solution’s low vapor pressure, the viscosity of the mixed 

solution is also significantly increased, which affects its flow characteristics in the 

system. On the one hand, according to Darcy’s formula [119], the increase in the liquid 

viscosity increases the pressure drop of the fluid flow, which inevitably leads to greater 

power consumption by the pump in the system. On the other hand, the high viscosity 



 

 173 / 227 
 

leads to hydrops in the solution duct, which correspond to the system’s unsteady 

operation. Therefore, a balance exists between the mass friction of LiCl and 

hydroxyethyl urea in the mixed solution that will require more detailed investigation. 

Moreover, during the design of an LDAC with the new mixed liquid desiccant, a pump 

with greater input power will be required, and the ducts for the liquid desiccant must be 

well arranged to prevent accumulation of the liquid. A fitted correlation to describe the 

dynamic viscosity of the mixed solution at various temperatures is formulated by 

Equation (7-6), with a MARD of 0.56%. 
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Figure 7.14. Comparison of the dynamic viscosity of the mixed solution and the 35% 
LiCl solution. 

 

643.4204 - 2.3357 + 0.0674 9.8806 + 5.66022 -4 3 - 4
= T T - * 10 T * 10 T       (7-6)  

A thermal conductivity Meter-TC3000E sensor was used to measure the thermal 

conductivities of the mixed solution at temperatures from 20°C to 60°C. Figure 7.15 

shows that the thermal conductivity of the mixed solution increases from 0.532 W/m.K 
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at 21.2°C to 0.587 W/m.K at 60°C, which is slightly lower than that of the 35% LiCl 

solution at the same temperature. The lower thermal conductivity of the mixed liquid 

desiccant leads to slightly worse heat transfer performance between the liquid desiccant 

and the internal heating water. However, the thinness of the falling film makes such a 

performance difference negligible. A temperature-based polynomial is presented in 

Equation (7-7) to predict the thermal conductivity of the mixed solution. For all 

experimental data, the mixed solution has a MARD of 0.23%. 
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Figure 7.15. Comparison of the thermal conductivity of the mixed solution and the 
35% LiCl solution. 

 

5 6 80.4678 + 3.0449 + 6.4042 1.6231 + 1.1975-4 - 2 - 3 - 4
= * 10 T * 10 T - * 10 T * 10 T  (7-7) 

  

7.2.3 Comparison of mass transfer performance between LiCl solution and the 

mixed liquid desiccant 

    The dehumidification characteristics of both 35% LiCl solution and mixed 

solution under various solution temperatures are presented and compared in Figure 7.16. 
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The dehumidification effectiveness decreases with the increase of solution temperature. 

When the temperature of mixed liquid desiccant increases from 28.1oC to 35.2oC, the 

dehumidification effectiveness decreases from 17.3% to 14.9%. Similar trend also goes 

for the 35% LiCl solution. The explanation for such trends can be found in Section 7.1.2. 

Moreover, an obvious increment for dehumidification effectiveness can be observed in 

the figure for the mixed solution. And the relative improvement ranges from 5.8% to 

15.2% under different operational conditions.  
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Figure 7.16. Influence of solution inlet temperature on dehumidification performance. 
 

Figure 7.17 describes and compares the regeneration performance of the mixed 

and 35% LiCl liquid desiccants at various solution temperatures. It can be seen that a 

descending trend is observed for regeneration effectiveness. Even though an increase 

in the solution temperature causes an increase in the absolute humidity change in the 

numerator of the effectiveness, as shown in Equation 6, the increase in the denominator 

caused by the increase in the equivalent absolute humidity content is even greater than 

that in the numerator. As a result, the effectiveness decreases as the solution temperature 
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increases. On average, the relative improvement in regeneration effectiveness is 14.1%. 
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Figure 7.17. Influence of solution temperature on regeneration. 
 

7.2.4 Discussion on the dehumidification/regeneration performance 

From Figure 7.16 and Figure 7.17, it can be concluded that both the 

dehumidification effectiveness and the regeneration effectiveness of the newly 

developed mixed solution show slight improvements over those of the 35% LiCl 

solution. The values for improvement vary with different operating conditions. Because 

the vapor pressures of the mixed solution and the 35% LiCl solution are not exactly the 

same at different temperatures, a comparison of the mass transfer performance with 

different mass transfer driving forces is not convincing. Therefore, only the 

dehumidification/regeneration effectiveness was compared because it is dimensionless. 

On average, the relative improvement reaches 12.9% for dehumidification and 14.1% 

for regeneration in various working conditions. The enhancement observed in our study 

is ascribed to two aspects: an improvement in wettability and a greater fluctuation of 

the falling film. During the experiments, we observed that the wetting area of the mixed 

solution differed from that of the 35% LiCl solution. Figure 7.18 shows an infrared 
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picture of falling film on the plate dehumidifier/regenerator captured with a high-

resolution infrared thermal imager (FLUKE). After postprocessing, the wetting ratio 

increased from 81.5% for the 35% LiCl solution to 87.8% for the mixed solution, with 

a relative increase of 7.7%. The increased wetting area makes direct contact with the 

air and participates in the mass transfer process. We continued to cover the mechanism 

by which mass transfer was improved by measuring the contact angles of different 

solutions. The contact angles of the mixed solution and the 35% LiCl solution were 

obtained with a standard contact angle goniometer (Rame-hart Instrument Co.) with an 

accuracy of 0.1°, as shown in Figure 7.19. The contact angle of the mixed solution was 

reduced by 8.4° compared with that of that 35% LiCl solution, which is the cause of the 

improvement in wettability. The film thickness of the solution was measured with a 

JDC-2008 accumeasure instrument developed by TianJin University with the accuracy 

of 0.8 μm. The results are presented and compared in Figure 7.20. The time average 

film thickness is defined by Equation (7-8). The average film thickness of the mixed 

solution (834 μm) is slightly greater than that of the 35% LiCl solution (671 μm). 

However, the standard deviation of the film thickness, which is defined by Equation (7-

9), for the mixed solution (31.672 μm) is larger than that of the 35% LiCl solution 

(25.441 μm). A larger standard deviation of the film thickness means that the fluctuation 

of the falling film is more significant. The significant turbulence of the falling film not 

only enhances the heat and mass transfer in the phase interface, it also increases the 

specific surface area for falling film. As a result, the regeneration performance is 

enhanced due to the fluctuation on the surface of the falling film. 

Not only can the newly developed mixed liquid desiccant significantly reduce the 

causticity, which will increase the system credibility, it can also enhance the mass 

transfer performance, which will improve the system efficiency. Although the increase 
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in the mass transfer performance is tiny, the total energy savings will be great in light 

of the huge amount of energy consumed by heating, ventilation, and air-conditioning 

systems [13]. Therefore, it is a promising alternative to the conventional LiCl solution 

for application in a LDAC.  

  

Figure 7.18. Comparison of wettability on a plate dehumidifier/regenerator. 

 

 
Figure 7.19. Contact angles of the different solutions. 
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Figure 7.20. Variations in falling film thickness for the different solutions. 
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7.2.5 Development of empirical correlations for dehumidification/regeneration 

effectiveness 

As the newly developed mixed liquid desiccant, namely 25% LiCl/39% 

hydroxyethyl urea/36% water, was firstly developed and investigated, no experimental 

data were reported in the previous publications. For the convenience of engineering 

application in the future time, an empirical correlation to predict the 

dehumidification/regeneration effectiveness was proposed based on the experimental 

data. According to the abovementioned experimental data, it is clearly indicated that 

the effectiveness is closely related with the air flow rate, air inlet humidity and solution 

temperature but rarely related with air temperature and solution flow rate. As a result, 

we adopted the parameters: the Reynolds number of air aRe , air inlet humidity ind  

and equivalent absolute moisture content of solution ed   for the expression of the 

correlation. The final formulations for the dehumidification and regeneration 

effectiveness is shown by Equation (7-10) and Equation (7-11). 

0.161 1.151 0.254159.97 ( )eff a in in eRe d d d −= −                 (7-10) 

0.217 -0.886 -0.06
, ,0.0184 ( )eff a a in e a inRe d d d −= −              (7-11) 

 Figure 7.21 and Figure 7.22 compare the experimental dehumidification and 

regeneration effectiveness and the effectiveness calculated with the proposed 
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correlations. As can be seen, almost all of the absolute differences in effectiveness 

between the experimental and calculated effectiveness are clearly smaller than 10%. 

For all of the experimental data, the MARD is only 4.51% for dehumidification and 

4.01% for regeneration, which is acceptable for practical application. In fact, in order 

to further validate the proposed correlation, it is better to check its rationality by 

experimetnal data from other studies. Unfornately, as noted before, the new mixed 

liquid desiccant was firstly developed and studied by us. No other experimental data is 

available in published papers. In the future, if suitable data sources are available, further 

validation and improvement for the proposed correlation will be conducted.  
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Figure 7.21. Comparison between experimental and predicted effectiveness. 
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Figure 7.22. Comparison between the experimental and calculated regeneration 
effectiveness. 

 

7.3 Summary 

   This chapter put forward two methods for the plate metal anti-corrosion in terms of 

surface modification by anodizing and solution modification by newly mixed liquid 

desiccant.  

     In the aspect of surface modification by anodizing, it is found that: 

(1)  The anodized aluminum dehumidifier/regenerator can resist the corrosion by 

lithium chloride solution greatly compared with the ordinary aluminum one at 

relative low solution temperature.  

(2)  Compared with the normal aluminum dehumidifier/regenerator, the anodized one 

has better mass transfer performance, which is caused by the increment of surface 

energy by anodizing. Due to the surface energy increment, the wetting area of 

falling film increases and the contact angle of LiCl solution decreases.  

In the aspect of solution modification by mixed liquid desiccant, it is found that: 

(1)  A new liquid desiccant was successfully developed with the formula of 25% LiCl, 
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39% hydroxyethyl urea, and 36% water. The newly developed solution has much 

smaller corrosivity on stainless steel. 

(2)  The vapor pressure, viscosity, density and thermal conductivity of the developed 

mixed solution were measured and compared with those of LiCl solution.  

(3)  Under the same experimental conditions, the effectiveness of the new mixed 

solution shows slight improvement over those of the 35% LiCl solution, which is 

caused by the improvement of wettability and vigorous turbulence at the film 

surface.  

(4) Correlations were developed to predict the dehumidification/regeneration 

effectiveness with desirable prediction accuracies. 

It is noteworthy that even though the electrochemical method can obtain the 

corrosion rate under certain open circuit potential (−0.25V to 0.25V) and scanning 

speed 1 mV/s, in the practical application, the operational environmental is very 

complex and influences by many factors, which leads to an unsteady and non-uniform 

corrosion. Therefore, the actual duration time of the anodized aluminum or other metals 

in LiCl solution or the newly developed mixed liquid desiccant needs long-term 

observation. 
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Chapter 8 Conclusions and recommendations for future 

work 

This part briefly summarized the research outcomes of the thesis. The summary 

can be divided into four parts: conclusions of numerical study, methods for mass 

transfer enhancement, methods for anti-corrosion and conclusions of CFD study. 

Details for each part will be elaborated in the following section respectively.    

8.1 Conclusions of numerical study 

A novel mathematical model considering the falling film shrinkage and vapor 

condensation was established. Compared with previous models by other researchers, 

the newly developed model took the vapor condensation into consideration for the 

firstly time. At the same time, as existing empirical correlations failed to give 

reasonable prediction for mass transfer coefficient in the internal cooling falling film 

dehumidifier. A new one was proposed based on the experimental data. After being 

validated by experimental results, the influences of different parameters on 

dehumidification performance were numerically studied by the new developed model. 

Some main conclusions related to this are listed as follows, 

(1) According to experimental results, a new Sherwood number correlation was 

proposed to predict the mass transfer coefficient in the internal cooling 

dehumidifier. Compared with existing correlations, the new developed one 

increased the prediction accuracy significantly with the MARD of 7.1%.  

(2) Considering the wettability of falling film by introducing the contact angle into 

the mathematical model, the new model can predict the flow patterns of falling 
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film on plate accurately with the relative difference of 3.45% under certain 

operating conditions.  

(3) In terms of dehumidification performance, the absolute moisture removal 

predicted by the newly developed model agreed well with the experimental results 

with the MARD as low as 4.5%. Among all the influencing factors on water vapor 

condensation, the most prominent one is the cooling water temperature. The 

proportion of vapor condensation to vapor absorption by liquid desiccant is larger 

at lower cooling temperature. The inlet humidity of processing air also directly 

affects the condensation as it is one important factor that determines the mass 

transfer driving force of condensation. 

(4) A case study was carried out in the typical summer day of Hong Kong under 

certain working conditions after the consideration of vapor condensation. 

Quantitatively, the relative hourly increment of absolute moisture change is 6.2% 

after considering the vapor condensation on non-wetting area of dehumidifier.  

The proposed Sherwood number correlation and the new model considering both 

film shrinkage and water condensation are helpful and valuable for the study and design 

of both dehumidifier and LDAC. 

To be an improvement of the previous 2D model, the present study developed a 

novel 3D simulation model for the investigation of liquid desiccant dehumidification 

performance in a falling film dehumidifier. Experimental system was also built up for 

the model validation. Results indicated that the newly developed 3D CFD model could 

predict the absolute moisture removal accurately with an average deviation of 7% with 
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that of the experimental results. Some other conclusions are drawn as follows:  

(1)  Falling film of liquid desiccant shrank gradually along the flow direction, which 

led to an inhomogeneous water vapor absorption process in the dehumidifier.  

(2)  Moreover, intense absorption occurred at the phase interface which resulted in 

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

interface. However, mass transfer mainly in the form of diffusion proceeded in 

other zones lowered the whole dehumidification performance.  

(3)  Accordingly, enhancement approaches in the aspect of structure modification to 

improve the flow turbulence and surface modification to improve the falling film 

wettability were put forward for heat and mass transfer improvement.  

The newly proposed 3D simulation model and enhancement approaches for 

dehumidification performance is meaningful for the investigation and design of liquid 

desiccant cooling system. 

 

8.2 Conclusions of methods for mass transfer enhancement  

In order to improve the mass transfer performance in the falling film 

dehumidifier/regenerator, we firstly introduced the non-volatile, odorless and nontoxic 

surfactant PVP-K30 into the liquid desiccant dehumidification system. Compared with 

surfactants adopted by previous researchers, it is unlikely to pollute the processed air 

which is suitable for liquid desiccant dehumidification system. Moreover, the mass 

transfer performance was enhanced by adding only 0.4% surfactant. Some main 

conclusions are drawn as follows, 
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(1) The addition of 0.4% surfactant PVP significantly improvement both the 

dehumidification and regeneration performance. For dehumidification rate, the 

relative increment is 22.7%. And for regeneration, the value is 26.3% 

correspondingly.  

(2)  During the dehumidification/regeneration process, the mass transfer performance 

is closely determined by inlet air humidity, solution concentration and temperature 

as these parameters have direct relationship with the mass transfer driving force. 

Other parameters, such as air temperature and solution flow rate, show 

unimportant effect on mass transfer performance. Both the dehumidification and 

regeneration rate increase with the increase of air flow rate.  

(3)  The mass transfer enhancement is resulted from the reduction of contact angle 

after tiny addition of surfactant. By adding 0.4% surfactant, the contact angle of 

liquid desiccant has a reduction of nearly 30o from the original 58.5o to 28o on 

stainless steel plate. Correspondingly, the wetting ratio has a remarkable increment 

from 82.7% to 96.7% with a relative increment of 16.9%. The incremental contact 

area between processed air and liquid desiccant leads to more 

absorption/desorption of water vapor through liquid desiccant. For falling film 

thickness, it decreases from 0.681mm to 0.583mm with a decrement of nearly 

0.1mm from. Thinner film thickness of falling film contributes to better internal 

cooling/heating effect and better dehumidification/regeneration performance. 

The dehumidification/regeneration performance of LiCl/H2O-MWNTs nanofluid 

was also identified and compared with that of LiCl/H2O solution and LiCl/H2O-PVP 



 

 187 / 227 
 

solution. Moreover, a mathematical model was developed to estimate the regeneration 

performance in the falling film regenerator. The main related results are summarized as 

follows, 

(1)  The stable LiCl/H2O-MWNTs nanofluid was fabricated by the help of PVP 

surfactant and mechanical methods. The stability of the fabricated nanofluid was 

justified by static settlement test, particle distribution test and TEM test. 

(2)  Compared with the LiCl/H2O solution, the contact angle of nanofluid reduces 

from 58.5o to 26.5o with a significant reduction of 32o. Correspondingly, the 

wetting area increases from 0.172m2 to 0.210m2 with a relative increment of 

22.1%. For the falling film thickness, it decreases from 0.681mm to 0.577mm. 

Obviously, the changes in contact angle, wetting area and film thickness of 

nanofluid are similar with that of LiCl/H2O-PVP solution. 

(3)  Both the dehumidification rate and regeneration rate have remarkable 

improvements. Dehumidification rate has an average relative increment of 26.1% 

and 25.9% respectively for LiCl/H2O-PVP solution and LiCl/H2O-MWNTs 

nanofluid. The average relative regeneration rate enhancements are 24.9% and 

24.7% for LiCl/H2O-PVP solution and nanofluid respectively compared with 

LiCl/H2O solution under the same operating conditions. In present study, the mass 

transfer enhancement is attributed to the decrease of contact angle, improvement 

of wettability and reduction of falling film thickness. 

(4)  Even though the LiCl/H2O-MWNTs nanofluid significantly improves the mass 

transfer performance, the enhancement can only be attributed to the adding of 
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surfactant. The adding of 0.1 wt% MWNTs into LiCl/H2O-PVP solution has 

negligible effect on dehumidification/regeneration performance. 

(5)  The newly developed model which takes the film shrinkage on plate regenerator 

into consideration is able to predicate both the flow pattern and regeneration rate 

accurately. The greatest MARDs of wetting area and regeneration rate are 5.81% 

and 9.01% for LiCl/H2O solution among these three solutions. For the other two 

modified solution, the prediction deviations are less than 1% for wetting area and 

5% for regeneration rate.  

8.3 Conclusions on methods for anti-corrosion 

Electrochemical tests were conducted to compare the corrosion behaviors of 

normal and anodized aluminum. Comparative experiments were carried out to 

investigate the dehumidification/regeneration performance of two kinds of single 

channel dehumidifiers with or without anodizing under various operating conditions. 

The influence of the main operating conditions was identified. The wetting area and 

contact angle were also measured under certain conditions to identify the wettability of 

these two components. Some conclusions are drawn as below: 

(1)  The anodized aluminum dehumidifier/regenerator can resist the corrosion by 

lithium chloride solution greatly compared with the ordinary aluminum one at 

relative low solution temperature. The corrosion rate decreases from 

0.0005218mm/Y to 0.000011m/Y in 35% LiCl solution at 28oC. However, when 

the solution temperature is higher, pitting corrosion occurs and enlarges gradually 

which is caused by the damage of oxide layer of anodizing. 
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(2)  Compared with the normal aluminum dehumidifier/regenerator, the anodized one 

shows better wettability. The wetting areas are enlarged from 0.143m2 to 0.178m2 

with a relative increment of 24.5%, and the contact angles decrease from 85.2o to 

43.1o with a reduction up to 42.1o under certain conditions, which is caused by the 

increment of surface energy from 26.4 mN/m for normal aluminum to 47.6 mN/m 

for anodized one.  

(3) The mass transfer performance in terms of dehumidification/regenerator 

effectiveness has an avarage improvement of 25.3%/23.7% for anodized 

dehumidifier/regenerator compared with the normal one.  

To alleviate the causticity of the LiCl solution, its concentration was reduced by 

the introduction of hydroxyethyl urea. A new mixed liquid desiccant was developed 

with the formula of 25% LiCl, 39% hydroxyethyl urea, and 36% water. The vapor 

pressure, density, dynamic viscosity, and thermal conductivity of the mixed solution 

were measured at different temperatures. The corrosion behaviors of both the mixed 

solution and the 35% LiCl solution were identified and compared. Finally, the 

dehumidification/regeneration characteristics of different solutions were also 

investigated. The main conclusions are as follows: 

(1)  A new liquid desiccant was successfully developed with the formula of 25% LiCl, 

39% hydroxyethyl urea, and 36% water. 

(2)  The vapor pressure of the new liquid desiccant is nearly the same as that of the 

35% LiCl solution between 20°C and 50°C but slightly lower above 50°C. The 

viscosity of the new mixed solution is much greater than that of the 35% LiCl 

solution, especially at low solution temperatures, but the differences in terms of 
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density and thermal conductivity are small. Temperature-based polynomials were 

developed to calculate the thermal properties of the new mixed solution, with a 

maximum prediction error of 1.38%. 

(3)  The causticity of the new mixed solution on stainless steel is much less severe 

than that of the 35% LiCl solution due to its lower concentration of LiCl. The 

annual corrosion depth decreases from 0.08 mm/Y for the LiCl solution to 0.00267 

mm/Y for the mixed solution. 

(4)  Under the same experimental conditions, the effectiveness of the new mixed 

solution shows slight improvement over those of the 35% LiCl solution. The 

average relative improvement is 12.9% for dehumidification and 14.1% for 

regeneration, as a result of the increase in the wetting ratio from 81.5% to 87.8% 

and the significant fluctuation of the falling film on the plate 

dehumidifier/regenerator. The improvement in wettability can be attributed to the 

decrease in the solution contact angle from 58.5° for the 35% LiCl solution to 50.1° 

for the new mixed solution.  

(5) Correlations were developed to predict the dehumidification/regeneration 

effectiveness with the given Reynolds number of air and the moisture content of 

the inlet air for the new mixed liquid desiccant. The proposed new correlations 

have high prediction accuracy, with a MARD of 4.51 for dehumidification 

effectiveness and 4.01% for regeneration effectiveness, which is reasonable for 

engineering application. 
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8.4 Recommendation for future work 

Even though the present study made some contribution to understand and enhance 

the heat and mass transfer characteristics in dehumidifier/regenerator, further 

investigations are still necessary before its large-scale commercial application. Some 

brief suggestions for future work are summarized and listed out as follows: 

(1)  The present study only investigated the falling film shrinkage and film thickness 

but paid less attention to the fluctuation of falling film which might have 

significant influence on the heat and mass transfer performance at the phase 

interface. Therefore, both experimental and numerical studies can be conducted to 

uncover the dynamic behavior of falling film and its corresponding effect on the 

dehumidification/ regeneration performance.  

(2)  As one can see, the present study focused on revealing the heat and mass 

characteristics of a single component in the LDCS but paid little attention to 

identify the performance of the whole LDCS system. In the future study, more 

researches should be concentrated on the system, including system design for 

different climate zones. Taking advantage of the solar energy or waste heat for 

regeneration is one of the attractive merits of the LDCS. Therefore, how to 

integrate the additional regeneration system into the whole LDCS is another 

important issue.   

(3)  System control is another important aspect that deserves investigation. Even 

though the control of temperature has been studied by numerous scholars, the 

investigation of humidity control by liquid desiccant dehumidification subsystem 
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is rare. The present study has already identified the influences of various operating 

conditions on the dehumidification/regeneration performance. Based on these 

findings, control strategy can be developed accordingly.  
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