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ABSTRACT

Abstract of thesis entitled:

Study on heat and mass transfer of internally
heated liquid desiccant regeneration for solarassisted air-conditioning system

Submitted by:

Qi Ronghui

For the degree of:

Doctor of Philosophy

At The Hong Kong Polytechnic University in June, 2013.

Traditional air-conditioning (AC) systems have several limitations, such as the poor
humidity control, energy wastage, and the creation of wet surfaces that become
breeding grounds for mildew and bacteria. The problems become more serious in
warm or hot and humid climates. As an energy-saving and environmental-friendly
alternative, the Liquid Desiccant AC System (LDAC) becomes a good solution to
remove the extra moisture of air by desiccant absorption. Its major energy required is
low-grade thermal energy, such as the solar thermal energy provided by solar
collectors. To improve the system performance and to utilize the thermal energy
efficiently, the internally cooled/heated dehumidifier/regenerator has drawn many
attentions recently. Furthermore, due to its low possibility of droplets carried by the
air and low pressure drop, the falling film dehumidifier/regenerator has become a
promising type for liquid/gas contacting. As most energy consumes for regenerating
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the solution, this research focused on the regeneration process. However, the study of
literature shows that previous investigations on this system were insufficient.

This research aimed to investigate the heat and mass transfer of the internally heated
liquid desiccant regeneration experimentally and theoretically by considering the
change of wetted area, film thickness and mass transfer coefficient under the
insufficient wetting conditions, and to develop a 3-D theoretical model for predicting
the fluid characteristics and system performance more accurately. Based on the
buildings’ load profiles and weather data of Hong Kong, the dynamic operation
performance of the whole Solar-assisted LDAC (SLDAC) was evaluated, and several
system optimizations were proposed and studied to reduce the energy consumption.

The wetted area and mass transfer coefficient are key parameters affecting the system
performance, and also indispensable parameters in the system evaluation. By testing a
single channel internally heated regenerator, the influencing factors of wetted area,
film thickness and mass transfer coefficient were investigated experimentally, as well
as their effects on the mass transfer performance. The film sizes under different
operation conditions were recorded by a thermal camera, and LiCl was chosen as the
solution. The increase of wetted area benefits the mass transfer performance greatly,
while the performance reduced with the increasing film thickness. The initial width of
the film was affected by the solution distributor thickness most greatly, and changed
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significantly with the contact angle and solution mass flow rate. When the surface was
pre-wetted to be hydrophilic, the initial width dramatically increased, and the
contraction of falling film was effectively weakened. The film contraction was also
reduced with the higher working surface temperature, while it was aggravated with
the increase of solution temperature. Furthermore, under insufficient wetting
conditions, the mass transfer coefficient decreased with the increase of solution mass
flow rate. It also decreased with the increase of solution distributor thickness and
solution temperature, and increased with the increasing air mass flow rate.
Additionally, the contact angle of solution was experimentally found to be determined
by the surface roughness, solution concentration and temperature.

Based on the experimental results, a theoretical model with an analytical solution was
developed for accurately calculating the wetted area of the internally heated
regeneration, by describing the transverse flow caused by the Marangoni effect. The
model could be divided into three parts, including the model for initial wetted width,
the model for contact angle and the model for contraction distance along the flow
direction. The calculation results were compared with the experimental ones with
small average errors of 8.8%, 12.3% and 10.8% respectively for the three parts. The
film thickness, plate surface temperature, and solution temperature, concentration and
contact angle were numerically found to significantly influence the wetted area. An
empiric formula of mass transfer coefficient was also developed with the multi linear
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regression, showing an acceptable error compared with the experiments results.

Then, a 3-D model with a numerical solution of internally heated regeneration was
developed for describing the heat and mass transfer among the air, solution and extra
hot water in all three directions. The insufficient wetting condition, the change of film
thickness due to the mass transfer and film deformation, and the effect of contact
angle were considered. The calculation results were compared with those obtained by
other existing theoretical models, and showed a closer trend to the experimental data,
especially in the prediction of the influences of solution mass flow rate, hot water
temperature and working plate surface temperature. The parameter study showed that
the thickness of solution distributor has the greatest impact on the moisture removal
rate, and the change of inlet solution temperature results in the most obvious change
of the regeneration efficiency. The changes of solution concentration and hot water
temperature also significantly affect the system performance. Though the increase of
mass flow rates of solution, air and hot water benefits the mass transfer, the effect of
excessive mass flow rates are slight. Although the model was developed based on the
internally heated regeneration, it is also suitable for the adiabatic system by
introducing of plate surface temperature. Furthermore, the new model could also be
applied for the dehumidification process considering the similar heat and mass
transfer mechanism between the dehumidification and regeneration of liquid
desiccant.
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Though the 3-D model could predict the system performance more accurately, it is
complex and inconvenient for investigating the dynamic operation performance. A
simplified numerical model of internally cooled/heated dehumidifier/regenerator was
developed accordingly by defining three kinds of effectiveness, i.e. enthalpy
effectiveness, moisture effectiveness, and temperature effectiveness. With the multi
linear regression, the statistical correlations of effectiveness were developed by using
the heat and mass driving forces and other related parameters as variables. The results
were compared with those by the 3-D model with an acceptable error of 14.7% for
dehumidifiers and 7.1% for regenerators.

With the simplified model, to evaluate the operation performance and energy
potential, a dynamic simulation of the SLDAC was conducted by employing four
nested iteration calculation loops. As a case study, the AC load profiles of three
typical commercial buildings in Hong Kong were investigated. Results showed that
only up to 12.5% of electricity consumption could be saved annually if the cooling
tower is used as the only cooling source of the dehumidifier due to the high
dehumidification demand in summer. But, by introducing an extra cooling coil for the
dehumidifier and a heat exchanger for the regenerator, the electricity saving
percentage could be significantly improved to 36.7%. Additionally, the energy
consumption of solar-assisted systems is affected by the installation area of solar
thermal collectors, and the energy saving could not be achieved until the area is larger
than the minimum required value. For our case, the minimum installation area is 0.22
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m2/kW (peak load) for office buildings.

Academically, this research contributes a 3-D theoretical model for predicting the heat
and mass transfer of falling film liquid desiccant system more accurately by
employing the newly developed models for the wetted area and mass transfer
coefficient during the dehumidification/regeneration process. It provides a useful
reference for researchers and engineering to improve the wetted area, to enhance the
heat and mass transfer, and to optimize the system performance. Furthermore, as the
falling liquid film are widely employed in many industrial applications, such as
vertical condensers, film evaporators, absorption towers and heat exchangers, our
results could also be applied for the performance evaluation and optimization in these
areas.

Keywords: heat and mass transfer; internally heated regeneration; liquid desiccant,
air-conditioning system; wetted area; film thickness; mass transfer coefficient;
experiment; model; simulation; operation performance

VII

PUBLICATIONS DURING PHD STUDY

Journal papers arising from the thesis:
R.H. Qi, L. Lu, H.X. Yang, F. Qin, Investigation on wetted area and film thickness for falling
film liquid desiccant regeneration system, Applied Energy, 112 (2013) :93–101.
R.H. Qi, L. Lu, H.X. Yang, F. Qin, Influence of plate surface temperature on the wetted area and
system performance for falling film liquid desiccant regeneration system, International
Journal of Heat and Mass Transfer, 64 (2013) :1003–1013.
R.H. Qi, L. Lu, H.X. Yang, Development of simplified prediction model for internally
cooled/heated liquid desiccant dehumidification system, Energy and Buildings, 59 (2013):
133-142.
R.H. Qi, L. Lu, H.X. Yang, Quick performance prediction for internally cooled/heated liquid
desiccant dehumidification system, Building Services Engineering Research &
Technology,

Published

online

before

print,

December

12,

2012,

doi:

10.1177/0143624412468890.
R.H. Qi, L. Lu, H.X. Yang, Investigation on air-conditioning load profile and energy
consumption of desiccant cooling system for commercial buildings in Hong Kong, Energy
and Buildings, 49 (2012): 509-518.

VIII

R.H. Qi, L. Lu, H.X. Yang, Impact of climate change on ventilation load and energy use of air
conditioning systems in buildings of Hong Kong, International Journal of Low-Carbon
Technologies, 7 (4)(2012): 303-309.
R.H. Qi, L. Lu, H.X. Yang, Investigation on load profile of commercial buildings in Hong Kong,
ZHONGNAN DAXUE XUEBAO(ZIRAN KEXUE BAN), 43 (1) (2012): 246-251 (In
Chinese).

Conference papers arising from the thesis:
R.H. Qi, L. Lu, H.X. Yang, Y.M. Luo, Investigation on contact angle of LiCl for liquid desiccant
air-conditioning system, Accepted by The 5th International Conference on Applied Energy
2013, Pretoria, South Africa, Paper ID: 494
R.H. Qi, L. Lu, H.X. Yang, A simplified model for counterflow internally cooled/heated
dehumidifier/regenerator in liquid desiccant dehumidification system, A paper presented
and collected by Healthy Buildings 2012, 8 - 12 July 2012, Brisbane, Australia.
R.H. Qi, L. Lu, H.X. Yang, Impact of climate change on ventilation load in buildings of Hong
Kong, A paper presented and collected by 4th International Symposium on Heat Transfer
and Energy Conservation, 6-9 January 2012, Guangzhou, China, Paper ID: TC-012
R.H. Qi, L. Lu, H.X. Yang, Investigation on Load Profile of Commercial Buildings in Hong
Kong, A paper presented and collected by International Conference of WREC-Asia &
SuDBE2011, 28-31 October 2011, Chongqing, China, Paper ID: DCW092

Other relevant publications:
IX

R.H. Qi, C.Q. Tian, S.Q. Shao, M.S. Tang, L. Lu, Experimental investigation on performance
improvement of electro-osmotic regeneration for solid desiccant, Applied Energy, 88 (8)
(2011): 2816-2823
H.X. Yang, Y.T. Li, L. Lu, R.H. Qi, First order multivariate Markov chain model for generating
annual weather data for Hong Kong, Energy and Buildings, 43 (9) (2011): 2371-2377

X

ACKNOWLEDGEMENTS

This thesis is the result of three-year hard work, and I feel deeply that my dissertation could not
be completed without the help and support of many people. It is my pleasure to take this
opportunity to express my grateful acknowledgements to all of them for their great help during
my PhD study.

First and foremost, I would like to express my most sincere appreciation and gratitude to my
chief supervisor, Dr. Lu Lin, for her expert guidance, continuous encouragement and constant
support during my three years of the PhD study for my PhD. Her caring, encouraging and
guidance provide an excellent foundation for my current thesis.

I wish to express my warm and grateful thanks to my co-supervisor, Prof. Yang Hongxing, for
his insightful view and great help on my research and life. His constructive suggestions
regarding my papers and thesis manuscripts were very much appreciated.

Furthermore, I would like to express my thanks to all the members in the Renewable Energy
Research Group for their help and company during the PhD study, in particular Ms. Luo Yimo,
Ms. Qin Fei and Mr. Peng Jinqing. I also would like to give my appreciation to the staffs and the
technicians of the department.

XI

I also appreciate The Hong Kong Polytechnic University and Hong Kong SAR Government for
providing me with the Hong Kong PhD Fellowship. Without this financial support, it would not
be possible to complete my PhD study in Hong Kong.

My heartfelt appreciation goes to my beloved parents, Prof. Qi Yaoguang and Ms. Liu Liping,
for their love, patience and support, and the valuable advises and help on my experiment design
and installation. Prof. Qi’s inspiration and scientific attitude on research also deeply affects me.

Finally, I would like to give my special thanks to my husband, Mr. Huang Yu. He not only gives
his fully support in my life, but also in my research work. Without him, I would never make it so
far.

XII

TABLE OF CONTENTS

CERTIFICATE OF ORIGINALITY ............................................................................................... I
ABSTRACT .................................................................................................................................... II
PUBLICATIONS DURING PHD STUDY ............................................................................... VIII
ACKNOWLEDGEMENTS .......................................................................................................... XI
TABLE OF CONTENTS ........................................................................................................... XIII
LIST OF FIGURES ................................................................................................................... XIX
LIST OF TABLES ................................................................................................................. XXVII
NOMENCLATURE ............................................................................................................... XXIX
CHAPTER 1 ................................................................................................................................... 1
INTRODUCTION .......................................................................................................................... 1
1.1 Background of Liquid Desiccant Air-Conditioning System ................................................. 1
1.2 Background of Solar-assisted Air-conditioning System ....................................................... 3
1.3 Objectives of the Thesis ........................................................................................................ 5
1.4 Organization of the Thesis ..................................................................................................... 8
CHAPTER 2 ................................................................................................................................. 11
LITERATURE REVIEW AND RESEARCH METHOD ............................................................ 11
2.1 Introduction ......................................................................................................................... 11
2.1.1 Principles of desiccant dehumidification and regeneration........................................... 11

XIII

2.1.2 Potential application of LDAC in buildings .................................................................. 14
2.2 Regeneration methods for liquid desiccant air-conditioning system................................... 15
2.2.1 Packed Regenerator ....................................................................................................... 15
2.2.2 Open Cycle Solar Collector/regenerator ....................................................................... 17
2.2.3 Electrodialysis Regenerator........................................................................................... 20
2.2.4 Internally-heated Regenerator ....................................................................................... 22
2.2.5 Summary ....................................................................................................................... 24
2.3 Solution distribution methods for liquid desiccant air-conditioning system ....................... 25
2.4 Model and solutions for internally heated/cooled liquid desiccant system ......................... 26
2.4.1 Ren’s Model and numerical solution ............................................................................ 29
2.4.2 Mesquita’s Model and numerical solution .................................................................... 35
2.4.3 Discussion ..................................................................................................................... 39
2.5 Investigation on wetted area of liquid desiccant system and other applications ................. 43
2.5.1 Researches of wetted area of liquid desiccant dehumidification/regeneration ............. 44
2.5.2 Researches of wetted area of other applications ........................................................... 45
2.6 Investigation of mass transfer coefficient of dehumidification/regeneration ...................... 47
2.7 Dynamic operation performance of SLDAC ....................................................................... 52
2.7.1 Load profiles of buildings in Hong Kong ..................................................................... 53
2.7.2 Quick prediction model for liquid desiccant systems ................................................... 55
2.7.3 Dynamic operation performance of SLDAC ................................................................ 57
2.8 Limitations in the past studies ............................................................................................. 58
2.9 Methodology........................................................................................................................ 60
CHAPTER 3 ................................................................................................................................. 63
XIV

EXPERIMENT INVESTIGATION ON WETTED AREA OF LIQUID DESICCANT
REGENERATION ........................................................................................................................ 63
3.1 Introduction ......................................................................................................................... 63
3.2 Description of experimental bench ...................................................................................... 64
3.3 Measurement of variables .................................................................................................... 70
3.4 Results ................................................................................................................................. 76
3.4.1 Influences of solution distributor, mass flow rate and concentration ........................... 77
3.4.2 Influences of plate surface temperature ........................................................................ 82
3.4.3 Influence of solution inlet temperature ......................................................................... 88
3.4.4 Influence of pre-wetting of working surface ................................................................. 91
3.4.5 Influencing factors of contact angle .............................................................................. 96
3.5 Discussion .......................................................................................................................... 100
CHAPTER 4 ............................................................................................................................... 102
MODEL DEVELOPMENT AND ANALYTICAL SOLUTION FOR WETTED AREA OF
INTERNALLY HEATED REGENERATOR ............................................................................ 102
4.1 Introduction ....................................................................................................................... 102
4.2 Model for Contact Angle ................................................................................................... 104
4.3 Model for Initial Wetted Width ......................................................................................... 108
4.4 Model for contraction distance along the flow direction ................................................... 111
4.4.1 Model development for contraction distance along the flow direction ....................... 111
4.4.2 Model development for surface tension on the air/solution interface ......................... 116
4.4.3 Discussion ................................................................................................................... 125
4.5 Summary............................................................................................................................ 131
XV

CHAPTER 5 ............................................................................................................................... 138
EXPERIMENTAL INVESTIGATION ON MASS TRANSFER COEFFICIENT OF LIQUID
DESICCANT REGENERATION .............................................................................................. 138
5.1 Introduction ....................................................................................................................... 138
5.2 Research method of mass transfer coefficient ................................................................... 139
5.2.1 Experimental condition ............................................................................................... 139
5.2.2 Theoretical analysis ..................................................................................................... 141
5.3 Results ............................................................................................................................... 144
5.3.1 Influencing factors of mass transfer coefficient .......................................................... 144
5.3.2 Formulas of average overall mass transfer coefficient................................................ 151
5.3.3 Discussion ................................................................................................................... 152
5.4 Summary............................................................................................................................ 154
CHAPTER 6 ............................................................................................................................... 156
3-D MODEL DEVELOPMENT FOR INTERNALLY COOLED/HEATED LIQUID
DESICCANT SYSTEM ............................................................................................................. 156
6.1 Introduction ....................................................................................................................... 156
6.2 3-D Model for internally cooled/heated liquid desiccant system ...................................... 157
6.2.1 Governing equations and boundary conditions ........................................................... 160
6.2.2 Required Equations of the model ................................................................................ 163
6.2.3 Numerical solution of the model ................................................................................. 167
6.3 Verification and Comparison............................................................................................. 172
6.4 Simulation result and parameter study .............................................................................. 182
6.5 Summary............................................................................................................................ 194
XVI

CHAPTER 7 ............................................................................................................................... 197
MODEL DEVELOPMENT FOR OPERATION PERFORMANCE OF INTERNALLY
COOLED/HEATED SLDAC ..................................................................................................... 197
7.1 Introduction ....................................................................................................................... 197
7.2 Quick prediction model for internally cooled/heated LDAC ............................................ 199
7.2.1 Simplified model development ................................................................................... 199
7.2.2 Correlation development for three types of effectiveness ........................................... 202
7.2.3 Correlations for ICHDR and Model verification ........................................................ 206
7.3 System modelling of internally cooled/heated SLDAC .................................................... 212
7.3.1 Description of internally cooled/heated SLDAC ........................................................ 212
7.3.2 Simulation Models of System Components ................................................................ 214
7.3.3 Input and output parameters ........................................................................................ 220
7.3.4 Iteration Loops ............................................................................................................ 225
7.3.5 Simulation Procedure .................................................................................................. 229
7.4 Summary............................................................................................................................ 232
CHAPTER 8 ............................................................................................................................... 234
AIR-CONDITIONING LOAD ANALYSIS AND ENERGY PERFORMANCE OF SLDAC OF
BUILDINGS IN HONG KONG ................................................................................................. 234
8.1 Introduction ....................................................................................................................... 234
8.2 Air-conditioning load analysis for commercial buildings in Hong Kong ......................... 236
8.2.1 Research method of load profile of commercial buildings ......................................... 237
8.2.2 Annual AC load profiles and reheating ratio .............................................................. 241
8.2.3 Impact of climate change on ventilation load in buildings of Hong Kong ................. 248
XVII

8.2.4 Summary ..................................................................................................................... 254
8.3 Operation performance of internally cooled/heated SLDAC in Hong Kong .................... 255
8.3.1 Energy performance of internally cooled/heated SLDAC in Hong Kong .................. 256
8.3.2 Problems of SLDAC applied in buildings of Hong Kong .......................................... 259
8.4 Performance optimization of internally cooled/heated SLDAC in Hong Kong ................ 261
8.4.1 Optimization of the addition of extra cooling coil ...................................................... 261
8.4.2 Optimization of the addition of auxiliary heat exchanger ........................................... 266
8.4.3 Other optimization methods ........................................................................................ 270
8.4.4 Discussion ................................................................................................................... 274
8.5 Summary............................................................................................................................ 275
CHAPTER 9 ............................................................................................................................... 278
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK ............................... 278
9.1 Conclusions of Experimental Investigations ..................................................................... 278
9.2 Conclusions of Theoretical Investigations ........................................................................ 280
9.3 Conclusions of Numerical Investigations .......................................................................... 282
9.4 Recommendations for Future Work .................................................................................. 284
REFERENCES ........................................................................................................................... 286

XVIII

LIST OF FIGURES

Fig. 2. 1 Flow chart of the desiccant cooling system .................................................................... 12
Fig. 2. 2 Schematic of typical liquid desiccant system ................................................................. 13
Fig. 2. 3 Schematic of the Regeneration Cycle ............................................................................. 16
Fig. 2. 4 Schematic of the Direct Solar Collector/Regenerator .................................................... 18
Fig. 2. 5 Internal Structure of the Solar Collector& Regenerator ................................................. 18
Fig. 2. 6 Schematic of the electrodialysis regenerator .................................................................. 21
Fig. 2. 7 Schematic of the Internally-heated Regenerator ............................................................ 23
Fig. 2. 8 A differential element ..................................................................................................... 30
Fig. 2. 9 Four different flow arrangements in internally cooled dehumidifier ............................. 31
Fig. 2. 10 Numerical model in the dehumidifier ........................................................................... 34
Fig. 2. 11 Schematic diagram of the dehumidifier channel with notation .................................... 36
Fig. 2. 12 Schematic of grid with thickness change in the desiccant film .................................... 39
Fig. 2. 13 Schematic of coordinate system of liquid desiccant system......................................... 40
Fig. 2. 14 Simulation results of desiccant temperature during the dehumidification process ...... 41
Fig. 2. 15 A flow chart of the methodology for experimental, theoretical and numerical studies 62
Fig. 3. 1 Schematic of working surface and coordinate system .................................................... 65
Fig. 3. 2 Experimental design of the single channel liquid desiccant regenerator........................ 67
Fig. 3. 3 Geometry of solution distributor .................................................................................... 68
Fig. 3. 4 Figures of (a) Thermal camera imager; (b) Interface of image analysis software; (c)
Contact angle goniometer; (d) PID controllers and (e) Laser optical interferometer ................... 73
XIX

Fig. 3. 5 Examples of measurement image: (a) Thermal image during the regeneration process;
(b) Contact angle and (c) Surface roughness ................................................................................ 74
Fig. 3. 6 Changing of system performance with solution mass flow rate (a) Wetted area and (b)
Moisture removal rate ................................................................................................................... 80
Fig. 3. 7 Influencing factors of initial width of falling film (a) Changes with solution mass flow
rate and distributor thickness and (b) Changes with solution concentration ................................ 81
Fig. 3. 8 Average film thicknesses of experiment groups 1-5 ...................................................... 82
Fig. 3. 9 Changing of system performance with plate surface temperature: (a) Moisture removal
rate and (b) Wetted area ................................................................................................................ 84
Fig. 3. 10 Outlet parameters of solution with different plate surface temperature (a) concentration
and (b) temperature ....................................................................................................................... 85
Fig. 3. 11 Initial film width and Rw under different plate surface temperatures .......................... 86
Fig. 3. 12 Distribution of solution surface temperature along the x-axis ..................................... 88
Fig. 3. 13 Changing of moisture removal rate with solution inlet temperature ............................ 89
Fig. 3. 14 Changing of wetted area with solution inlet temperature ............................................. 90
Fig. 3. 15 Changing of system performance with solution inlet temperature (a) Initial wetted
width and (b) Dimensionless hydraulic radius.............................................................................. 91
Fig. 3. 16 Changing of wetted area with (a) solution inlet temperature and (b) plate surface
temperature ................................................................................................................................... 93
Fig. 3. 17 Changing of initial wetted width with (a) solution inlet temperature and (b) plate
surface temperature ....................................................................................................................... 94

XX

Fig. 3. 18 Dimensionless hydraulic radius along the flow direction in both pre-wetting and dry
conditions ...................................................................................................................................... 94
Fig. 3. 19 Solution contact angle on the working surface under (a) dry condition and (b) prewetting condition .......................................................................................................................... 95
Fig. 3. 20 Changing of solution contact angle with surface profile roughness parameter ............ 98
Fig. 3. 21 Changing of solution contact angle with solution concentration ................................. 99
Fig. 3. 22 Changing of solution contact angle with solution temperature .................................... 99
Fig. 4. 1 Comparison between calculation and experimental results of contact angle ............... 106
Fig. 4. 2 Influencing factors of contact angle of LiCl ................................................................. 107
Fig. 4. 3 Comparison of initial width between calculation and experiment result ..................... 109
Fig. 4. 4 Influencing factors of initial wetted width during internally heated regeneration process
(a) thickness of solution distributor, (b) solution mass flow rate and (c) solution concentration110
Fig. 4. 5 Schematic of solution falling film and the y-z cross section ........................................ 113
Fig. 4. 6 Changing of desiccant temperature on the interface with film thickness ..................... 118
Fig. 4. 7 schematic of mass transfer between air and liquid desiccant ....................................... 119
Fig. 4. 8 Changing of parameters with film thickness (a) solution concentration on the interface
and (b) equivalent concentration of air ....................................................................................... 122
Fig. 4. 9 Changing of solution concentration on the interface with (a) solution inlet temperature
and (b) air inlet moisture content ................................................................................................ 123
Fig. 4. 10 Schematic of plate surface temperature during internally heated regeneration process
..................................................................................................................................................... 124
Fig. 4. 11 Comparison of Δx between calculation and experimental results .............................. 126

XXI

Fig. 4. 12 Influencing factors of Δx during internally heated regeneration process: (a) Plate
surface temperature, (b) extra water temperature and (c)air temperature ................................... 129
Fig. 4. 13 Influencing factors of Δx during internally heated regeneration process: (a) solution
inlet temperature, (b) solution inlet concentration, (c)air moisture content and (d) film thickness
..................................................................................................................................................... 129
Fig. 4. 14 Changing of Δx with solution contact angle and ε ..................................................... 130
Fig. 4. 15 Comparison of boundary of falling film between calculation and experimental results
..................................................................................................................................................... 132
Fig. 4. 16 Comparison of wetted area under different plate surface temperature between
calculation and experimental results ........................................................................................... 133
Fig. 4. 17 Comparison of

Rw between calculation and experimental results ............................ 134

Fig. 5. 1 Changing of system performance of G. 1 and 2 with the solution mass flow rate: (a)
moisture removal rate, (b) wetted area and (c) mass transfer coefficient ................................... 147
Fig. 5. 2 Changing of system performance of G. 2 and 3 with the solution mass flow rate: (a)
moisture removal rate, (b) wetted area and (c) mass transfer coefficient ................................... 148
Fig. 5. 3 Changing of system performance of G. 4 with the solution mass flow rate: (a) moisture
removal rate, (b) wetted area and (c) mass transfer coefficient .................................................. 149
Fig. 5. 4 Changing of mass transfer coefficient with plate surface temperature ........................ 150
Fig. 5. 5 Changing of mass transfer coefficient with air mass flow rate .................................... 151
Fig. 5. 6 Comparison of mass transfer coefficient between calculation and experimental results
..................................................................................................................................................... 152

XXII

Fig. 5. 7 Comparison of mass transfer coefficient between experimental results and previous
simulation results ........................................................................................................................ 153
Fig. 6. 1 Schematic of one channel with different flow patterns of internally cooled/heated
dehumidifier/regenerator............................................................................................................. 159
Fig. 6. 2 Geometry of one channel with notation ....................................................................... 160
Fig. 6. 3 Schematic of simulation nodes along the flow direction .............................................. 167
Fig. 6. 4 Schematic of an individual control element ................................................................. 168
Fig. 6. 5 Flow chart of numerical solution of 3-D model ........................................................... 172
Fig. 6. 6 Comparison between calculation results with 3-D model and experimental results .... 173
Fig. 6. 7 Comparison of experimental results, simulation results with 3-D model and with Khan’s
model under different solution mass flow rate ........................................................................... 175
Fig. 6. 8 Comparison of experimental results, simulation results with 3-D model and with Khan’s
model under different water inlet temperature............................................................................ 176
Fig. 6. 9 Comparison of experimental results, simulation results with 3-D model and with Khan’s
model under different solution inlet temperature........................................................................ 177
Fig. 6. 10 Comparison between simulation results with 3-D model and with Khan’s model in prewetting and dry conditions .......................................................................................................... 178
Fig. 6. 11 Comparison between simulation results with 3-D model and with Khan’s model with
different solution inlet concentration .......................................................................................... 179
Fig. 6. 12 Comparison between simulation results with 3-D model and with Khan’s model with
(a) different air inlet temperature and (b) different air mass flow rate ....................................... 180

XXIII

Fig. 6. 13 Comparison between simulation results with 3-D model and experimental results: (a)
film thickness along the flow direction; (b) thermal image of solution surface temperature in the
experiment and (c) simulated solution surface temperature ....................................................... 181
Fig. 6. 14 Distribution of solution temperature during the internally heated regeneration process
in (a) y-z section cross and (b) x-y plate ..................................................................................... 184
Fig. 6. 15 Distribution of solution concentration during the internally heated regeneration process
in (a) y-z section cross and (b) x-y plate ..................................................................................... 185
Fig. 6. 16 Influence of solution mass flow rate on (a) moisture removal rate and (b) regeneration
efficiency..................................................................................................................................... 186
Fig. 6. 17 Influence of solution inlet temperature on (a) moisture removal rate and (b)
regeneration efficiency................................................................................................................ 187
Fig. 6. 18 Influence of solution inlet concentration on (a) moisture removal rate and (b)
regeneration efficiency................................................................................................................ 188
Fig. 6. 19 Influence of hot water temperature on (a) moisture removal rate and (b) regeneration
efficiency..................................................................................................................................... 189
Fig. 6. 20 Influence of hot water mass flow rate on (a) moisture removal rate and (b)
regeneration efficiency................................................................................................................ 189
Fig. 6. 21 Influence of air mass flow rate on (a) moisture removal rate and (b) regeneration
efficiency..................................................................................................................................... 190
Fig. 6. 22 Influence of air inlet temperature on (a) moisture removal rate and (b) regeneration
efficiency..................................................................................................................................... 191
Fig. 6. 23 Influence of air inlet moisture content on (a) moisture removal rate and (b)
regeneration efficiency................................................................................................................ 191
XXIV

Fig. 6. 24 Influence of solution distributor thickness on (a) moisture removal rate and (b)
regeneration efficiency................................................................................................................ 192
Fig. 7. 1 Comparison of six outlet parameters between prediction and simulation results ........ 211
Fig. 7. 2 Comparison of composite errors between prediction and simulation results ............... 212
Fig. 7. 3 Schematic diagram of system components of SLDAC ................................................ 215
Fig. 7. 4 Schematic diagram of the links of the fluid temperatures ............................................ 224
Fig. 7. 5 Iteration loops used in the simulation of SLDAC ........................................................ 228
Fig. 7. 6 Flow chart of the simulation procedure ........................................................................ 231
Fig. 8. 1 Annual average external dry-bulb temperature from 1950 to 2007 ............................. 240
Fig. 8. 2 Total air-conditioning load per area of three typical commercial buildings ................ 243
Fig. 8. 3 Annual proportion of latent load for three commercial buildings ................................ 244
Fig. 8. 4 Proportions of load components in hotel and office buildings ..................................... 245
Fig. 8. 5 Change of cooling ventilation load from 1950 to 2007 ................................................ 249
Fig. 8. 6 Vl and Vs in daytimes and nighttimes from 1950 to 2007 ........................................... 250
Fig. 8. 7 Annual cooling load of the hotel building per area from 1950 to 2007 ....................... 251
Fig. 8. 8 Annual sensible and latent cooling load in daytimes and nighttimes ........................... 251
Fig. 8. 9 Change trend of (a) Electricity Consumption and (b) CO2 emission from 1950 to 2007
..................................................................................................................................................... 252
Fig. 8. 10 Annual average moisture content and RH of outdoor air from 1950 to 2007 ............ 253
Fig. 8. 11 Annual primary energy consumption of CVCS and LDAC ....................................... 257
Fig. 8. 12 Annual electricity consumption of CVCS and LDAC ............................................... 258
Fig. 8. 13 Energy saving percentages of LDAC with different solar collector areas ................. 259
Fig. 8. 14 Comparison between the required dehumidification rate and actual one by LDAC .. 260
XXV

Fig. 8. 15 Schematic diagram of optimized SLDAC: Case 1 ..................................................... 264
Fig. 8. 16 Monthly electricity consumption of the chiller in CVCS, LDAC and optimized LDAC
..................................................................................................................................................... 265
Fig. 8. 17 Annual primary energy consumption of CVCS, LDAC and optimized LDAC 1 ...... 265
Fig. 8. 18 Energy saving percentages of optimized SLDAC with different installed solar collector
areas ............................................................................................................................................ 266
Fig. 8. 19 Schematic diagram of optimized SLDAC: Case 2 ..................................................... 268
Fig. 8. 20 Annual primary energy consumption of CVCS, optimized LDAC 1 and 2 ............... 269
Fig. 8. 21 Energy saving percentage of two optimized SLDAC with different installed solar
collector areas ............................................................................................................................. 269
Fig. 8. 22 Schematic diagram of optimized SLDAC: Case 3 ..................................................... 272
Fig. 8. 23 Schematic diagram of optimized SLDAC: Case 4 ..................................................... 273
Fig. 8. 24 Annual primary energy consumption of CVCS, optimized LDAC 2, 3 and 4 ........... 274

XXVI

LIST OF TABLES

Table 2. 1 Summary of experiments of previous research............................................................ 48
Table 2. 2 Summary of experiments of previous research............................................................ 49
Table 2. 3 Summary of mass transfer coefficient by different formulas ...................................... 51
Table 3. 1 Summary of the measured parameters ......................................................................... 68
Table 3. 2 Summary of the max measurement error ..................................................................... 75
Table 3. 3 Experimental conditions of internally heated regeneration ......................................... 78
Table 3. 4 Outlet parameters (selected) of internally heated regeneration ................................... 79
Table 3. 5 Experimental conditions of internally heated regeneration ......................................... 83
Table 3. 6 Experimental conditions for different solution inlet temperature ................................ 88
Table 3. 7 Experimental conditions for different solution inlet temperature ................................ 92
Table 5. 1 Experimental conditions of internally heated regeneration ....................................... 145
Table 6. 1 Values of maximum second derivative of variables .................................................. 193
Table 7. 1 Summary of influencing parameters (including the changing range and initial value)
..................................................................................................................................................... 203
Table 7. 2 Significance Test for Linear Regression .................................................................... 207
Table 7. 3 Assumptions of individual component ...................................................................... 220
Table 7. 4 Assumptions of initial parameters of working fluids................................................. 221
Table 7. 5 Summary of input and output variables of each component ..................................... 222
Table 8. 1 Floor layouts and building façade of hotel building .................................................. 237

XXVII

Table 8. 2 Summary of weather data and simulation design variables of commercial buildings238
Table 8. 3 Comparison of related researches .............................................................................. 241
Table 8. 4 Summary of reheat ratio in three typical buildings.................................................... 247
Table 8. 5 Increasing rate and load change rate of external air temperature and moisture ........ 254

XXVIII

NOMENCLATURE

A

area

m2

Aw

wetting area

m2

Ac

area of the collector

m2

a

thermal diffusivity

m2/s

aD

mass transfer coefficient

kg/m2·s

aH

heat transfer coefficient between desiccant and air

kW/(m2·℃)

aw

heat transfer coefficient between desiccant and cooling/heating fluid

kW/(m2·℃)

b

constant parameter

-

cp

specific heat capacity

kJ/(kg·℃)

D

mass diffusion coefficient

m2/s

Dr

width of rim part

m

Ei

measurement error of individual device

-

ei ,max

the maximum relative error of individual parameter

%

H

height of dehumidifier/regenerator

m

h

enthalpy

kJ/kg

h

convection heat transfer coefficient between solution and air

kW/ (m2·℃)

L

length of dehumidifier/regenerator

m

m

mass flow rate

kg/s

XXIX

n

number of data

-

Nu

Nusselt number

-

P

individual outlet parameter

-

Qc

cooling load

kJ

Ra

profile roughness parameter

nm

rab

latent heat of water vapourization

kJ/kg

RW

hydraulic radius of falling film

m

Rw

dimensionless hydraulic radius

-

RH

relative humidity

%

Sh

Sherwood number

-

t

temperature

℃

th

thickness of air channel

m

u

flow velocity in the y axis

m/s

wf

wetting factor

-

W

width

m

x

contraction distance of solution film in the transverse direction

m

Greek symbols



indicator of whether the plate is uniformly pre-wetted or not

-

 max,i

thickness of solution distributor

m

XXX



thickness

m



effectiveness

-

s

kinematic viscosity

m2/s



deformation indicator of solution film

-



thermal conductivity

kW/(m·℃)



dynamic viscosity

Pa·s



flow velocity in the z axis

m/s



contact angle

°



density

kg/m3



surface tension

N/m



moisture content

kg/kg



transmissivity of the cover glass upon the solar collector

-



concentration of desiccant solution

%

Subscripts

a

air

cen

central part

d

design parameter of dehumidifier/regenerator

e

environment

i

initial

XXXI

I

interface between air and solution

in

inlet

max

maximum

m

moisture

out

outlet

p

plate

rim

rim part

s

solution

f

heating fluid

w

wetting

de

dehumidifier

re

regenerator

da

Outdoor fresh air

hot

hot fluid

cold

cold fluid

XXXII

CHAPTER 1
INTRODUCTION

1.1 Background of Liquid Desiccant Air-Conditioning System

A person will spend about 70–90% of his/her life time inside the built environment (Liang et al.
2010), so the comfort indoor air quality becomes a big concern. Due to the significant
improvement of living and working standards, the number of air-conditioned buildings has been
increasing greatly with the increasing energy consumption in these buildings in recent years.
However, several limitations of the traditional vapour compression air-conditioning (AC) system
has been addressed by researchers (Liu et al. 2006, Yu et al. 2009, Liu et al. 2009, Ge et al.
2011), such as the energy wastage, poor humidity control, and wet surfaces that become breeding
grounds for mildew and bacteria. The large energy demand of the AC system highly depends on
the fossil fuel, and the over use of chlorofluorocarbons also becomes a potential threat.
Furthermore, the increasing frequent breakout of infectious diseases, such as avian influenzas
H5N1 and H7N9, has raised the risk of the application of the conventional AC system.
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Regarded as an energy-saving and environmental-friendly alternative, the liquid desiccant AC
system is an effective solution for handling the sensible and latent loads separately and dealing
with the extra moisture with desiccant absorption. The systems can also significantly increase the
coefficient of performance (COP) of the combined refrigeration system with vapour compression
chillers. To re-concentrate the liquid desiccant for applying it repeatedly, the major energy
consumed in the system occurs in the regenerator, which is usually the low-grade thermal energy
provided by the waste heat or renewable energy.

To avoid the pollution on the supply air, the carryover of desiccant droplets with the process air
is an important concern of the liquid desiccant AC system (Jain et al. 2000). Due to its low
possibility of droplets carried by the air and low pressure drop, the falling film
dehumidifier/regenerator has become a promising type for effective liquid/gas contacting (Yin et
al. 2008). It is also widely used in industrial applications (Ali et al. 2010). In adiabatic liquid
desiccant applications, the heat and mass transfer happens only between the air and the desiccant,
so the performance decays quickly because of the change of temperature and concentration
gradients (Dai et al. 2001). Different from adiabatic applications, the internally cooled/heated
dehumidifier/regenerator could maintain the thermal and mass transfer performance as it is
cooled or heated synchronously by introducing the extra cooling/heating fluid. In addition, the
system dimensions could also be minimized (Yin et al. 2010).

In practical falling film liquid desiccant systems, researchers found that the working surface is
usually found to be wetted very incompletely by the desiccant, which would significantly impact
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the heat and mass transfer between air and solution (Howell et al. 1987, Park et al. 1994, Jain et
al. 2000, Pietruschka et al. 2006). The wetted area and film thickness are also indispensable
parameters in theoretical models. However, previous investigations on the wetted area, which
changes with the operation and design parameters of the falling film system, is limited and
insufficient, especially in the area of liquid desiccant dehumidification/regeneration (Liu et al.
2007, Ren et al. 2007, Yin et al. 2008, Yin et al. 2010). This problem would seriously affect the
accuracy of the simulation and evaluation for the performance of liquid desiccant AC system.

Furthermore, though there are several widely accepted theoretical models for predicting the
performance of internally cooled/heated dehumidification/regeneration, some limitations have
been observed in previous researches (Kessling et al. 1998, Mesquita et al. 2006, Ren et al.
2007). The main reason is that the actual dehumidification/regeneration process among the air,
desiccant and extra fluid is three-dimensional, which means that the heat and mass transfer
occurs in the direction of all three axis. However, most of the existing models only have two
dimensions, assuming that either the heat and mass transfer in the thickness direction or the
insufficient wetting condition on the working plate could be neglected. These assumptions may
cause large deviations between simulation and experiment results.

1.2 Background of Solar-assisted Air-conditioning System

Compared with other forms of energy, the solar energy is clean and the most abundant renewable
energy. Solar energy is mainly used to generate electricity or provide thermal energy. Compared
3

with the solar photovoltaic technology, the solar collector has higher conversion efficiency (7090% of collector, 10-15% of PV), lower initial cost and higher reliability, and is suitable for
different domestic and industrial uses. There are many applications of solar water heating
system, such as to heat up the air and water, to reheat the overcooled air, to operate heat engines
and pumps.

For the purpose of energy saving and environmental friendly, it is natural to make people think
of utilizing the solar energy to deal with the heavy energy consumption of air-conditioning
system in buildings, especially in the subtropical or tropical areas suffering the long cooling
season and enjoying the abundant solar radiation at the same time. Many processes for the
transformation of solar radiation in cooling have been investigated in recent years, including the
photovoltaic driven vapour compression system, the thermally driven adsorption/absorption
chillers, the thermally driven desiccant dehumidification and the steam driven thermo
mechanical cycles (Henning, 2007). Considering the system COP, practicability, safety and solar
utilization efficiency, the desiccant dehumidification is a promising type of solar-assisted airconditioning system by handling the air moisture separately and consuming the thermal energy
to regenerate the desiccant.

The solar-assisted system mainly consisted of the cooling and dehumidification system, the solar
collector, the energy storage system and the auxiliary thermal system. Each sub-system has
several energy consuming components such as fans, pumps, chillers and so on. To evaluate the
energy consumption and economic efficiency of the whole system, the dynamic operation
performance under different load profiles and operation conditions was investigated by many
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researchers with both numerical and experimental methods (Khalid Ahmed et al. 1997, Rane et
al. 2002, Chen et al. 2003, Liu et al. 2006, Li et al. 2007, Alizadeh et al. 2007). However, due to
a large number of variables involved in the simulation, limitations of previous researches on
operation performance of solar-assisted air-conditioning system were observed, especially for the
warm or hot and humid areas.

Additionally, to simulate the operation performance of solar-assisted air-conditioning system, it
is necessary to choose a case building in a certain area, to obtain the required climatic data and
building’s air-conditioning load profiles.

1.3 Objectives of the Thesis

For the air-conditioned buildings, the solar-assisted liquid desiccant air-conditioning system is an
effective alternative to the traditional vapour compression technology to approach more
accessible, economical, and cleaner air processing while attenuating the reliance on the fossil
fuel energy sources. To improve the system performance and to utilize the thermal energy
efficiently, the internally cooled/heated dehumidifier/regenerator has drawn many attentions
recently. Due to its low possibility of droplets carried by the air and low pressure drop, the
falling film dehumidifier/regenerator has become a promising type for liquid/gas contacting.
However, the common insufficient wetting condition in practical systems would seriously impact
the heat and mass transfer of the falling film liquid desiccant system, and the limitations of
previous researches make it difficult to predict the actual wetted area and mass transfer
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coefficient under different design and operation conditions. Furthermore, as the heat and mass
transfer occurs in all three dimensions rather than two dimensions, the existing theoretical
models should be improved with the consideration of the effect of wetted area and film thickness
to evaluate the system performance more accurately.

Furthermore, by utilizing the solar energy to directly handle the sensible and latent loads
separately, the solar-assisted liquid desiccant air-conditioning system is considered as an energy
efficient and environment friendly solution. To evaluate the energy potential of the system, the
operation performance and energy consumption should be simulated and compared with
conventional systems. However, due to the complex of the solar-assisted system, the previous
numerical and experimental researches have their limitations, especially for the warm or hot and
humid areas where this kind of application is suitable.

Accordingly, this thesis will focus on resolving the existing problems of the falling film liquid
desiccant air-conditioning system and prompting the wide application of the solar-assisted
system for the cooling load dominated buildings. As most energy consumes for regenerating the
solution, this research focused on the internally heated regeneration process. The specific
objectives of this thesis are summarized as follows:

(1) To develop a model of the wetted area during the internally heated regeneration
process experimentally and theoretically by considering the effects of different operation
and design influencing factors, including the thickness of solution distributor, film
thickness, the inlet parameters of solution, air and extra heating fluid, the plate surface
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temperature and the pre-wetting of working surface. Additionally, an empiric formula for
the contact angle of liquid desiccant, which is significant in the model, should be also
developed with the experimental results;

(2) To develop a model for the mass transfer coefficient during the regeneration by
employing the actual wetted area and mass transfer rate under different operation
conditions;

(3) To develop a 3-D theoretical model with a numerical solution of internally heated
regenerator for describing the heat and mass transfer among the air, solution and extra hot
water in all three directions, by taking the insufficient wetting condition and change of
film thickness due to the mass transfer and film deformation into account. The model
should be verified with other existing theoretical models and the experimental data;

(4) To develop a computer program of the solar-assisted liquid desiccant air-conditioning
system by linking the model of individual component with four nested iteration loops. To
simplify the simulation, a quick prediction model for the internally cooled/heated
dehumidifier/regenerator should be developed first;

(5) To investigate the energy potential and operation performance of the solar-assisted
liquid desiccant air-conditioning system by choosing a typical building in Hong Kong as
a case study. According to simulation results, several optimal design methods are
provided.
7

1.4 Organization of the Thesis

For investigating the internally heated regenerator, the wetted area is found to be a key
parameter. In Chapter 3, by building and testing a single channel internally heated regenerator,
the influencing factors of the wetted area of falling film regeneration were investigated
experimentally, as well as their effects on the mass transfer performance. The factors mainly
include the thickness of solution distributor, solution mass flow rate, solution concentration,
solution temperature, plate surface temperature and the pre-wetting of working surface.
Additionally, the influencing factors affecting the contact angle, which was found to play a
significant role in the wetted area of falling film, were also experimentally investigated,
including the concentration and temperature of desiccant, and the roughness of the surface.

Then, in Chapter 4, based on the experimental results, a theoretical model was developed for
accurately calculating the wetted area of the internally heated regenerator. The model could be
divided into three parts, including the model for initial wetted width, the model for contact angle
and the model for the contraction distance along the flow direction. To verify the model, the
results were compared with those obtained from experiments. Furthermore, with this new model,
the change of wetted area with different parameters was simulated numerically. For enhancing
the mass transfer performance, some suggestions were given to improve the film area of the
internally heated liquid desiccant system.

Besides the wetted area, the mass transfer coefficient is the other important parameter for
evaluating and predicting the system performance. Therefore, in Chapter 5, the impacts of
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operation parameters of the coefficient under actual wetted area were investigated
experimentally. Based on the test data, an empiric formula was developed with the multi linear
regression, and the prediction results were verified with experimental results.

With the experimental and theoretical studies in Chapter 3, 4 and 5, a 3-D model with a
numerical solution of internally heated regenerator was developed in Chapter 6 for describing the
heat and mass transfer among the air, solution and extra hot water in all three directions. The
insufficient wetting condition, the change of film thickness due to the mass transfer and film
deformation, and the effect of contact angle were taken into account. The calculation results were
compared with both those obtained by other existing theoretical models and the experimental
results. Furthermore, with this new model, the system performance was simulated numerically
under different operation conditions. A parameter study was conducted to show the effect of
different inlet parameters on the moisture removal rate and regeneration efficiency. Though the
model was developed based on the regeneration process, the model could also be applied for the
dehumidification process with the similar heat and mass transfer mechanism between
dehumidification and regeneration.

Though the 3-D model could predict the system performance more accurately, this method is
complex which is inconvenient for predicting the dynamic operation performance. In Chapter 7,
firstly, a simplified numerical model for the internally cooled/heated dehumidifier/regenerator
was developed by defining three kinds of effectiveness, i.e. enthalpy effectiveness, moisture
effectiveness, and temperature effectiveness. Based on the numerical simulation and linear
regressions, the statistical correlations of three types of effectiveness were developed, by using
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the heat and mass driving forces and other related parameters as variables. Then, the dynamic
simulation model of the whole system was developed, to evaluate the energy potential and
operation performance of the solar-assisted liquid desiccant air-conditioning system. By
performing the physical characteristics of different components simultaneously, all units could
be linked together to form a complete system with four nested iteration loops, and outlet
parameters of all fluids and the energy consumption of individual component could be obtained.

To evaluate the energy potential of the system, the buildings in Hong Kong, which are suitable
for applying solar-assisted air-conditioning system, were chosen as the case study. The Chapter 8
first investigated the AC load profiles of three typical commercial buildings in Hong Kong, and
studied the main problems of the application of traditional AC system in these buildings. Then,
the dynamic operation performance and energy consumption of the solar-assisted liquid
desiccant air-conditioning system employed in the building was simulated and compared with
the conventional system. To reduce the consumption, several optimization methods were
proposed and compared.
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CHAPTER 2
LITERATURE REVIEW AND RESEARCH METHOD

2.1 Introduction

2.1.1 Principles of desiccant dehumidification and regeneration

The aim of dehumidification/regeneration process is to transfer the water vapour between the
process air and the desiccant, including the liquid and solid one. The solution starts to exchange
moisture with the surrounding air when they reach the equilibrium. When the vapour pressure at
the desiccant surface is less than that of air, the desiccant absorbs or adsorbs moisture. After that,
this moisture can be removed from the desiccant to a regeneration process air stream, by heating
the desiccant to 50260℃. The desiccant releases the moisture when its vapour pressure is
greater than that of air. The desiccant is then cooled so that it could absorb or adsorb the
moisture again.
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In a desiccant air-conditioning system, the desiccant circulates between a dehumidifier and a
regenerator in the same way as in an absorption/adsorption refrigeration system. The main
difference is that the equilibrium temperature of liquid desiccant is determined by the partial
pressure of water in the humid air to which the solution is exposed instead of the total pressure.
The flow chart of desiccant cooling is shown in Fig. 2.1.

Fig. 2. 1 Flow chart of the desiccant cooling system

The major advantages of desiccant system include: a) only air and water are required as working
fluids. CFCs and HCFCs, which may have serious impacts on the ozone layer, are no longer
required; b) various kinds of low-grade thermal energy can be applied as heat sources in the
regeneration, such as solar energy, waste heat and natural gas; c) with higher COP, the electrical
energy requirement could be reduced compared with conventional refrigeration systems; and d)
since the desiccant system is operated near the atmospheric pressure, the maintenance and
construction are simplified. However, there are some limits of its application: a) the initial cost is
higher than the conventional air-conditioning system; b) the condensation heat, which includes
the sorption heat, is large and needs more cooling water to take away.
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Due to its high dehumidification capacity, thermal energy efficiency and reliability, the Liquid
Desiccant Air-Conditioning System (LDAC) has drawn increasing attentions. A typical liquid
desiccant system is shown in Fig. 2.2, with two important parts, i.e. dehumidifier and
regenerator. In the dehumidifier, the concentrated solution is sprayed or fell down while the
ambient or return air is blown across the stream. Then, the diluted solution from the dehumidifier
is contacted with the air in the regenerator, where the moisture is taken away from the solution.
The resulting concentrated solution is collected and hot humid air is rejected to the ambient. To
improve the COP, a recuperative heat exchanger is usually applied to preheat the cool diluted
solution from the dehumidifier using the hot concentrated solution from the regenerator.

Fig. 2. 2 Schematic of typical liquid desiccant system

For re-concentrating the solution to apply it repeatedly, the major energy consumed in the liquid
desiccant system occurs in the regenerator. Therefore, this research focused on the heat and mass
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transfer in the regenerator, but results can extend to dehumidification process due to the similar
heat and mass transfer mechanism of the dehumidification and regeneration of liquid desiccant.

2.1.2 Potential application of LDAC in buildings

Due to the application of conventional vapour compressor AC system, the most common
complaint of the indoor thermal comfort is the low indoor air temperature within air-conditioned
buildings, especially for buildings in humid climate, such as Hong Kong. Besides, the
conventional system has other disadvantages, such as limited humidity control, energy wastage,
and occurrence of wet surface which may become a breeding ground for mildew and bacteria
(Ge et al. 2011). These problems may be more serious in humid climate. As the low-grade
thermal energy could be used to drive the system, the Solar-Assisted Liquid Desiccant Cooling
AC system (SLDAC), which could handle the sensible and latent loads separately, is considered
as an energy efficient and environment friendly solution.

However, there are limited researches on energy performance of LDAC in buildings. Fong et al.
(2011) developed a detailed research on solar-assisted solid desiccant cooling system, and found
that the system could save energy in office buildings. However, the solid desiccant could not be
applied for thermal storage, which was found to be very important in our research, and the heat
loss of the system is higher than that of liquid desiccant system. Li et al. (2010) studied the
energy consumption of a liquid desiccant system with solar Collector/Regenerator (C/R) in a
typical room. But, they only considered a room rather than the whole building, and no efficient
solution for preventing dusts from being blown into the regenerator was proposed.
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As a modern society, most commercial buildings in Hong Kong are air-conditioned, and
consume significant sector-wide electricity because of the high indoor thermal requirement and
local warm and moist weather in the past 20 years. Fortunately, with abundant solar radiation
(Hui, 2000), Hong Kong is suitable for developing solar energy applications, and can have good
potentials for applying the SLDAC in buildings.

2.2 Regeneration methods for liquid desiccant air-conditioning system

Liquid desiccant regeneration occurs in the regenerator, and the heat is furnished to the desiccant
solution with the air being concurrently blown to carry away the moisture desorbed by the heat.
Therefore, the regeneration process consumes most energy in the liquid desiccant system, and
different structures of the regenerator were investigated by many researchers.

In this section, several current types of regenerators were introduced and discussed, including the
packed tower regenerator, open cycle solar collector/regenerator, electrodialysis regenerator and
internally heated regenerator. The performances and limitations of these methods were
compared.

2.2.1 Packed Regenerator

Providing larger contact surface area and extending contact time between the solution and air,
the packed tower regenerator has been researched widely in these years. As shown in the Fig.
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2.3, the weak solution is firstly heated by the heat exchanger and then sent into the regenerator.
The desiccant was distributed over the packings by spray heads evenly, and the heat and mass
transfer occurs in the interspaces of packings. The packings are usually made by polypropylene,
which could supply a large specific surface area. The packings have two major types, namely
random and regular. The regular packings offer a relative low pressure drop of the air stream, but
with high installation expense. The random packed towers could facilitate more mass transfer by
providing larger area in a relatively smaller volume.

Fig. 2. 3 Schematic of the Regeneration Cycle

Factor and Grossman(Factor and Grossman 1980) compared the experimental and theoretical
model of a packed regenerator using LiBr and pre-heated air. Etras et al. (Ertas, Gandhidasan et
al. 1994) investigated the influence of different variables on the performance of packed
regenerators. Potniz et al. (1996) tested a packed regenerator using random polypropylene and
structured packing, and found that the evapouration rate was 130–300% greater than the
structured packing bed. Longo (2004) experimentally studied the sorption/desorption liquid
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desiccant system using H2O/LiBr and H2O/KCOOH. Kakabayev (Gandhidasan 2005)
investigated the influence of heating source on the evapouration rate of a packed bed regenerator.

The advantages of the packed regenerator include: a) contact surface area and contact time are
larger because of the packings, which leads to good regeneration efficiency and smaller volume;
and b) the system could easily change to the auxiliary heat resource, such as electricity and
natural gas (for renewable energy system).

However, it also has several disadvantages: a) because of the relative high flow rate, the carryout
of liquid desiccant droplets is a serious problem, which would lead to air pollution and
equipment corrosion; b) the solution temperature drops seriously from the top to bottom of the
regenerator; c) the solution is heated indirectly by the heat source, which may cause heat loss.

2.2.2 Open Cycle Solar Collector/regenerator

The open cycle solar collector/regenerator (C/R) is just like a flat plate type of solar thermal
collector for water heating. The difference is that its two ends are open to the ambient
environment and the working fluid is the liquid desiccant, as shown in Fig. 2.4. The liquid
desiccant solution runs down from the top on the surface of the absorber plate. At the same time,
the ambient air flows over in the channel between the absorber plate and glass cover. The air and
solution can be arranged either as parallel flow or counter flow, as shown in Fig. 2.5.
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Fig. 2. 4 Schematic of the Direct Solar Collector/Regenerator

Fig. 2. 5 Internal Structure of the Solar Collector& Regenerator

The concept of the open cycle absorption solar cooling system was first reported in 1969
(Kakabayev A. 1969). Then, Kakabayev et al. (1976)investigated the regeneration of LiCl
solution with an open surface, and Alizadeh and Saman (Alizadeh and Saman 2002)investigated
a forced parallel flow type solar C/R using LiCl as the absorbent solution and found that the air
and solution mass flow rate and climatic conditions have impacts on the regenerator’s
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performance in 2002. Kabeelet al. (2005) investigated the regeneration process using cross flow
of the air on the surface of a solar C/R.

According to the previous research, parameters, including the initial concentration, flow rate and
temperature of solution, and the velocity, inlet temperature, humidity ratio of regeneration air,
and the solar intensity, have been identified as the influential factors on the performance of solar
C/R. The air status (especially the air moisture content) and the inlet temperature of the solution
have significant effect on the water evapouration rate. Besides, the solar radiation is another
important weather variable that dominates the system performance. Latest studies of solar C/R
are mostly focused on enhancing the performance by improving the above influential parameters.
Peng and Zhang (Peng and Zhang, 2009) introduced an air pre-treatment unit, in which the
regeneration air could be pre-heated and dehumidified with a slice of concentrated solution with
low temperature, and presented an increment of solution outlet concentration of about 70% by
the experiment.

The advantages of the solar C/R include: a) the energy gained is directly used to heat the liquid
desiccant without any energy transfer, so the heating efficiency is higher because of low heat
loss; b) the solution spray to the environment is reduced because of the lower flow rate; and c)
the structure of solar C/R is relatively simple. As the collector and the regenerator are combined
together, the occupied area of the structure is small and usually installed on the roof.

However, due to its open structure, the solar C/R also has several inevitable disadvantages: a) the
dust of the process air enters the solar C/R easily, so the filter requires frequent maintenance. If
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the surrounding air is used as the regeneration air, the impact of air conditions, such as pollution
and windstorm, should be considered; b) when the solar radiation is insufficient, changing into
the auxiliary heat resource is difficult. Similarly, if the radiation is excessive, the heat storage
from the system is also difficult; and c) the liquid desiccant, such as LiCl and LiBr, would cause
serious corrosion of the absorber plate of the collector, which is usually made by metal.

2.2.3 Electrodialysis Regenerator

The technique of electrodialysis regenerator is based on the transport of ions through selective
membranes under the influence of an electrical field. It is a novel regeneration method of the
liquid desiccant, and both the concentrated desiccant solution and pure water can be obtained
after the regeneration (Li and Zhang 2009). As shown in Fig. 2.6, when a potential difference is
applied between electrodes, the cations move towards the cathode, and anions move towards the
anode. The cations go through the cation membrane, which have fixed groups with negative
charges, and are retained by the anion-exchange membrane. Furthermore, the anions circulate
through the anion-exchange membranes, which have fixed groups with positive charges, and are
retained by the cation-exchange membranes. This movement produces rise in the ions
concentration in some compartments (concentrate compartments) and decrease in the adjacent
ones (dilute compartments). So, the concentrated desiccant solution and pure water can be
generated by repeating the circles several times. The electrical field required is low voltage DC,
which could be supplied by renewable energy such as solar or wind power generation.
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Fig. 2. 6 Schematic of the electrodialysis regenerator

Al-Farayedhi et al. (Al-Farayedhi, Gandhidasan et al. 1999) proposed the RO (reverse osmosis)
regeneration method by using membrane technology. The work has been extended (Al-Sulaiman,
Gandhidasan et al. 2007) with the analysis of a liquid desiccant based two-stage evapourative
cooling system using MFI zeolite membrane, which shows that this new method could be an
alternative for liquid desiccant regeneration as most commissioned liquid desiccants are
electrolyte solutions. Compared to the conventional thermal regeneration method, this potential
method gets rid of the heat supply of the regeneration process, and prevents the droplets of
desiccant solution from spraying into the atmosphere.

However, up to now, the technology is far from the practical application as it requires several
circles for regenerating the solution and blocks the dehumidification process from continuous
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operation. The maintenance and initial cost are predicted to be extremely high compared to the
conventional regenerator, as well as the energy consumption.

2.2.4 Internally-heated Regenerator

The internally heated regenerator has drawn increasing attentions these years. The regenerator is
usually composed by a plate or plate-fin heat exchanger, which contains several passages for the
heating fluid, i.e. hot water and air. Between two neighbouring plates, it is recommended to put
several layers of fin side by side inter-crossing, which can provide more contacting area for
desiccant solution and air. As shown in Fig. 2.7, the desiccant solution enters the internally
heated regenerator from the top and contacts with the counter-current air blown from the bottom.
The solution would be dispersed to the fins by a distributing unit between the plates due to the
gravity. The heating fluid flows horizontally and carries out heat transfer with the crossed
air/solution.
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Fig. 2. 7 Schematic of the Internally-heated Regenerator

In the packed regenerator, there is no extra heat transferred into the regenerator, so the desiccant
temperature would become lower and lower in the progress of regeneration. This problem could
be solved by this internally heated regenerator. As the solution is heated by the hot fluid and
regenerated by the unsaturated air at same time, the internally heated regenerators could provide
more heat and mass transfer gradients and have the possibility to make regenerators
miniaturization. In 1998, Khan and Martinez numerically studied the performance of an
internally cooled counter flow absorber using thin plate heat and mass exchanger with LiCl as
desiccant, and found that the number of mass transfer units had great effect on the enthalpy and
humidity effectiveness(Khan 1998). Khan also investigated an internally cooled dehumidifier
using the tube–fin exchanger with the cross-flow air(Khan and Martinez 1998). Then, Jain et al.
investigated a liquid desiccant system, which consisted of a packed bed regenerator and an
internally cooled dehumidifier(Jain, Dhar et al. 2000). In the same year, Mesquita et al.
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investigated the internally cooled dehumidifier which could be used as a solar
regenerator(Mesquita, Harrison et al. 2006). In theoretical studies, Ren et al. developed an
analytical model for internally cooled or heated system, which was agreed well with the
numerical model(Ren, Tu et al. 2007). Recently, Yin et al. presented a model of internally cooled
dehumidifier, which was developed with their experimental results (Yinet al. 2008, 2009, and
2010)

This kind of regenerator has many advantages, including: a) the higher efficiency; b) good
alternative to avoid the carryout of desiccant droplets as the regenerator could provide
comparable performance at low solution flow rate; and c) easy changer-over between solar
thermal energy and other auxiliary heat resource, such as electricity and natural gas. The
superfluous energy storage can be applied, and d) the system could provide larger heat/mass
transfer area per unit volume. Besides, the heating fluid is heated by the supplied energy and then
transported into the regenerator with heat loss, but the heat loss is small compared to that of the
packed regenerator.

2.2.5 Summary

In this section, several types of regenerators were reviewed and discussed, including the packed
tower regenerator, open cycle solar collector/regenerator, electrodialysis regenerator and
internally heated regenerator. Generally, the common regenerator could be divided into the two
main types. If the heat and mass transfer happens only between the air and desiccant and there is
no extra heat transferred into the regenerator, it could be defined as the adiabatic one. The other
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kind of regenerator, namely the internally heated one, could maintain the surface vapour pressure
of desiccant by introducing the extra cooling/heating fluid.

According to the analysis, an ideal regenerator should have several characteristics as below:
a) Large contact surface area and long contact time for air/solution contacting;
b) Low solution flow rate (in the same regeneration efficiency);
c) Suitable for using renewable energy, and changing over to an auxiliary heat resource
easily;
d) Small heat loss of the heating resource;
Therefore, the internally heated regenerator with renewable energy supply (e.g. solar thermal
energy) can be considered as a better option for the liquid desiccant air-conditioning system in
buildings.

2.3 Solution distribution methods for liquid desiccant air-conditioning system

The solution distributor is used to feed the liquid desiccant into the dehumidifier or regenerator,
and there are two types, i.e. spray one and falling film one. To avoid the corrosion of ventilation
system and potential pollution of indoor air, little carryover of desiccant with the air stream in
liquid systems is expected. The air pressure drop through the absorber/desorber should also be
reduced.
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In the spray type of solution distribution, with the help of nozzles in the spray chamber, the
solution has been broken into small droplets to provide a large surface area (Jain et al. 2007).
Although the method is well known for its simplicity, low cost and compact size, its efficiency is
not high, and other problems exist, including extremely high chance of liquid carryover and large
pressure drops on liquid side (Pesaran et al. 1995, Chung et al. 2000).

For the falling film distribution, the desiccant flows down by gravity with a thin film over the
vertical surfaces, such as tubes or plates. The entering air contacts with the surface of flowing
liquid film. This distribution type has a low pressure drop and low initial cost, and also provides
high contact area per unit volume. Such system has been studied widely (Elsarrag 2006,
Pietruschka et al. 2006), but the incomplete wetting of the surface with solution film is usually
observed in practical applications.

Therefore, due to its low pressure drop and low possibility of solution droplets carried by air, the
falling film becomes a promising type for better liquid/gas contacting, attracting wide
investigations and industrial applications.

2.4 Model and solutions for internally heated/cooled liquid desiccant system

In traditional adiabatic liquid desiccant systems, only the air and desiccant exchange heat and
mass, so the efficiency may reduce quickly because of the latent heat of water vapourization.
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With the extra cooling/heating fluid, the internally cooled/heated liquid desiccant system can
maintain the low surface vapour pressure on the solution as it is cooled or heated synchronously.
This configuration can improve the thermal performance, and miniaturize the system
dimensions. It can also reduce the possibility of solution droplets carried by the process air.
However, due to the addition of extra fluid, the thermal process of the internally heated
regeneration is more complicated, including the heat and mass transfer among the air, solution
and fluid. Until now, most researchers investigated on the theoretical model and solution of
dehumidifier process. As the fundamental and physical model of dehumidifier and regenerator
are similar, this section reviewed the theoretical studies of the heat and mass transfer process of
internally cooled dehumidifier.

Although there are several practical types of internally cooled units, i.e. coil-type and plate type
exchangers, the composition is usually simplified as the double plate in theoretical models. The
distribution method of liquid desiccant is also simplified as the falling film, and the thermal and
mass transfer exchange between dispersed desiccant droplets and air is ignored. The
development of physical model could be divided into five stages.

1) In the early models of 1980s, the heat and mass transfer resistance between the bulk
solution film and its surface was neglected, and the thickness of the solution film was
then neglected as well (Queiroz, Orlando et al. 1988; Kessling, Laevemann et al. 1998).

2) In Hellmann and Grossman’s models (Hellmann and Grossman 1995), the heat and mass
transfer resistances of solution film were included in the equations. The outer surface of
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the tube or plate was assumed to be uniformly wetted and the Lewis factor was assumed
to be equal to unity. The conditions of non-unity values of Lewis factor and incomplete
surface wetting conditions were not contented.

3) The effect of incomplete surface wetting area was brought into several differential

models, such as the model from Peng and Howell (Peng and Howell 1981). The
influences of non-unity values of Lewis factor and fin efficiency factor were also
considered in a combined parameter. However, compared to experiment results, the
simulation results could be correlated with the measured data only if a very small
fraction of the surface was supposed to be wetted by the desiccant solution.

4) Recently, the incomplete surface wetting condition was taken into consideration. By
comparing the model predictions with the experimental data, Jain et al. (2000) suggested
two wetting factors to account for the effect of improper wetting. Then, a general twodimensional model was developed by Ren et al. (2007), with the consideration of the
effect of solution film heat and mass transfer resistances, non-unity values of Lewis
factor and incomplete surface wetting conditions. One disadvantage of the models is that
the boundary conditions have to be similar for both phenomena, and an isothermal
boundary condition has to be accompanied by a uniform concentration condition.
Besides, the heat and mass transfer inside the desiccant film and air in the thickness
direction was not calculated in these models.
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5) Focusing on the un-uniform distribution of thermal properties in the thickness direction,
Ali et al. (2004) analyzed the dehumidification process by assuming the constant film
thickness. The model was further improvement by Mesquita et al (2006), who
introduced variable film thickness along the flow direction due to the moisture
movement between the air and liquid desiccant.

Two representative models of the internally cooled dehumidification, i.e. by Ren et al. (2007)
and by Mesquita et al. (2006), which are widely accepted and commonly used by researchers,
were decrypted in details in the following sections.

2.4.1 Ren’s Model and numerical solution
In this steady-state model, firstly, to obtain a set of differential equations of energy and mass
conservation, a differential element has been chosen, as shown in Fig. 2.8. A set of differential
equations can be obtained by principles of energy and mass balance.
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Fig. 2. 8 A differential element

where m and t stand for the mass flow rate and temperature, respectively.  means the
concentration of solution, and W is the moisture content of process air. h stands for the enthalpy
The subscripts a, s, f indicate the conditions of air, solution and fluid, respectively.

The four kinds of direction profile are shown in the Fig. 2.9.  a and  f stand for the flow
directions for air and cooling fluid streams, respectively, and are set to equal to ±1. Besides these
profiles, due to its simple structure, the cross-flow profile of cooling fluid is also widely used in
practical applications.
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Fig. 2. 9 Four different flow arrangements in internally cooled dehumidifier

Several assumptions are adopted in this model, including: a) The properties of water, desiccant
solution and air are considered uniform within the control volume; b) The surface wet ability
along the height of exchanger was constant; c) The desiccant and air are assumed to be well
mixed in the cross-section area of their flow direction, which means that gradients for each fluid
only exist in their respective flow directions; d) The cooling fluid is assumed to distribute evenly
and completely on the surface; e) There is no heat transfer to the surroundings; and f) Local wall
temperature of the heat exchanger is equal to the local water temperature.

The model consists of mass and energy balance equations. Firstly, the energy balance equations
include:
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Air:

ma dha  [aH ,a A(tI  ta )  rV ,I aD,a Aw (I  a )]dxa

(2. 1)

Solution-air interface:

aH ,s A(ts  tI )  aH ,a A(tI  ta )  rab,I aD,a Aw (I  a )

(2. 2)

Fluid stream:

m f c pf dt f  aw Af (ts  t f )dx f

(2. 3)

Whole differential element:

d (ms hs )  m f c p , f dt f   f  ma dha   a  0

(2. 4)

Then the mass balance equations include:

Solution–air interface:

aD,s Aw ( s   I )  aD,a Aw (I  a )

(2. 5)

Solution:

(ms s )
0
x

(2. 6)

Whole differential element:

dms   a ma da

(2. 7)

Where, m refers to the mass flow rate, and h is the enthalpy. The A, Am and Af mean the total
area, wetting area(contact area between air and solution film) and cooling area(contact area
between solution film and cooling fluid) during the dehumidification process.

aw

stands for the

thermal conductivity between solution film and cooling fluid, and aH and aD mean the heat and
mass transfer coefficients between solution film and air, respectively.

rab, I  rV , I  rˆW , I

, is the

heat of absorption or desorption at the interface. The subscript a, s, f, I stand for air, solution,
extra fluid, and the interface between air and solution.

To complete the equations, several equations are also needed.
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For the specific enthalpy of moist air:

ha  (c p ,da  a c pv )ta  a h fg ,0

(2. 8)

For the energy change of desiccant solution, the Gibbs equation applies:

d (ms hs )  ms c ps dts  hˆW ,S dms

(2. 9)

Eqs. (2.1)- (2.9) should be integrated subjecting to the following boundary conditions:

ta  ta ,i , a  a ,i for xa  0

ts  ts ,i ,  s   s ,i , ms  ms ,i for xs  0
t  t for x  0
f ,i
f
f

(2. 10)

The enthalpy and humidity ratio of equilibrium state between air and solution could be calculated
with the function of solution temperature and concentration. So, with the numerical integration
or analytical solution, the equation set could be solved. Most researchers recommended the first
solution by employing the finite difference method due to its higher accuracy and lower
complexity. By integrating the Eq. (2.1-10), the governing equations could be solved by the
numerical finite difference method with the following steps (Luo et al. 2011).

1) Determining the equations for the Nusselt number and Sherwood number. The heat transfer
coefficient for the forced convection can be obtained by:

aH 

Nu  
d

(2. 11)

The mass transfer coefficient can be obtained by the following equations:
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aD 

Sh  D
d

(2. 12)

2) Setting the zero point of the z axis, e.g. the bottom of the dehumidifier, and dividing the
whole area into n parts averagely. The numerical zones are shown in Fig. 2.10.
.

Fig. 2. 10 Numerical model in the dehumidifier

3) With the boundary equations, the parameters of the first microelement could be calculated by
Eq. (2.1-12). Then, by repeating the calculation until i = n−1, the inlet or outlet parameters of the
dehumidifier can be obtained;

4) Comparing the parameters with previous simulation results until the difference between recent
and previous results are smaller enough, e.g. <10-4.

34

2.4.2 Mesquita’s Model and numerical solution

In this model, to simplify the mathematical analysis, the following assumptions are made: a) the
wall is considered isothermal, i.e., the change of cooling water temperature being neglected; b)
the flow is laminar and fully developed for the liquid-desiccant and air, and there is
thermodynamic equilibrium at the desiccant/air interface; c) the desiccant flow is smooth (not
wavy); d) the physical properties are constant, and no shear forces are exerted on the desiccant
by the air; e) the body force in the air, diffusion in the direction of the flow, species thermodiffusion and diffusion-thermo effects are negligible; and f) the velocity of desiccant in the
transverse direction is negligible.

The geometry of the internally cooled dehumidifier channel is presented in Fig. 2.11, where
is the thickness of liquid desiccant falling film and

c

means the half thickness of air channel.

The governing momentum, energy and species equations are listed.

35

s

Fig. 2. 11 Schematic diagram of the dehumidifier channel with notation

For the liquid desiccant film:

 2us
 s 2  s g  0
y
as

 2t s
t
 us s
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Ds
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 s

u
s
y 2
x

(2. 13)

For the air:
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ua

 2ua P

y 2
x

 2ta
t
aa 2  u a a
y
x

(2. 14)

 2a
a
Da
 ua
2
y
x
The boundary conditions are:

x  0 ts  ts ,in ; ta  ta ,in ;  s   s ,in ; a  a ,in ;
y  0 ts  t f ;


 0; us  0;
y

y   s ts  ta ; us  ua ; a  e ;
y  c

us
ua
 0;
 0;
y
y

(2. 15)

ta
a
ua
 0;
 0;
 0;
y
y
y

The velocity profile for the liquid desiccant could be obtained by:

y2
us  ( s y  )
s
2
g

(2. 16)

Then, the film thickness could be calculated with the following equation. It should be noticed
that the ms means the mass flow rate of desiccant per unit length ( kg / (s  m) ).

s  (

3ms s 1/3
)
s g

(2. 17)
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The velocity profile for the air stream can be calculated also through the momentum and
continuity equations for the air stream, where the ma is the air mass flow rate per unit length (
kg / ( s  m) ).

ua  u s 

dp 1 1 2
[ ( y   s 2 )  ( c  y )]
dx a 2

us
ma
dp
 3a [

]
dx
( s   c ) 2 2  a ( s   c )3

(2. 18)

To solve the problem, the energy and species balances at the air/desiccant interface could be
calculated by the additional equations.

ts
t
a
 ha a   a Da h fg
y
y
y
a

 s Ds
  a Da
y
y

hs

Where D is diffusion coefficient, and



(2. 19)

is the moisture content and m is the mass flow rate.  s

and  s stand for the kinematic viscosity and density of solution respectively, which are decided
by the solution temperature and concentration. h is the convective heat transfer coefficient.

u is

the flow velocity. The subscriptsa, s, f stand for the air, solution and extra fluid, and in and out
mean the inlet and outlet characteristics.

Therefore, by combining the Eqs. (2.13 – 2.19), the government equations could be solved using
the finite-difference method. The differential elements for the numerical simulation are shown in
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Fig. 2.12. The interface between the last node in the desiccant side and the first node in the air
side was represented by an additional node. This interface node has no volume, but provides heat
and mass exchange between the air and desiccant. The number of nodes in the flow direction
varied according to the height of the channel.

The variable thickness of falling film along the flow direction due to the change of moisture
content of desiccant is considered in this model. To reduce the computational time, the change
in the airflow velocity profile was neglected as the changes in film thickness are small.

Fig. 2. 12 Schematic of grid with thickness change in the desiccant film

According to Mesquita’s investigation, the simulation results by this model with variable
thickness of falling film were closer to the experimental data (Kessling et al. 1998) than the
results from other theoretical models, especially for low desiccant flow rates.

2.4.3 Discussion

39

Although the above two models are widely used to predict the performance of internally cooled
dehumidification, both of them have limitations. The main reason is that the actual
dehumidification process among the air, desiccant and extra fluid is three-dimensional, and the
heat and mass transfer occurs in the direction of all three axis, as shown in Fig. 2.13. However,
both of the described models only consider two dimensions, and their assumptions may cause
large deviations between simulation and experimental results, which were observed in previous
researches. To show the properties and limitations of these models, the distribution of solution
temperature was simulated under the similar conditions, as shown in Fig. 2.14. The operation
conditions were also indicated in this figure.

Fig. 2. 13 Schematic of coordinate system of liquid desiccant system
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(a) By Ren’s model

(b) By Mesquita’s model
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Fig. 2. 14 Simulation results of desiccant temperature during the dehumidification process

For Ren’s model, the change of physical parameters in the x-y plane could be numerically
simulated. In Fig. 2.14(a), a simulation result of the desiccant temperature is showed as an
example. In this case, the liquid desiccant film is exchanging the heat and moisture with the
counter-flow air by direct contact, and also exchanging the thermal energy with the cross-flow
water by indirect contact. The wetting factor was set as 0.7. From the figure, the temperature of
liquid desiccant in most area increases a little along the flow direction due to the combined
impacts of latent heat of vapourization and the cool water. Besides, the solution temperature is
relatively low in the side part of water entering. The average outlet temperature of solution could
be calculated as 24.8℃. The limitations of this model could be summarized as:
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a) The heat and mass transfer inside the desiccant film and air in the thickness direction,
and it through the air/desiccant interface were ignored in this model;
b) Although the incomplete wetting condition is considered in this model, it assumed that a
part of every differential element was wetted by desiccant and the other part was dry,
which was different from the practical condition. Actually, several elements should be
totally wetted, and others are totally dry; So in Fig. 2.14 (a), the simulation results
showed the solution was covered uniformly on the working plate, which was different
from the practical condition;
c) The change of film thickness along the flow direction was ignored, which was proved to
have a significant impact on the calculation results (Mesquita, 2006);
d) The isothermal boundary condition between desiccant and air has to be accompanied by
a uniform concentration condition.

In terms of Mesquita’s model, we could predict the variation of different parameters inside the
desiccant film and air in y-z plane, and the change of film thickness along the flow direction was
also considered. As shown in Fig. 2. 14(b), the results of solution temperature were obtained
under the similar condition in Fig. 2.14(a). As shown in the figure, during the internally cooled
dehumidification, the average outlet temperature of desiccant decreased a little, which means that
the latent heat of vapourization could be carried out by the extra water. The solution temperature
near the surface was much lower, as the working surface was cooler than the desiccant. The
calculated average outlet temperature of solution was 25.3℃, which is different with the results
from Ren’s model. The main reason may be that in this model, the incomplete wetting condition
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in the dehumidification was ignored, and the film thickness was calculated by the design size of
dehumidifier, which may be different from the real wetted width of falling film. The limitations
of this model could be summarized as:

a) The incomplete wetting condition in the dehumidification was ignored;
b) The film thickness was calculated by the design size of dehumidifier rather than the
actual wetted area;
c) This model is not suitable for the cross-flow pattern of extra fluid or air, which means
that the change in the x-axis could not be calculated in this model.

In conclusion, there are several limitations in existing models, which cause a deviation between
simulation and experimental results. To predict the performance of liquid desiccant airconditioning systems more accurately, a 3-D model needs to be developed, which could describe
the heat and mass transfer in all three axis. Furthermore, the incomplete wetting condition, the
change of film thickness, and the variation of parameters in three directions should be
considered.

2.5 Investigation on wetted area of liquid desiccant system and other
applications

As mentioned before, the wetted area is an indispensable parameter in theoretical models, which
significantly influence the accuracy of simulation result. Without an acceptable value for the
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wetted area, the Lewis Number during the dehumidification/regeneration process could not be
obtained accurately, and the large deviations between previous simulations and experiment
results may be caused. However, in practical falling film liquid desiccant systems, the working
surface is usually found to be wetted very incompletely by the desiccant. Therefore, how to
determine the wetted area and mass transfer coefficient in a reasonable way attracts interests of
researchers all over the world.

Besides the liquid desiccant dehumidification or regeneration, the falling film of chemical
solution or water is also widely used in other applications, such as the vertical condenser,
absorption tower and evapourator. The system efficiency is reduced by the serious incomplete
wetting, and the wetted area also a key parameter. Many researchers worked on the prediction of
wetted area under different conditions experimentally and theoretically.

Researches of wetted area for liquid desiccant dehumidification/regeneration were reviewed, and
the investigation results on the wetted area in other applications were also summarized.

2.5.1 Researches of wetted area of liquid desiccant dehumidification/regeneration

The wetted area can be represented by the wetting factor, which is defined as the ratio between
the wetting area and total area. Howell et al. (1987) investigated a counter flow absorber built by
a falling film fin-tube exchanger. He found that the experimental data could be correlated with
the prediction by theoretical models only if a very small fraction of the exchanger surface was
supposed to be wetted by the desiccant solution. By comparing the simulation and experiment
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results, in 1994, Park et al. indicated that a large part of fin surface was not wetted in their
experiments. Kessling et al. (1998) developed and tested an internally cooled dehumidifier with a
parallel plate exchanger. They found that it is difficult to achieve adequate wetted surfaces,
button detailed analysis on the wetted area is discussed.

Then, Jain et al. (2000) experimentally studied a falling film tubular absorber and a falling film
plate regenerator of liquid desiccant. They found that the actual wetting factors were about 0.2 to
0.6 in a falling film dehumidifier and regenerator of liquid desiccant. Besides, the error of the
simulation with theoretical model was too large to be accepted, about 30-50%. Yin et al. (2007)
tested an internally cooled/heated dehumidifier/regenerator using plate–fin heat exchanger. The
wetting area of both dehumidification and regeneration was set at 0.7 based on the experimental
results. In their theoretical study, Pietruschka et al. (2006) modelled a liquid desiccant cooling
system, and indicted that there is no appropriate model to predict the wetting area, which
depends on the heat and mass transfer conditions. Liu et al. (2006, 2007) assumed the wetting
factor to be 0.8 in the simulations, but the changes of wetted factor under different conditions
were neglected.
2.5.2 Researches of wetted area of other applications

According to the investigations on vertical condenser and absorption tower, when the working
surface temperature is different with the liquid, the heat transfer would change the properties of
falling film (Goussis et al. 1987, Wilson et al. 2002). These variations lead to an uneven
distribution of surface tension upon the liquid-vapour interface, which could induce a fluid flow
in the transverse direction (Kabov, 2002). This effect, namely the Marangoni effect, could
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significantly influence the wetted area and flow dynamics, and the heat and mass transfer of the
falling film dehumidifier/regenerator as well.

Wasden et al. (1990), Yoshimura et al. (1996) and Park et al. (2004) investigated the caused film
deformation and contraction waves by the inherently instability experimentally. In 2002, Chang
and Demekhin summarized the properties of waves on the solution surface, and discussed the
theoretical models. However, most of these works only considered the Marangoni effect and film
deformation in the stream-wise direction, and the fluid instability in the transverse direction was
ignored. In 2001, Geng et al. experimentally found that the wetted width of falling film was
changed with the surface temperature, and water was used as the working fluid. Then, Zhang et
al. (2006) developed a model to predict the contraction distance of water film, and found that the
uneven distribution of surface tension in the transverse direction was much higher than that in
the stream-wise one.

Furthermore, the minimum wetting rate, which is related to the wetted area, has also been studied
by many researchers. With an experimental study of laminar liquid films on an inclined plate,
Moran et al. (1997) investigated the film thickness and wetting rate, and found that the previous
models showed under-prediction results. Then, by building several near-identical milk
evaporators, Broome et al. (2005) investigated the liquid distribution on the evapourator tube,
and developed a semi-empirical formula for minimum wetting rates. Based on their experimental
and theoretical investigations, Morison et al. (20061, 20062 and 20063) tested the influence of
distributor of industrial evapourator tubes, and improved the model for the wetting rate. In 2005,
Zhang et al. found that the size of the opening of water distributor could influence the wetted
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area greatly, but the detailed effect was not obtained. Besides, the studies of contact angle of
liquid on the working surface, which shows an impact on the wetted area, were also reviewed.
An equation was applied by Al-Farayedhi et al. (2002) for predicting the contact angle of liquid
desiccant. The studies of contact angle were summarized and discussed by Luo et al. (2007). But,
the results of current predictions can’t agree with the experimental results well.

In conclusion, the wetted area and wetting factor were previously assumed to be constants
without considering the influences of different operation parameters. Furthermore, the assumed
values by different researchers differ greatly. Therefore, it is necessary to investigate the
changing characteristics of wetted area, and to develop a model for accurately predicting the
wetting factor for falling film liquid desiccant system.

2.6 Investigation of mass transfer coefficient of dehumidification/regeneration

The mass transfer coefficient is a very important parameter during the internally cooled/heated
dehumidification/regeneration process. Without an effective calculation method of the
coefficient, the performance simulation and predication could not be conducted. Until now, the
mass transfer coefficient is usually obtained by empiric formulas, which were developed
according to the experiment results with the Eq. (2.20) or Reynold’s analogy.
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In this section, several common formulas of mass transfer coefficient are reviewed.

a) In Kessling’s (1998) research, the mass transfer coefficient in the dehumidifier has been
determined directly by experiment results. The operation conditions during their experiments
were listed in Table 2.1.

Table 2. 1 Summary of previous experiments
Type

Regeneration

Size (m2)

0.46× 0.98

Size of the

Solution flow

Air flow rate

Solution/air

channel (m3)

rate (g/s)

(g/s)

flow pattern

0.46×0.98

0.235

6.36-24.8

Counter-

×0.0055
Dehumidification 0.46× 0.98

flow

0.46×0.98

0.116-1.242

×0.0055

12.64

Counterflow

Results showed that the coefficient was in a range from 0.024-0.3 kg/m2·s. It was found that
when the air to solution mass ratio was smaller than 50, the coefficient decreased lineally with
the decrease of solution flow rate when the air flow rate was constant. But, the coefficient was
almost constant when the ratio was larger than 50. The mass transfer coefficient was also found
to be linear with the air velocity within the channel. This method for determining the mass
transfer coefficient is not practical because of without considering the influences of input
parameters.
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b) In Yin’s research (2007), an empirical formula has been gained according to the experiment
results, as shown in Eq. (2.21-22). The operation conditions during their experiments were listed
in Table 2.2.

Table 2. 2 Summary of previous experiments
Size (m2)

Type

Size of the

Solution flow

Air flow

Solution/air

channel (m3)

rate (g/s)

rate (g/s)

flow pattern

Regeneration

0.298×0.6

0.298×0.6×0.012

8.33-10

10.0-12.4

Counter-flow

Dehumidification

0.298×0.6

0.298×0.6×0.012

10.36

12.2

Counter-flow

In dehumidification:

Sh  4.513 103  k  Re1.56 Sc0.33
k  76.456Ts2.991

(2. 21)

Sh  4.676  k  Re1.55 Sc 0.33
In regeneration:

k  5.52Ts3.36

(2. 22)

The impacts of the air flow rate, solution temperature and size of the dehumidifier/regenerator
have been considered. However, other significant influencing parameters are not discussed in
these equations, such as the solution flow rate, air absolute humidity. Furthermore, as shown in
Eq. (2.21) and (2.22), the coefficient decreases dramatically with the increase of solution
temperature. It is inconsistent with the fact that higher solution temperature leads to higher
regeneration efficiency.
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c) In Liu’s simulation research (Liu et al. 2006, 2007), the Le was set to be equal to 1, which
means that the mass transfer coefficient is proportional to the heat transfer coefficient by the
following equation.

aD  aH / c p,m

(2. 23)

This method neglected the difference between heat and mass transfer, and the mass transfer
coefficient is the function of Re which is decided by the air flow rate.

d) In many studies, the mass transfer coefficient is obtained by the Reynold’s analogy. There are
two common approaches of the analogy, and the first one is:

aD  aH / (c p,m  Le2/3 ), where Le  Sc / Pra

(2. 24)

The second one is:

2/3

k 
a D  a H / (c p , m   a  )
 Da 
where ka

(2. 25)

is the heat conduction coefficient of air.

In this method, the mass transfer coefficient is mainly determined by the air flow rate and air
temperature. The influences of solution flow rate, solution temperature, air humidity and other
parameters are ignored.
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Therefore, in current researches, at least five kinds of semi-empirical formulas were used to
estimate the mass transfer coefficient during the liquid desiccant dehumidification/regeneration
process. To compare these formulas, with the operation conditions indicated in the literature (Yin
et al. 2008), the coefficient with different formulas was calculated. As shown in Table 2.3, the
results varied greatly under the same conditions. Results of Eq. (2.23-25) are similar, as the mass
transfer coefficient is a function of heat transfer coefficient in all these formulas all. However,
large deviations were found among other equations. The result from Kessling’s was even about
10 times larger than that of Eq. (2.25).

Table 2. 3 Summary of mass transfer coefficient by different formulas
Operation Conditions

Mass transfer coefficient of different formulas
(×10-2 kg/m2·s)
Kessling’s

Dehumidification

ms  10 g / s, ma  10 g / s

Eq.

Eq.

Eq.

Eq.

(2.21-22)

(2.23)

(2.24)

(2.25)

7.6

5.1

0.91

1.02

1.04

8.8

2.8

0.92

1.04

1.06

ts ,in  25.3C , ta ,out  30.3C
Regeneration

ms  10 g / s, ma  10 g / s
ts ,in  74.3C , ta ,out  34.1C

It is very hard for researchers or engineers to choose a suitable formula to evaluate the
performance of liquid desiccant dehumidifier/regenerator. The mean reason of the differences, in
my opinion, is lack of the effective value of wetted area during the heat and mass transfer
process. Therefore, developing a new method of calculating the mass transfer coefficient, which
could take all significant input parameters into account and give acceptable results in different
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operation conditions, is of great importance. The wetted area has to be determined firstly, and
then an acceptable mass transfer coefficient could be gained experimentally and theoretically.

2.7 Dynamic operation performance of SLDAC

In traditional vapour compression air-conditioning system, the air has to be cooled below the
dew point to remove the moisture and then reheated to a comfortable temperature. The low
evapourating temperature of the chiller caused poor COP value and high energy consumption of
the system. Due to the higher cooling and dehumidification load, these problems would be more
serious for buildings in warm or hot and moist districts. However, if the liquid desiccant system
could be integrated with the cooling system, the problem may be avoided. By employing the
solar energy, the SLDAC system is considered as a good alternative for energy saving and indoor
air quality improvement. Therefore, to evaluate the energy consumption and economic efficiency
of the whole system, the simulation of dynamic operation performance under different load
profiles and operation conditions is necessary.

The whole system includes the liquid desiccant system, solar thermal system, cooling/heating
system, energy storage system and auxiliary thermal system. Each sub-system has many energy
consuming components, such as fans, pumps, chillers, and so on. In the liquid desiccant system,
the dehumidifier and regenerator are the most critical components. Due to a large number of
variables involved in theoretical heat and mass transfer models, the simulation method is
complex and usually requires thousands of iterative calculations, which is inconvenient for
52

researchers and engineers, especially those investigating the dynamic operation performance of
the system. Therefore, the quick prediction model for liquid desiccant systems should be
developed. Furthermore, many researchers are devoted themselves to optimizing the cooperation
of sub-systems for a higher COP and a lower initial cost of the SLDAC system.

Most building in Hong Kong are air-conditioned with high energy use, and the SLDAC should
be suitable. The building in Hong Kong is chosen as a case study to investigate the operation
performance and system optimization of SLDAC system under real weather conditions.
Understanding the characteristics of the AC load profile of buildings in Hong Kong is a basis and
significant part.

In this section, firstly, the studies of the AC load profiles of buildings in Hong Kong and the
responses to the climate change were reviewed, and the quick prediction model for liquid
desiccant systems as well. The related researches of dynamic operation performance of the whole
SLDAC were also summarized and analysed.

2.7.1 Load profiles of buildings in Hong Kong

To evaluate the performance of the LDAC system, understanding the characteristics of the AC
load profile of buildings in Hong Kong is significant. The climate change is also a vital reason
for the increasing energy consumption in Hong Kong. The increasing consumption of electricity
for air-conditioning leads to large greenhouse gas emissions and in turn exacerbates the climate
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change. Therefore, it is also important to analyse how the AC load in these buildings responds to
the local climate change.

The load profile of commercial buildings in Hong Kong has been investigated by local
researchers. By survey, Yu and Chow (2001) derived the annual chiller-loads of 20 commercial
office buildings. Deng (2003) analysed the total electrical load in existing hotels. Since Hong
Kong has introduced several building energy codes in recent years, simulations have been proved
as a reliable method for analysing the thermal processes and energy consumptions in buildings.
Yik et al. (2001) calculated the cooling load profiles of a typical room. Zhang et al. (2001)
simulated the ventilation load in buildings, and found that the dehumidification load took a
significant position. Bojić et al. (2005) simulated the space cooling load for high-rise residential
buildings. Lam et al. (2010) investigated the relationship among the cooling load, heating load
and total load by simulation.

Furthermore, the climate change impact on AC load has been investigated only in recent years.
Lam et al. (2010) developed a simple model to predict the AC electricity use for commercial
sectors based on local meteorological data, and also investigated the trends of heat and cold
stresses, which means the human discomfort, under the local subtropical climates in the same
year. Wan et al. (2010) conducted energy simulations for air-conditioned office buildings in five
cities including Hong Kong, and predicted the trends of buildings’ total load to 2100. They
estimated the impact of climate change on total energy use in office buildings and analysed the
potentials of different measures in 2011. Most researches of local UHI focus on the generation
and the effect on external micro urban temperature. Memon et al. (2009) found that an UHI can
54

well reflect urban heating during night-time and early morning and evaluated the reliability. In
2010, this group investigated the impact of the important environmental variables on urban
heating in Hong Kong from 1990 to 2005.

Most previous studies investigated the total or part of AC load in buildings, and there is little
research on comprehensive load profile analysis of different types of commercial buildings in
Hong Kong. Furthermore, the research on the response of the local AC load to the climate
change is limited.

2.7.2 Quick prediction model for liquid desiccant systems

Previous studies investigated the quick prediction model for liquid desiccant systems, and most
focused on the adiabatic ones. For dehumidifiers, a correlation, developed by Chung and Luo
(1994) based on their experimental works, is widely accepted to determine the outlet air moisture
content and moisture removal rate. In 2004, Abdul-Wahab et al. improved the correlation with
the experiment data of different structured packing densities. In the same year, Gandhidasan et
al. (2004) developed a prediction model to obtain the packed dehumidification performance, by
introducing dimensionless vapour pressure and temperature difference ratios. In their research,
the ratios were assumed to be constants, and the influences of design variables and operation
conditions were ignored. In terms of regenerators, investigation of packed bed regenerators using
heated air was carried out by Gandhidasan (1990). In a later study, Gandhidasan (2005)
presented a simplified model in which the desiccant could be heated by heating fluid or
electricity, but where the ratios were assumed as constants. These assumptions caused the results
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of system performance independent with the omitted inlet parameters, which disagreed with the
theoretical models, and limited the model’s applicability.

However, due to the complex configuration, research on ICHLD systems is limited compared to
those on adiabatic ones. The impact of flow patterns in internally cooled dehumidifiers was
investigated by Liu et al. (2009), and it was discovered that the performance of different patterns
was similar within a difference of 5%. There is even less research on the internally heated
regenerators. In their experiments, Yin et al. (2008, 2010) found that the internally heated
regenerator has higher effectiveness, and investigated the effect of several inlet variables of
different fluids. In 2012, Gao et al. experimentally analysed the moisture removal rate in a
regenerator using evapourative condenser, and derived an empirical formula with regressions.
But, only few influencing parameters were tested and included in this formula.

According to the literature review, until now, there is no direct way to obtain the outlet
parameters, and the heat and mass transfer performance of dehumidifiers and regenerators in
LDAC systems, especially for internally cooled/heated systems. Most previous prediction
correlations could only predict the outlet moisture content of air and solution rather than the
whole outlet parameters. Furthermore, these correlations would only be valid in the specific
system due to the missing of influences of several variables such as design variables and inlet
parameters of air. Because of these limitations, it is necessary to find a quick and accurate way to
calculate the outlet characteristics and to predict the system performance of LDAC system,
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through which the influences of all design variables and operation parameters should be
considered.

2.7.3 Dynamic operation performance of SLDAC

Researchers had investigated the dynamic operation performance of SLDAC has numerically
and experimentally. In 1995, Lowenstein et al. presented the summer performance of a liquid
desiccant system, and indicated that 52% of building’s cooling demand could be met by the
system. Khalid Ahmed et al. (1997) studied a hybrid vapour absorption combined with the liquid
desiccant system. The COP of this system is about 50% higher than that of a traditional
absorption system. Rane et al. (2002) simulated a combined system with the liquid desiccant
system and compression chiller, and found that COP increased by 45% compared to a
conventional system. In 2003, Chen et al. analysed the summer performance of a multi-stage
liquid desiccant system driven by hot water under the climate of Beijing with the average COP of
1.1. Liu et al. (2006) established a liquid desiccant system process by recovering energy from the
exhaust air. They adopted the electrical and thermal COP to evaluate the system performance,
and found that the primary energy consumption and operating cost of liquid desiccant system are
78% and 75% of the conventional system in summer.

For the applications in Hong Kong and other similar hot areas, Li et al. (2007) investigated a
SLDAC with the solar C/R, and found that under the Hong Kong’s weather conditions, the
energy consumption of the system was 25–50% less than the conventional system. Alizadeh et
al. (2007) tested a SLDAC in the tropical climate, and the overall electrical COP was
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approximately six. In 2008, Katejanekarn and Kumar simulated the operation performance of a
solar-regenerated liquid desiccant ventilation system. The results indicated that the solar
radiation, ventilation rate, and desiccant solution concentration play significant roles. Then, they
installed and operated a real system for a period of nine months in a hot and humid climate
(Thailand) in 2009, and found that the system could reduce the humidity level by about 11% RH
when the temperature was kept same with the ambient air. In 2011, Judah et al. investigated the
feasibility of using a solar-powered liquid desiccant system to dehumidify the supply air and
produce fresh water under the humid climate. After optimizing the heat sink temperature and
regeneration temperature, the monthly energy cost of the novel system was predicted to be about
1/3 of the conventional system.

In conclusion, until now, researchers mainly investigated the operation performance of the
packed-bed or solar collector/regenerator liquid desiccant system, but the research on dynamic
performance and influencing parameters of the solar-assisted internally cooled/heated system is
limited. The research on optimizing operation parameters to improve the efficiency or reduce the
system cost under hot climate district, such as Hong Kong, is also limited.

2.8 Limitations in the past studies

This chapter presents a comprehensive literature review on the mechanism and application of
liquid desiccant system, especially the regeneration system. The researches of load profiles of
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Hong Kong were also summarized. The existing models of dehumidification/regeneration have
many limitations, and hardly predict the wetted area and mass transfer coefficient accurately. In
summary, we have the following observations:

a) The existing two-dimensional theoretical models cannot describe the actual threedimensional heat and mass transfer of dehumidification/regeneration process among the
air, desiccant and extra fluid. Furthermore, the assumptions, such as the use of wetting
factor, also cause some problems.

b) The wetted area of liquid desiccant, as a key factor affecting the system performance, is
usually determined by simple assumptions without considering the influences of
different operation parameters. Furthermore, the assumed values by different researchers
vary greatly, which cause a large deviation between simulation and experimental results.

c) The results of different existing formulas of mass transfer coefficient vary greatly under
same conditions. It is hardly to find a suitable formula to evaluate the performance of
liquid desiccant dehumidifier/regenerator.

d) The research on the operation characteristics and energy consumption of the whole
SLDAC system is limited, especially in the warm and humid districts such as Hong
Kong.
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2.9 Methodology

Based on the literature review in Chapter 2, the wetted area and mass transfer coefficient are key
parameters affecting the performance evaluation and simulation of LDAC. By building and
testing a single channel internally heated regenerator, the influencing factors of wetted area and
system performance under different conditions are investigated, as well as the change of mass
transfer coefficient with the actual wetted area. Details of the experimental method can be found
in Chapter 3 and 5. Based on the experimental results, a theoretical model with an analytical
solution is developed for accurately calculating the wetted area of internally heated regeneration,
as given in Chapter 4. Additionally, an empiric formula of the mass transfer coefficient during
the regeneration process is developed in Chapter 5.

Based on these studies, in Chapter 6, a 3-D model with a numerical solution of internally heated
regenerator is developed and verified, for describing the heat and mass transfer among the air,
solution and extra hot water in all three directions. The insufficient wetting and change of film
thickness due to the mass transfer and film deformation were taken into account. With the new
model, a parameter study has been done numerically to show the effect of inlet parameters on the
moisture removal rate and regeneration efficiency.

As the 3-D model is inconvenient for investigating the dynamic operation performance, a
simplified numerical model of internally cooled/heated dehumidifier/regenerator is developed,
by defining three kinds of effectiveness, i.e. enthalpy effectiveness, moisture effectiveness, and
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temperature effectiveness. The statistical correlations of effectiveness are developed with the
multi linear regression. With the simplified model, a dynamic simulation of the whole SLDAC
system, including solar thermal system, liquid desiccant regenerator/dehumidifier, cooling
system, energy storage system and auxiliary heating system, is conducted. Detail of the
simplified prediction model and dynamic simulation method can be found in Chapter 7.

To evaluate the operation performance and energy potential of the system, with the AC load
profiles of three typical commercial buildings and weather data of Hong Kong as a case study,
the annual energy consumption and system performance is simulated and compared with
conventional systems, as indicated in Chapter 8. Several optimization configurations are also
proposed to improve the system performance and save the energy.

A flow chart summarizing the methodology is shown in Fig. 2.15.
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Fig. 2. 15 A flow chart of the methodology for experimental, theoretical and numerical studies
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CHAPTER 3
EXPERIMENT INVESTIGATION ON WETTED AREA
OF LIQUID DESICCANT REGENERATION

3.1 Introduction

The wetted area is found to be a key parameter for investigating the mass transfer
efficiency and operation performance of falling film liquid desiccant system. Without
an acceptable value of the area, the performance could not be evaluated and simulated
accurately. However, the previous investigations on the wetted area were very
insufficient. Therefore, it is necessary to investigate the changing characteristics of
wetted area and system performance under different operation conditions
experimentally for the falling film liquid desiccant system. As most energy is
consumed in the regeneration process, this research focused on the heat and mass
transfer in the regenerator.

Referring to the literature review in the chapter 2, many researchers have done the
experiments for the same purpose, such as Howell et al. (1987), Park et al. (1994),

Kessling et al. (1998), Jain et al. (2000), Yin et al. (2007) for the internally
cooled/heated dehumidifier/regenerator, and Geng et al. (2001), Zhang et al. (2005,
2006) for the water flow. However, previously, the wetted area was usually assumed
to be constant without considering the influences of operation parameters.
Furthermore, the assumed values by different researchers differ greatly. To fill those
gaps in the aforementioned experimental studies, following aspects will be
investigated in this experiment:

(1) By building and testing a single channel internally heated regenerator, the effects
of influencing factors on the wetted area and film thickness of falling film liquid
desiccant system were investigated experimentally, as well as the mass transfer
performance. The factors included the thickness of solution distributor, solution
mass flow rate, solution concentration, solution temperature, plate surface
temperature and the pre-wetting of working surface;
(2) The detailed influencing factors affecting the contact angle, which was found to
play a significant role in the wetted area of falling film, were experimentally
investigated, including the concentration and temperature of desiccant, and the
roughness of the surface.

3.2 Description of experimental bench

As mentioned earlier, most energy consumed in practical applications is for reconcentrating the liquid desiccant. Therefore, in our experiments, the regeneration
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process was conducted and analysed. To investigate the influences of different
operation parameters, a single channel experimental setup was fabricated. The
experimental rig was designed to allow the liquid desiccant film to flow down along
the vertical test surface by gravity, exchanging the moisture and heat with the counterflow air by direct contact and exchanging heat with the cross-flow water by indirect
contact simultaneously. The desiccant solution was distributed on the working surface
through the solution distributor. The lithium chloride (LiCl) aqueous solution was
used as the desiccant.

As shown in Fig. 3. 1, the working surface, with the area of 750×650 mm (length ×
width), was made of the polished stainless steel (Type 316) with a thickness of 1.2
mm. The average profile roughness parameter of the working surface was 608 nm.
The directions of x, y and z axis were also indicated.

Fig. 3. 1 Schematic of working surface and coordinate system
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The setup consists of a solution distribution system, an air handling system and a
water handling system, as shown in Fig. 3. 2. The solution system consists of two
solution tanks, a solution pump, a solution valve and an anti-corrosion electricity
heater. To prevent the corrosion, the PVC tubes and plastic pumps were applied to
transport the desiccant. The two tanks, i.e., the inlet tank and outlet one, could avoid
the change of inlet temperature and concentration of desiccant solution. The air
handling system includes a filter, a heater, two sampling devices, a main fan and a
wind damper. To avoid the uneven distribution in the wind tunnel, the air from 5
points at the same cross section was mixed in the sampling device, which included a
sampling duct, an extra fan and a mixing box, and was measured inside the box. The
process air was driven in a counter-flow direction of the desiccant, with the main fan
on the top of the bench. The flow rate of the air was adjusted by the wind damper
under the fan.

The supply water was pumped to circulate in copper pipes inside the double plates in
cross current to an upward air flow and a downward solution flow. As the cross-flow
pattern of water could save the pump energy consumption and simplify the system
composition, it is commly used in industrial applications. Besides, according to Liu’s
research (Liu et al. 2009), by comparing with different flow patterns of water, the
difference of performance of liquid desiccant system was slight, which is less than
5%. So, in our experimental research, the cross-flow pattern of water was employed.
The water temperature was increased by the electricity heater, and a blender was used
to fully mix the water in the tank. The air channel upon the working surface, with an
adjustable width from 3 cm to 10 cm, was made of 5 mm transparent material. The
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outer sides of working surface, wind tunnels and water/solution pipes were all well
insulated by the 20 mm neoprene foam to reduce the heat loss. Besides, In order to
obtain the steady-going air state, the experimental setup was placed in a
psychrometric room with stable air temperature and relative humidity.

Fig. 3. 2 Experimental design of the single channel liquid desiccant regenerator
To find out the influence of solution distributor, as shown in Fig. 3.3, a package of
distributors with different slit thicknesses was made, with the same material to the
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working surface. In this thesis, the thickness of solution distributer indicated the width
of open slit of the distributer.

Fig. 3. 3 Geometry of solution distributor

According to the common working conditions of internally heated regeneration, the
initial inlet values of operation parameters in our experiments were selected, as listed
in Table 3.1. The changing ranges were also given. During the experiments, by
changing one parameter and keeping other parameters as constants with initial values,
the film size, surface temperature and inlet/outlet parameters under different operation
conditions could be obtained. All measurements were conducted after the states of air,
desiccant and water were approaching steadily.

Table 3. 1 Summary of the measured parameters
Parameters

Symbols

Range

Initial value

Inlet mass flow rate of solution (kg/s)

ms,in

0.02-0.2

0.035

Inlet temperature of solution (℃)

ts,in

25-60

45

Inlet concentration of solution (%)

 s ,in

25-35

28

Thickness of solution distributor (10-3 m)

 max

1.0-2.0

1.0

Mass flow rate of air (kg/s)

ma

0.05-2.50

1
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Inlet temperature of air (℃)

ta,in

20-40

25

Inlet moisture content of air

a ,in

5-15

9.87

(g/kg dry air)

(RH: 50%)

Thickness of air channel (10-3 m)

a

10-100

50

Inlet flow rate of hot water (kg/s)

mf,in

0.05-0.2

0.13

Inlet temperature of hot water (℃)

tf,in

25-60
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To investigate the influence of different operation parameters on the wetted area and
system performance, the experiment was conducted following the listed steps:

a) The fan was started to make the process air with the set temperature and RH
flow through the wind tunnel;
b) The water pump was started to make the hot water flow through the hot water
tubes with a given mass flow rate and temperature;
c) The data was observed when the steady states of the air and surface
temperatures were reached;
d) The plate surface temperature was measured with the thermal image camera;
e) The solution pump was started to make the solution flow down the working
surface with a given mass flow rate and temperature;
f) The data was observed when the steady states of air and solution were
reached;
g) The wetted area and surface temperature of the solution were measured with
the thermal image camera, and the inlet/outlet parameters of all fluids were
recorded;
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h) One of the parameters, i.e. solution temperature or concentration, was
changed and steps a) to g) were repeated.

The steady state condition was obtained if the maximum deviations of the following
variables were within the given limits: air temperature ±0.2℃, air flow rate ±5%,
solution temperature ±0.2 ℃, and water temperature ±0.1 ℃.

Choosing the regeneration process as our experiment type also has other advantages.
The changing ranges of inlet temperature of water, solution and process air of
regenerators are larger compared to those of dehumidifiers, and more operation
conditions could be provided. For example, as extra heat source is applied in the
regeneration, the solution temperature was changed from 25 to 60℃ during our
experiments, while the changing range is usually set as 20-30℃ for the
dehumidification (Yin, 2008).

3.3 Measurement of variables

The tested parameters include the inlet and outlet temperatures of all fluids, flow rates
of all fluids, air humidity, solution concentration, contact angle between solution and
working surface and the surface roughness. The thermal image of the working area
was recorded by the highly sensitive Thermal Camera Imager, to obtain the film size
and surface temperature of working plate and solution. The maximum error of the
surface temperature was 0.1℃. According to the difference of temperature and
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reflectivity between the dry and wet areas, the image was firstly processed with the
supporting software InsideIR to identify the film area, and then resized and pixelated
with the Photoshop. Afterwards, with the software AutoCAD, the film width and area
could be measured. Considering the width of an individual pixel in the image and the
minimum observed values during our experiment, the maximum relative errors of the
film size and wetted area were 0.7% and 1.1%, respectively.

Several Pt-RTDs were used to obtain the inlet and outlet temperatures of solution,
water and air, with the accuracy of 0.1℃. A specific gravity hydrometer, with the
accuracy of 1 kg/m3, was applied to obtain the density of solution for determining the
solution concentration with the temperature. The calculated error for the solution
concentration is about 0.147 %. The flow rates of solution and water were measured
by the turbine flow-meter, with the maximum error of about 1.6 L/h. The humidity of
air was calculated with the data recorded by the dry and wet-bulb thermometer inside
the box. The maximum error for temperature was 0.1℃ and the error for the absolute
humidity was about 0.16 g/kg. To improve the accuracy of the measured humidity, the
flow velocity around the thermometer should be higher than 2.5 m/s. The temperature
and flow rate of all fluids could be adjusted to the pre-set values with the PID
controllers. The data of operation parameters were recorded automatically by data
logger once per second.

The contact angle of desiccant, which is measured through the liquid when a
solution/air interface meets a solid surface, was recorded by the contact angle
goniometer with an accuracy of 0.05°. To measure the angle, a solution droplet was
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automatically dripped on the test plane and stayed for about 30-60 seconds to
approach the stable condition. Then the angle was recorded by the goniometer. To
improve the experimental accuracy, every test with different parameters was repeated
4-5 times to obtain the average contact angle. The roughness of working plate was
recorded by the Veeko laser optical interferometer, with an accuracy of 0.01 nm. All
the data were recorded by a data acquisition system, namely the Agilent 34970A. The
figures of the thermal camera imager, the interface of image analysis software, the
contact angle goniometer, the laser optical interferometer and the PID controllers
were shown in Fig. 3. 4.

(a) Photo of Thermal Camera Imager

(b) Interface of image analysis software

(c) Photo of Contact Angle Goniometer

(d) Photo of PID controllers
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(e) Photo of Laser optical interferometer
Fig. 3. 4 Figures of (a) Thermal camera imager; (b) Interface of image analysis
software; (c) Contact angle goniometer; (d) PID controllers and (e) Laser optical
interferometer

Several measurement images were shown in Fig. 3. 5, including the thermal image
during the regeneration process, the image of contact angle and the image of surface
roughness.

(a)

(b)
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(c)
Fig. 3. 5 Examples of measurement image: (a) Thermal image during the regeneration
process; (b) Contact angle and (c) Surface roughness

With the following equation, the maximum relative error of individual parameter
could be calculated.

ei ,max (%) 

Ei
Pmin

(3. 1)

where Ei means the measurement error of individual device, such as the RTD and
flow meter. Pmin is the minimum value of the measured parameter, where the
maximum relative error occurs.

Knowing the changing range and error of different measurement devices, the
maximum relative errors of measurement could be calculated, which was summarized
in Table 3.2. To reduce the random error, the result employed in our analysis was
obtained with the average of the measured data of 1 minute.
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Table 3. 2 Summary of the max measurement error
Parameters

Symbols

Max measurement error (%)

Mass flow rate of solution (kg/s)

ms

2.7

Temperature of solution (℃)

ts

0.4

Concentration of solution (%)

s

0.6

Density of solution (kg/m3)

s

0.09

Contact angle of solution (°)



0.1

Thickness of solution distributor (10-3 m)

 max

2.0

Mass flow rate of air (kg/s)

ma

1.1

Temperature of air (℃)

ta

0.5

Moisture content of air (g/kg dry air)

a

1.7

Thickness of air channel (10-3 m)

a

0.2

Flow rate of hot water (kg/s)

mf

0.9

Temperature of hot water (℃)

tf

0.4

The mass transfer performance of the experiments could be represented as the
moisture removal rate, as shown in Eq. (3.2). By combining the error of individual
parameter, its accumulated measurement error could be calculated to be 2.44%.

mremoval  ma (a ,out  a ,in )

(3. 2)

where  is the moisture content and m is the mass flow rate. The subscripts, a stand
for the air, and in and out mean the inlet and outlet characteristics.

With the film wetted width observed during the experiments, the film thickness could
be calculated with the following equation, by assuming the constant thickness in the
x-axis:
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s  (

3ms s 1/3
)
Ws ( y )  s2 g

(3. 3)

where Ws stands for the width of solution film, which changed along the flow
direction due to the film contraction. Additionally, the accumulated measurement
error of the calculated film thickness was derived to be 0.62%.

The dimensionless hydraulic radius of solution falling film, which is defined as the
ratio between the half of wetted width and the initial film width, could be calculated
with Eq. (3.4). It should be noticed that Rw is different along the flow direction.

Rw 

Wi  x
2Wi

(3. 4)

where x is the contraction distance during the falling film process.

During our experiments, it was found that the air flow showed a small impact on the
wetted area or film thickness of solution. Compared to the desiccant, the effect of hot
water flow rate was also minor. The results of unimportant parameters were not listed
and discussed.

3.4 Results

Before investigating the influences factors of the wetted area, the mass and energy
balance of the measured data should be checked firstly, to verify the test procedure.
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As shown in Eq. (3.5) and (3.6), in ideal internally heated liquid desiccant systems,
the moisture added to the process air ( m1 ) should be equal to that removed from the
solution ( m2 ), and the change of energy in solution and air ( e1 ) should be equal to the
change in the hot water ( e2 ).

m1  ma (a ,out  a ,in )
m2  ms ,in s ,in (

1

 s ,in



1

 s ,out

(3. 5)

)

e1  (ms ,in hs.in  ms ,out hs.out )  (ma ha.in  ma ha.out )
e2  m f t f ,in  m f t f ,out

(3. 6)

where h stands for the enthalpy, and m is the mass flow rate.  s is the concentration
of solution. t means the temperature. The subscripts a, s, f stand for the air, solution
and extra fluid.

In our experiments, the average deviation between
5.38%, and that between

e1

and

m1 and m2 was found to be

e2 was 8.78%, which were acceptable. So, the

measured data were acceptable for the further analysis. The errors were mainly caused
by the systematic error and statistical error from multiple sensors and multiple
readings.

3.4.1 Influences of solution distributor, mass flow rate and concentration
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To investigate the influence of solution distributor, mass flow rate and concentration
on the wetted area, the five experiment groups with variables operation parameters
were conducted, as listed in Table 3.3. Each group had eight tests with different mass
flow rates, so the effect of solution flow rate could be observed and analyzed. As the
solution mass flow rate affected the wetted area and system performance significantly,
to make the result more convincingly, its influences were tested under different
operation conditions. Then, by comparing the results from G.1 and G.3, and the
results from G.2 and G.4, the impacts of solution distributor thickness,  max , could be
investigated. Furthermore, the effect of solution concentration were studied with the
experiment G.1 (  in =25.3℃), G.2 (  in =28.2℃) and G.5 (  in =37.1℃).
Furthermore, as a reference, the outlet parameters were listed in Table 3.4. These tests
were selected for the similar mass flow rate or temperature of desiccant.

Table 3. 3 Experimental conditions of internally heated regeneration
Group

 max

No.

(mm)

1

1.0

ms (kg/s)

tw,in

(%)

(℃)

mw,in
(kg/s)

45.1

25.3

55.4

0.131

24.1

9.34

44.8

28.2

55.4

0.132

23.8

9.26

45.2

25.2

55.5

0.130

23.7

9.20

44.7

28.0

55.3

0.125

23.7

9.47

(℃)
0.025, 0.054, 0.069

a ,in

 in

t s ,in

ta ,in
(℃)

(g/kg)

0.096, 0.097, 0.123
0.139, 0.158
2

1.0

0.025, 0.056, 0.088
0.105, 0.126, 0.118
0.146, 0.161

3

1.25

0.029, 0.051, 0.065
0.084, 0.099, 0.103
0.119, 0.131

4

1.25

0.023, 0.044, 0.050
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0.066, 0.092, 0.112
0.127, 0.147
5

1.0

0.037, 0.079, 0.091

45.2

37.1

54.9

0.126

24.1

9.50

0.113, 0.117, 0.120
0.144, 0.150

Table 3. 4 Outlet parameters (selected) of internally heated regeneration
ts ,out (℃)

 out (%)

tw,out (℃)

ta ,out (℃)

a ,out (g/kg)

1-2

41.0

25.8

53.4

25.4

13.3

2-2

41.6

28.6

53.0

26.4

12.4

3-2

41.3

25.6

53.1

25.9

13.2

4-3

42.1

28.4

52.4

25.4

12.3

No. (Group No.-Test
No.)

As shown in Fig. 3.6, due to the larger thickness of solution distributor in groups 3
and 4, the wetted area decreased significantly compared to those in groups 1 and 2.
By comparing with the groups with similar solution concentration, the wetted areas in
G. 1 were about twice of those in G. 3, and G. 1’s moisture removal rates were much
higher than those of G. 3 by about four times. The comparison between groups 2 and
4 showed the similar trend. Under the same operation condition, the removal rate was
found to be approximately proportional to the square of wetted area, which means the
increase of wetted area would lead to an obvious increase of mass transfer efficiency.
Furthermore, both the wetted area and moisture removal rate increased with the
solution mass flow rate. Although the increase of solution concentration seriously
weakened the mass transfer between air and solution, its impact on the wetted area is
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insignificant. Therefore, increasing the wetted area is an effective method to increase
the performance of falling film liquid desiccant system.

0.3
G.1
G.3

3

G.2
G.4

G.1
G.3

0.25

Wetted area (m2)

Moisture removal rate (g/s)

3.5

2.5
2

1.5
1

G.2
G.4

0.2
0.15
0.1
0.05

0.5

0

0
0

0

0.05
0.1
0.15
0.2
Solution mass flow rate (kg/s)

0.05
0.1
0.15
0.2
Solution mass flow rate (kg/s)

(a)

(b)

Fig. 3. 6 Changing of system performance with solution mass flow rate (a) Moisture
removal rate and (b) Wetted area

The initial film width, Wi , which means the width of falling film at the top of the
working surface, is an important factor on solution wetted area. The changing trend of

Wi with several influencing parameters could be found in Fig. 3.7. From Fig. 3.7 (a),
when the thickness of solution distributer reduced from 1.25 to 1.0 mm, the film
thickness reduced and the initial width increased significantly about 1.5 to 3 times.
The width was also found to increase almost proportional to the solution mass flow
rate under the similar solution mass flow rate, which would significantly increase the
wetted area. As demonstrated in Fig. 3.7 (b), with the increase of solution
concentration, Wi increased slightly. The shrinkage of the falling film along the flow
direction was also observed in our experiments.
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0.6

G.2

0.7

G.4

0.4

0.5
Wi (m)

Wi (m)

0.5

0.6

0.3
0.2

G.1

G.2

G.5

0.4
0.3
0.2

0.1

0.1

0

0
0

0.05
0.1
0.15
Solution mass flow rate (kg/s)

0

0.05
0.1
0.15
Solution mass flow rate (kg/s)

(a)

(b)

Fig. 3. 7 Influencing factors of initial width of falling film (a) Changes with solution
mass flow rate and distributor thickness and (b) Changes with solution concentration

As found in our experiments, the typical flow shape of solution falling film was a
symmetrical tongue type, in which the central surface temperature is higher than that
of the edge part. With the film wetted width observed during the experiments, the film
thickness could be calculated with the following equation, by assuming the constant
thickness in the x-axis (Mesquita, 2006):

s  (

3ms s 1/3
)
Ws ( y )  s2 g

(3. 7)

As shown in Fig. 3.8, the average film thicknesses recorded in five experiment groups
were found to be about two thirds of the thickness of solution distributor,

 max , with

an acceptable average error of 9.74%. Besides, the solution temperature,
concentration and mass flow rate show little impact on the average film thickness.
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Average film thickness (mm)

0.85

G.1

G.2

G.3

G.4

G.5

0.75
0.63 mm
0.65
0.55
0.47 mm
0.45
0.35
0

0.05

0.1
Mass flow rate (kg/s)

0.15

0.2

Fig. 3. 8 Average film thicknesses of experiment groups 1-5

3.4.2 Influence of plate surface temperature

Although the parameters of air and extra hot water show a relatively small impact on
the wetted area, they could influence the temperature of the plate working surface. As
the working surface is usually wetted by the desiccant incompletely, in this study, the
plate surface temperature was defined as the surface temperature of dry area, which
could

impact

the

heat

and

mass

transfer

during

the

whole

dehumidification/regeneration process. In practical applications, we found that the
plate surface temperature was usually lower than the solution temperature, due to the
air and surrounding temperature was commonly much lower (Air temperature: 2030℃, Solution temperature: 50-60℃). Therefore, in our experiments, the effects of
different plate surface temperature were investigated. To make the analysis more
complete, the tested changing range of surface temperature should be large enough,
which means the temperatures in several tests were larger than the solution
temperature and the others were smaller.
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To investigate the influence of plate surface temperature, the experiments with
various operation parameters were conducted, as listed in Table 3.4. The experiments
could be divided into three groups, and each group had nine tests with different
surface temperatures. The surface temperature used in our analysis is the average
temperature of the whole plate before the desiccant flowing down, which was
assumed to be equal to the surface temperature of dry area during the regeneration
process. The thickness of the solution distributor was chosen as 1 mm.

Table 3. 5 Experimental conditions of internally heated regeneration
Group
No.

ms ,in
(kg/s)

t s ,in

 in

(℃)

(%)

t p (℃)

mw

ta ,in

(kg/s)

(℃)

a ,in
(g/kg)

0.131

24.1

9.34

0.129

23.8

9.26

0.130

23.7

9.20

29.1, 31.8, 33.4
6

0.034

46.6

30.0

36.3, 38.0, 38.9
41.1, 46.4, 48.8
29.5, 30.8, 34.0

7

0.054

46.4

30.0

36.3, 39.0,40.8
44.0, 47.5, 50.1
26.6, 29.0,31.5

8

0.062

46.1

29.5

36.5, 39.0, 31.9
45.5, 47.3, 49.4

As shown in Fig. 3.9 (a), with the increase of plate surface temperature, the moisture
removal rate of desiccant solution increased significantly, which means that the
surface temperature plays an important role in the heat and mass transfer during the
regeneration process. From Fig. 3.9 (b), it could be found that the wetted area of
falling film was also significantly increased. When the plate surface temperature
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increased from 29.1 to 46.4℃, the wetted area of G.6 increased about 1.5 times, with
a growth rate of 2.17×10-3 m2/℃. The trends of G.7 and G.8 were similar, while the
improvement of wetted area (about 1.87 and 1.74×10-3 m2/℃ respectively) was not as
obvious as that of G.6.
0.14
G.6

2.5

G.7

G.8

G.6

G.7

G.8

0.12

2

Wetted area (m2)

Moisture removal rate (g/s)

3

1.5
1
0.5
0

0.1
0.08
0.06
0.04

25

35
45
55
Plate surface temperature (℃)

20

30
40
50
Plate surface temperature (℃)

(a)

(b)

Fig. 3. 9 Changing of system performance with plate surface temperature: (a)
moisture removal rate and (b) wetted area

The outlet parameters of solution during our experiments are shown in Fig. 3.10.
From Fig. 3.10(a), with the increase of plate surface temperature, as the moisture
removal rate increased, the outlet concentration of solution increased accordingly. So,
with the higher plate surface temperature, the regeneration performance of solution
could be improved. As shown in Fig. 3.10(b), due to the latent heat of vapourization
in the regeneration process, the outlet solution temperature was not as high as the inlet
one when it flowed over the plate and exchanged heat and mass with the air. With the
increase of plate surface temperature, the outlet solution temperature also increased,
and the trend became more obvious for the small mass flow rate of solution.
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48
Solution outlet temperature (℃)

Solution outlet concentration (%)

34
33
32
31
G.6
30

G.7
G.8

29

46

44
G.6
42

G.7
G.8

40
25

35
45
Plate surface temperature (℃)

55

25

35
45
Plate surface temperature (℃)

(a)

55

(b)

Fig. 3. 10 Outlet parameters of solution with different plate surface temperature (a)
concentration and (b) temperature

Therefore, the effect of plate surface temperature was more crucial at low solution
mass flow rate. With the increasing plate surface temperature, the system performance
could be effectively enhanced, because of the increased wetted area for heat and mass
transfer and the reduced temperature difference between solution and plate. Besides,
the moisture removal rate and wetted area also increased with the solution mass flow
rate, which was discussed in Section 3.4.1.

The wetted area of falling film is mainly decided by two parameters, the initial film
width and the wetted width along the flow direction, which were found to be
determined by the characteristics of solution and working surface. The influences of
the plate surface temperature on both parameters were investigated. From Fig. 3.11
(a), it could be found that the initial width of falling film rarely changed with the plate
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surface temperature. Therefore, the increase of wetted area was mainly caused by the
weakened contraction of falling film in the transverse direction. With the thermal
image camera, the size of falling film under different conditions could be recorded.
Taking the experiment G.6 as an example, the Rw along the flow direction under
different plate surface temperature was shown in the Fig. 3.11 (b).

1.2

2×Dimensionless hydraulic radius
1
0.8
0.6

0.4
0

0.1

Initial film width (m)

0.14

0.3
tp=29.1℃
tp=31.8℃
tp=33.4℃
tp=36.3℃
tp=38.0℃
tp=41.1℃
tp=46.4℃

0.12
0.1
0.08
0.06

G.26

0.4

Flow distance (m)

0.2

0.5

0.6

0.04
20
30
40
50
Plate surface temperature (℃)

0.7

(a)

(b)

Fig. 3. 11 Initial film width and Rw under different plate surface temperatures

From Fig. 3.12 (b), with the increase of flow distance, the Rw of most conditions was
reduced, but the reduction was smaller when the plate surface temperature was higher.
When the surface temperature increased from 29.1 to 46.4℃, the Rw at the bottom of
the working surface (when y=0.65 m) doubled, from around 0.2 to 0.4, and the wetted
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area increased about 1.5 times, as can be seen in Fig. 3.9 (b). The increase of the
wetted width could decrease the thickness of the falling film, which could reduce the
average solution velocity and increase the contact time between the air and the liquid
desiccant. The enhancement of the heat and mass transfer area and time could cause a
significant increase of the moisture removal rate of the regenerator. Besides, the Rw
was found to be higher than 0.5 on the upper part of the working surface when the
plate surface temperature was higher than the solution temperature, which means the
film expanded rather than contracted in this situation.

The solution falling film was found to be divided into two parts. A horizontal
temperature distribution of a test in G.6 was chosen as an example. As shown in Fig.
3.12, the surface temperature of the solution in the central part was almost unchanged
along the x-axis, while that in the rim part it changed dramatically. The widths of both
parts were found to be changed with the solution mass flow rate and flow distance. It
was due to the change of film thickness in the rim part. The experimental conditions
and the value of y-coordinate are also listed in this figure.

Surface temperature of solution (℃)

45

40

35

Rim
part

Central

30
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Rim
part

y (m)

ms (kg/s)

t s ,in (℃)

 in (%)

t p (℃)

tw,in (℃)

mw,in (kg/s)

ta ,in (℃)

0.325

0.034

46.6

30.0

29.1

51.2

0.131

24.1

a ,in (g/kg)
9.34

Fig. 3. 12 Distribution of solution surface temperature along the x-axis

3.4.3 Influence of solution inlet temperature

To investigate the influence of solution inlet temperature, the experiments with
different operation parameters were conducted, as listed in Table 3.5. The
experiments could be divided into three groups, and eight tests with various solution
inlet temperatures were conducted for each group. The thickness of the solution
distributor was chosen as 1 mm.

Table 3. 6 Experimental conditions for different solution inlet temperature
Group

 max

ms

No.

(mm)

(kg/s)

t s ,in (℃)

(℃)

mw,in
(kg/s)

(℃)

a ,in
(g/kg)

27.9

55.2

0.129

23.2

9.45

28.0

55.5

0.130

23.8

9. 41

28.0

54.7

0.130

22.9

9.37

 in

tw,in

(%)

ta ,in

35.5,37.3, 41.3
9

1.0

0.037

44.8,47.3, 49.9
52.7, 56.2
39.4,42.9, 45.7

10

1.0

0.064

49.2,52.1, 53.9
56.3,59.2
35.6,39.5, 44.0

11

1.0

0.092

48.0,49.5, 52.0
53.3, 55.3

As indicated in Fig. 3.13, the mass transfer rate during the regeneration process
increased significantly with the solution temperature. The effect was caused by the
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decrease of the equilibrium pressure above the solution because of the higher
temperature and the increase of wetted area, as shown in Fig. 3.14.

6.0
Moisture removal rate (g/s)

G.9

G.10

G.11

5.0
4.0
3.0
2.0
1.0
0.0
25

30

35

40

45

50

55

Solution temperature (℃)

Fig. 3. 13 Changing of moisture removal rate with solution inlet temperature

It could be found that the wetted area of three experiments increased obviously with
the solution temperature. The rising rate of G. 9 to 11 was about 1.6, 1.2 and 1.0×10-3
m2/℃, respectively, which gives that the improvement of area was more effective in
the small mass flow rate of solution. The similar result was also found in the
experiment of plate surface temperature. Compared to the experiments in 3.3.2, the
rising rate with the solution temperature was not as high as that with the plate surface
temperature at the similar mass flow rate. As mentioned earlier, the increase of
wetted area could increase the contact time between air and solution. The
improvement of heat and mass transfer area and time could cause a significant
increase of the regeneration efficiency.
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Wetted area (m2)

0.1
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35

40

45

50
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35
40
45
50
55
Solution temperature (℃)

Solution temperature(℃)

Wetted area (m2)

0.22

60

G.11

0.21
0.2
0.19
0.18
0.17
0.16
30

35
40
45
50
55
Solution temperature (℃)

Fig. 3. 14 Changing of wetted area with solution inlet temperature

The influence of the solution temperature on wetted area could be divided into two
parts. The experiment G. 10 was used as an example. As shown in Fig. 3.15 (a), with
the increase of solution temperature, the initial film width, Wi , increased with the rate
of about 1.4 ×10-3 m/℃. However, it could be found that the film contraction in the
transverse direction aggravated with the higher solution temperature in most
conditions. The Rw along the flow direction under different solution temperatures
was shown in the Fig. 3.15 (b). Fortunately, the enlargement of film contraction or the
decrease of Rw was not serious. For example, when the temperature increased from
42.9 to 59.2℃, the Rw at the middle of the working surface (when y=0.325 m)
decreased from about 0.4 to 0.38, and the average decreasing ratio was only about
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0.37 %/℃. The effect of film contraction on the wetted area was offset by that of the
initial film width, so the area increased with the solution temperature.

It also

explained the reason that the rising rate of the area with solution temperature was not
as high as that with the plate surface temperature.

1

2 × Dimensionless hydraulic radius
0.8

0.6

0.1
0.2

0.28
G.11

0.3

Wi (m)

0.26
ts=42.9℃

0.4

ts=49.2℃

0.24

0.5

ts=53.9℃

Flow distance in y-axis (m)

0

ts=56.3℃
0.22

0.6

ts=59.2℃
35

45
55
65
Solution temperature (℃)

0.7

(a)

(b)

Fig. 3. 15 Changing of system performance with solution inlet temperature (a) Initial
wetted width and (b) Dimensionless hydraulic radius

3.4.4 Influence of pre-wetting of working surface

During our experiments, it was found that the pre-wetting of working surface could
benefit the regeneration performance. To find the detail impacts of the pre-wetting,
four groups of experiments were conducted, and each group includes 6-7 individual
tests with various plate surface temperatures or solution temperatures. The thickness
of the solution distributor was chosen as 1 mm. At the beginning of each test, for G.
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12 and 14, the whole working surface was cleaned with the water and alcohol, and
was then carefully blew with the hot air, to make the whole surface as dry as possible.
In terms of G. 13 and 15, the desiccant with the same temperature of working surface
was applied to flow down for 1-2 minutes, to make the whole surface wetted as
completely as possible. The surface temperature used in our analysis is the average
temperature of the whole plate.

Table 3. 7 Experimental conditions for different solution inlet temperature
Group

ms

No.

(kg/s)

t s ,in (℃)

(%)

mw,in
(kg/s)

(℃)

a ,in
(g/kg)

35.4

27.9

0.129

23.8

9.45

35.5

28.0

0.130

23.8

9. 41

27.9

0.128

22.7

9.56

28.0

0.125

21.2

9.22

t p (℃)

 in

ta ,in

37.4,42.1,45.3
12
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It could be found that the moisture removal rates in the pre-wetting conditions were
significantly higher than those in the dry ones, due to the enhancement of wetted area.
As shown in Fig. 3.16, the wetted area increased obviously when the surface was
uniformly pre-wetted. The increasing ratio of the area was about 30-40% by
comparing with G. 12 and 13. In terms of G. 14 and 15, the ratio was even higher,
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about 45-60%. As mentioned before, the increase of wetted area could importantly
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Fig. 3. 16 Changing of wetted area with (a) solution inlet temperature and (b) plate
surface temperature

From Fig. 3.17, when the surface was pre-wetted, the initial width of falling film was
obvious enlarged for 1-2 times. Furthermore, the film contraction was found to be
effectively restrained during the pre-wetting conditions. Two tests with almost similar
experimental conditions, one from G. 12 and one from G. 13, were chosen as
examples. As shown in Fig. 3.18, along the flow direction, the Rw of the pre-wetted
test was about 1.5 to 2 times of that of the dry one, and the effect was more obvious
when y was larger (the flow distance was longer). Therefore, with the combined effect
of enlarged initial width and weakened film contraction, the wetted area was
dramatically enhanced during the pre-wetting conditions. The experimental conditions
of the two tests are also listed in this figure.
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Fig. 3. 17 Changing of initial wetted width with (a) solution inlet temperature and (b)
plate surface temperature
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Fig. 3. 18 Dimensionless hydraulic radius along the flow direction in both pre-wetting
and dry conditions
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The solution contact angle on the working surface is found to affect the wetted area
play critically. With the goniometer, the contact angle and surface properties could be
observed and recorded. The two tests from G. 14 and G. 15 were still chosen as
examples. From Fig. 3.19 (a), the surface was plain if it was totally dry, and the
contact angle was about 65°. However, when the surface was uniformly pre-wetted, in
Fig. 3.19 (b), small liquid desiccant droplets would spread above the surface, which
made the surface hydrophilic, so the contact angle significantly reduced. Additionally,
the solution contact angle was changed with the solution and surface characteristics,
which will be discussed in the next section.

(a)

(b)
Fig. 3. 19 Solution contact angle on the working surface under (a) dry condition and
(b) pre-wetting condition

The pre-wetting of working surface is the simplest way to make it hydrophilic, but it
is difficult to make the surface completely wetted and the effect may not be stable in
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industrial applications. Many manufacture processes, such as self-cleaning coating
and surface roughness, could also be applied to reduce the contact angle of the
working surface.

3.4.5 Influencing factors of contact angle

According to our experimental results, the contact angle of the desiccant showed a
significant impact on the wetted area of falling film liquid desiccant regeneration
system. As indicated in previous researches, this angle changes with the
characteristics of solution and working surface. However, the research on the contact
angle during the regeneration process is very limited. To predict the wetted area of
falling film accurately, the influencing factors affecting the contact angle were
experimentally investigated, including the concentration and temperature of desiccant,
and the roughness of the surface.

The widely used LiCl was chosen as the liquid desiccant in this research. Four test
plates made by stainless steel (Type 316, similar to the working surface applied in our
experiments) with different surface roughness were produced. The contact angles with
different parameters were obtained by the contact angle goniometer, with an accuracy
of 0.05°. The temperature was measured by the thermal camera imager, with a
maximum error of 0.1 °C. The profile roughness parameter, Ra, of the plates was
recorded by the Veeko laser optical interferometer, with an accuracy of 0.01 nm. To
measure the angle, a solution droplet was dripped on a test plane, and stayed for about
30-60 seconds to approach the stable condition. Then, the angle was recorded by the
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goniometer automatically. To improve the experimental accuracy, every test was
repeated 4-5 times to obtain the average contact angle.

As the droplet of solution was small, its temperature was assumed to be equal to the
temperature of test plate surface. The surface temperature used in our analysis is the
average temperature of the whole test plate. During our experiments of internally
heated regeneration, as the contact angle occurs at the edge of the falling film, which
was thin, the solution temperature could be also assumed to be equal to the
temperature of plate surface.

The effect of surface roughness on the contact angle was firstly investigated. The Ra
of the four test plates was 551.7, 393.8, 287.9 and 171.5 nm, respectively. As shown
in Fig. 3.20, with the increase of Ra, the contact angle increased at first and then
decreased. The trends of the tests with different solution concentrations were similar.
By fitting the data with the least square method, the maximum angle could be
predicated to occur in the Ra of 369.1 nm. Therefore, the higher or smaller surface
roughness is useful to reduce the contact angle, which could benefits the wetted area
of falling film. During the tests, the temperature of the test plates and solution was
kept as 24.5℃.
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Fig. 3. 20 Changing of solution contact angle with surface profile roughness
parameter

Then, the contact angle of solution with different concentrations on the same test plate
(Ra=287.9 nm) was investigated. As shown in Fig. 3.21, the angle was found to
increase with the concentration, with an increasing rate of about 0.89°/%. Due to the
increase of contact angle, as shown in Fig. 3.6(b), the wetted area decreased with the
solution concentration. Besides, during the tests, the temperature of the test plates and
solution was kept as 24.5℃.
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Fig. 3. 21 Changing of solution contact angle with solution concentration

Then, the influence of solution temperature was studied experimentally. As shown in
Fig. 3.22, the contact angle decreased almost proportionally with the solution
temperature. But the change was relatively minor, with the rate of about 0.52°/℃.
During the tests, the solution concentration was the 34.5%, and the Ra of test plate
was 287.9 nm.
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Fig. 3. 22 Changing of solution contact angle with solution temperature
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3.5 Discussion

In the falling film regeneration system, the wetted area is a key parameter. In this
chapter, by building and testing a single channel internally heated regenerator, the
influencing factors affecting the wetted area were investigated experimentally, as well
as their effects on the mass transfer performance.

The increase of wetted area could significantly improve the moisture removal rate of
regenerator. In incomplete wetting conditions, the typical flow shape of solution
falling film was a symmetrical tongue type, and the film contracted along the flow
direction. The film area was mainly decided by two parameters, i.e. the initial film
width and the wetted width along the flow direction, which are determined by the
characteristics of solution and working surface. Air and hot water affected slightly
compared to the properties of desiccant.

The initial film width was affected most greatly by the thickness of solution
distributor. When the working surface was pre-wetted to reduce the desiccant contact
angle, the width could be dramatically increased. Another significant influencing
factor of the initial width was the mass flow rate of solution, with which the width
increased almost proportionally. With the increase of solution temperature, the initial
width also increased, with a relatively slow growth rate. The effect of solution
concentration was minor. Furthermore, the contraction of falling film could be
effectively weakened when the surface was pre-wetted to make it hydrophilic, so the
film width along the flow direction increased significantly. The increase of plate
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surface temperature could also reduce the film contraction in transverse direction
especially at low solution mass flow rate. The contraction was found to be aggravated
with higher solution temperature but slightly. Both the initial width and film width
along the flow direction were affected by the solution contact angle, which was
experimentally found to be determined by the surface roughness, solution
concentration and temperature.

Therefore, the wetted area of falling film is mainly influenced by the parameters of
liquid desiccant, working surface and operation conditions. To evaluate the
performance of falling film regeneration system accurately, it is necessary to develop
a theoretical model for simulating the wetted area by considering the comprehensive
effect of different parameters.
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CHAPTER 4
MODEL DEVELOPMENT AND ANALYTICAL
SOLUTION FOR WETTED AREA OF INTERNALLY
HEATED REGENERATOR

4.1 Introduction

As the working surface is usually wetted incompletely by the desiccant in practical
applications, the wetted area is a critical factor affecting the system performance of
falling film liquid desiccant regeneration system. In Chapter 3, the impacts of
different influencing factors on the wetted area were investigated experimentally, by
testing a single channel internally heated regenerator. It concludes that the wetted area
is determined by many parameters, such as the characteristics of liquid desiccant,
working surface, solution distributor, etc.

As summarized in Chapter 2, most previous studies of the wetted area focused on the
applications of vertical condenser, evapourator or absorption tower. The minimum
wetting rate, which is related to the initial film width, has been studied experimentally
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by Moran et al. (1997), Broome et al. (2005) and Morison et al. (2006). Furthermore,
Wasden et al. (1990), Yoshimura et al. (1996) Chang et al. (2002) and Park et al.
(2004) investigated the film deformation led by the inherently instability
experimentally and theoretically, but most works only considered the effect on the
stream-wise direction. Geng et al. (2001) and Zhang et al. (2006) observed the uneven
film characteristics in the transverse direction and developed a model to predict the
contraction distance of water film. In addition, the studies of contact angle were
summarized and discussed by Luo et al. (2007). But there are gaps between current
predictions and experimental results. Therefore, the research on the wetted area under
different operation and design parameters was insufficient, especially in the area of
liquid desiccant dehumidification/regeneration. To obtain an acceptable value of the
area, a model should be developed to predict the size of falling film. With the model,
the heat and mass transfer process could be evaluated and simulated more accurately.

In this chapter, based on the experimental results, a theoretical model was developed
for accurately calculating the wetted area of falling film liquid desiccant system. As
discussed earlier, the wetted area is mainly determined by two parameters, i.e. the
initial film width, and the wetted width along the flow direction. The contact angle
also affects the wetted area by influencing the two parameters. The model could be
divided into three parts, including the model for initial wetted width, the model for
contact angle and the model for the contraction distance along the flow direction. To
verify the model, the results were compared with the experimental findings.
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With this new model, the change of wetted area with different conditions of the
regeneration process was simulated numerically. For enhancing the mass transfer
performance, some suggestions were given to enlarge the film area of the internally
heated liquid desiccant system. Although the model was developed under the
regeneration process, as the similar heat and mass transfer mechanism between
dehumidification and regeneration, it could also be applied for the dehumidification
process of liquid desiccant system.

4.2 Model for Contact Angle

By affecting the wetted area, the contact angle of desiccant is important in the falling
film liquid desiccant system. The change of contact angle could change both the
initial width and the width along the flow direction of the solution film. Therefore, to
predict the wetted area of falling film, it is necessary to develop a model for
calculating the contact angle under different parameters. The widely used LiCl was
chosen as the liquid desiccant in this research. The working surface is made of
stainless steel, which is applied in most practical applications and our experiment.

In our experiment, it could be found that the contact angle of LiCl increased with the
solution concentration and decreased with the temperature. Furthermore, when the
roughness of the surface increased, the angle firstly increased and then decreased,
showing a maximum value. Based on the experimental result, the angle is supposed to
be the function of the surface tension, which is decided by the solution concentration
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and temperature, and the roughness of working surface. With the test data of different
conditions, the function could be obtained by the multiple linear regressions, as shown
in Eq. (4.1).

lg( )  4.55  f ( Ra)  17.37   (Ts ,  ) -1.58- 0.314  

(4. 1)

Based on our experimental data, the f ( Ra) and  could be obtained by the
following equation.

f ( Ra)  -3.51107  Ra 2  2.59 104  Ra
1 if the working surface is properly pre-wetted
0 if the working surface is dry

 

(4. 2)

Besides, the surface tension could be calculated by (Conde, 2004):

Ts
T
))(1  2.76  12.01 ( s )
647.3
647.3
Ts 2
T
 14.75 (
)  2.44 2  3.15 3 )(1  s )1.26
647.3
647.3

 (Ts ,  )  (2.36  1.47  (1 

(4. 3)

where  is the contact angle of the solution/air interface on the working surface, with
the unit of rad. Ra is the profile roughness parameter, which stands for the surface
roughness of the plate, with the unit of nm.  means the surface tension of solution,
which is determined by Ts , the absolute temperature, and  , the concentration of
liquid desiccant.  stands for whether the plate is uniformly pre-wetted or not.

To verify the newly developed equation, the experiment results under about 55
different conditions were compared with the calculation ones by Eq. (4.1-4.3). The
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Average Relative Deviation (ARD) between our prediction result and experimental
result could be calculated by the following equations.

ARD 

1 n Wexp eriment ,i  Wprediction,i
100%

n i 1
Wexp eriment ,i

(4. 4)

where n is the number of data.

As shown in Fig. 4.1, compared to the experiment ones, the calculated result of
contact angle showed an acceptable difference of less than ±25%, with a small ARD
of 12.3%. Therefore, the equation could be employed to calculate the contact angle of
LiCl on the stainless steel surface.
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Fig. 4. 1 Comparison between calculation and experimental results of contact angle

With the equation, the impacts of influencing factors of contact angle of LiCl were
discussed. The pre-set initial values for the simulation were: ts=50℃,
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 in  30% and

Ra=600 nm. By changing one parameter and keeping others as constant, the contact
angle under different operation conditions could be calculated numerically.

As indicated in Fig. 4.2, the contact angle increased almost proportionally with the
surface tension of solution. As the surface tension is the function of solution
temperature and concentration, the contact angle could be considered to increase with
the concentration and decrease with the temperature of liquid desiccant. According to
the function of surface tension, the change rate of angle with the concentration is
much higher than that with the solution temperature. Furthermore, with the increase of
surface roughness, the contact angle increased at first and then decreased, and showed
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Fig. 4. 2 Influencing factors of contact angle of LiCl

The small contact angle of solution benefits the wetted area of falling film
regeneration system, as well as the mass transfer performance. Therefore, to reduce
the angle, making the surface rougher or smoother is helpful, and decreasing the
solution surface tension is also effective.
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4.3 Model for Initial Wetted Width

An important factor on the solution wetted area is the initial film width, Wi , which
means the width of falling film at the top of the working surface. According to our
experiment, under incomplete wetting conditions, the thickness of solution distributor
greatly affected the wetted width. It also increased almost proportionally with the
mass flow rate of solution. With the increase of temperature or the decrease of
concentration of desiccant, the initial width increased but insignificantly. Besides, the
impact of air and hot water could be neglected compared to the properties of
desiccant.

Based on our experimental data and previous research (Moran et al., Broome et al.,
Morison et al., and Zhang et al.), a semi-theoretical formula for calculating the initial
wetted width was developed, as shown in Eq. (4.5).

Wi 

2.53 104  ms s0.2
 max 3  s g (1  cos  )0.6

(4. 5)

where  max means the thickness of solution distributor, and ms is the mass flow rate of
solution.  s and  s stand for the kinematic viscosity and density of solution
respectively, which are decided by the solution temperature and concentration
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(Manuel et al., 2009).  is the contact angle of solution/air interface on the working
surface.

To verify the equation, the measured initial film widths of more than 50 experiments
were compared with the result obtained by Eq. (4.5). As shown in Fig. 4.3, the
calculated result of initial width showed an acceptable difference of less than ±20%,
with a small ARD of 8.76%. Therefore, the equation can be employed to calculate the
initial film width of liquid desiccant system.

ARD=8.76%

Experiment results (m)

0.8

+20%
0.6
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0.4
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0
0

0.2
0.4
0.6
Calculation results (m)

0.8

Fig. 4. 3 Comparison of initial width between calculation and experiment result

With the equation, the impact of different parameters could be investigated
numerically. The pre-set initial values for the simulation were: ts=50℃,  in  30% ,
Ra=600 nm, ms=0.05 kg/s and  max =1 mm. As shown in Fig. 4.4 (a), the Wi
decreased dramatically with the thickness of solution distributor. The smaller the
thickness is, the higher change rate of Wi . From Fig. 4.4 (b), Wi increased
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proportionally with the solution mass flow rate. As shown in Fig. 4.4 (c), the impact
of solution concentration is slight, and it could be expressed as the change of density,
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Fig. 4. 4 Influencing factors of initial wetted width during internally heated
regeneration process (a) thickness of solution distributor, (b) solution mass flow rate
and (c) solution concentration
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Therefore, to increase the initial film width for larger wetted area, reducing the
thickness of solution distributor is the most effective way, and the increase of solution
mass flow was also useful.

4.4 Model for contraction distance along the flow direction

4.4.1 Model development for contraction distance along the flow direction

From the experiment, in incomplete wetting conditions, the typical flow shape of
solution falling film was symmetrical, and the film was contracted along the flow
direction. But in several conditions, the film was expanded. The contraction distance,
which is the difference between the initial and local film wetted width, were found to
be influenced by the fluids and working surface comprehensively. With the increase
of plate surface temperature or the decrease of solution temperature, the film
contraction in transverse direction was found to be reduced especially at low solution
mass flow rate. If the surface is pre-wetted to be hydrophilic, the contraction could
also be effectively weakened. Besides, the film width along the flow direction was
affected by the solution contact angle.

The contraction of falling film is mainly caused by small fluid flow in the transverse
direction. When the working surface is cooled/heated by the extra fluid, the heat
transfer would change the properties of falling film (Goussis et al. 1987; Wilson et al.
2002). These variations lead to an uneven distribution of surface tension upon the
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liquid-vapour interface, which could induce a fluid flow in the transverse direction
(Kabov et al. 2002). This effect, namely the Marangoni effect, could significantly
influence the wetted area and flow dynamics, and the heat and mass transfer of the
falling film dehumidifier/regenerator as well.

To simplify the problem, based on our experimental result (as described in Section
4.4.2), the falling film could be divided into two parts: a central part with an almost
uniform solution temperature and a rim part with a dramatically changed temperature.
The surface tension gradient in the rim part is considered to be the main reason for
bringing about the contraction of the internally heated falling film. The surface
tension gradient would be caused by not only the temperature difference, but also the
solution concentration gradient in the rim part. Fig. 4.5 shows a schematic of the
uppermost section of the solution falling film, which is symmetric to the y-axis. The
central and rim part were indicated in this figure, and Dr stands for the width of rim
part.

 cen and  rim mean the surface tension of the sides of rim part. The velocity

profile of y-z cross section was also shown. t p and t s ,in mean the plate surface
temperature and the inlet temperature of falling film, respectively. x stands for the
film deformation distance, which is a positive value when the film contracts and a
negative value when the film expands. It should be noticed that x would be
changed with the flow distance of the falling film.
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Fig. 4. 5 Schematic of solution falling film and the y-z cross section

The following assumptions were made: 1) the flow of falling film was laminar, and
both solution and air flow were fully developed; 2) the desiccant flow was smooth,
which means the film waves were neglected; 3) the thermodynamic equilibrium was
approached immediately on the desiccant/air interface; 4) the change of solution
velocity and temperature gradient in z-direction was neglected; 5) the effect of gravity
and inertia force in x axis was neglected; 6) at the edge of falling film, the solution
temperature was equal to the plate temperature of working surface, and the film
thickness was equal to the thickness of boundary layer; and 7) Two-Film Theory was
applied to solve the problem.

The film contraction is caused by the difference of surface tension, which leads to a
solution flow in the transverse direction, u x . For the rim part, the momentum
equation and boundary conditions in the z-direction could be obtained by:
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 2u x
s 2  0
z
Boundary conditions
z0
ux  0
z  x

s

(4. 6)

u x 

cos 
z
x

where the  is the angle indicated in Fig. 4.5.

By integrating the momentum equation in the film thickness direction and considering
the Marangoni flow rate in the previous research (Kabov et al. 2002), the transverse
flow velocity on the liquid/air interface could be expressed as the following equation:

s

ux

x



u y ,m
(   rim )

cos   cen
x
4 Dr
u y ,m 2  ux 2

(4. 7)

Therefore, solving the Eq. (4.7), the u x could be obtained:

ux 

where u y ,m 

2
u y ,m [(1 
2

4(

 cen ( cen   rim ) 2
)
4s Dr
)1/2  1]1/2
2
u y ,m

(4. 8)

1 s g
 cen 2 , means the maximum flow velocity in y-direction.  cen
2 s

stands for the film thickness at the position of the central side of the rim part.  s ,  s
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and  stand for the dynamic viscosity, density and surface tension of solution
respectively, which are decided by the solution temperature and concentration.

The value of Dr could be calculated with the following equation (Zhang et al. 2005).

Dr 

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

(4. 9)

where  means the contact angle of the solution on the specific working surface. 
stands for the deformation of solution film in the transverse direction, which changes
with the flow distance.

Therefore, by integrating the Eq. (4.7), the contraction distance during the internally
heated regeneration process could be obtained by Eq. (4.10).

y / u y ,m

x  2 



u x dt  2u y ,m

0

let f ( y )  [(1 
x  2u y ,m

 rim   cen y
 cen 2 ( cen   rim ) 2 1/2
[(1

)  1]1/2 dy
 rim   cen 0
4u y , m 2  2 Dr 2

 cen 2 ( cen   rim ) 2 1/2
)  1]1/2
2 2
2
4u y ,m  Dr

 rim   cen
 rim   cen

(4. 10)

y

 f ( y)dy
0

In this equation, the surface tension in the central side,  cen , is decided by the
temperature and concentration of the solution/air interface of falling film in the same
position, ts ( x, y,  cen ) and  s ( x, y,  cen ) . Furthermore, the surface tension at the edge
of falling film,  rim , is the function of the plate temperature of working surface and the
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solution concentration on the interface at the edge of falling film, t p and  s , p .  cen
stands for the film thickness at the position of central side of the rim part.

From Eq. (4.10), the function f ( y) was extremely complicated and difficult to be
integrated. By the numerical simulation, it could be found that the function increases
monotonically. Therefore, to obtain the analytical solution, the Eq. (4.10) could be
solved with the mean value theorem of integrals, as shown in Eq. (4.11).

x  2u y ,m

 rim   cen
y
f ( )y
 rim   cen
2

 2 (   rim )2 1/2
where f ( y )  [(1  cen cen
)  1]1/2
4u y ,m 2  2 Dr 2

(4. 11)

It could be found that the surface tension on the solution/air interface plays a
significant role in this equation. To obtain the distance, an analytical solution for the
surface tension should be developed firstly.

4.4.2 Model development for surface tension on the air/solution interface

As the surface tension of liquid desiccant is determined by both temperature and
concentration, to solve the Eq. (4.11), the formulas of ts ( x, y,  cen ) , t p ,  s ( x, y,  cen )
and  s , p should be obtained, which are discussed in the following sub-sections.

1) Solution of desiccant temperature on the desiccant/air interface
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The desiccant temperature on the desiccant/air interface, ts ( x, y,  cen ) , could be
obtained with the following governing equations and boundary conditions.



 2u y

 g  0
z 2
t
 2t
u y s  as 2s
y
z
Boundary conditions
z0
u y  0, ts ( x, y, 0)  t p ;
z  x
y0

u y

ts ( x, y,  )
h
  (ts ( x, y,  )  ta );
z
z

ts ( x, 0, z )  ts ,in ;
 0,

(4. 12)

where h is the convection heat transfer coefficient between solution and air.  is the
thermal conductivity of solution. u means the flow velocity. as means the thermal
diffusivity of solution.  is the thickness of falling film. The subscript s, a and p stand
for the solution, air and plate surface, respectively.

By solving the equations, the distribution of solution temperature on the film surface
could be expressed as:
as
h
a
a
h
h
ta  s2 t p 12(  cs s   2 ) y
ta  s2 t p
c 

c 

5 u y ,m
ts ( x, y,  )  (ts ,in  s s
)e
 s s
a
a
h
h
 s2
 s2
 cs  s 
 cs  s 

(4. 13)

It could be found that the surface temperature of solution is mainly determined by the
inlet temperature of solution, the local temperature of air and working surface, and the
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thickness of falling film. By assuming ta=25 ℃, tp=35℃ and ts ,in  50 C , the change
trend of solution surface temperature could be found in the following figures. As the
temperature would change with the flow distance, y was set as 0.325 m. From Fig.
4.6, with the increase of film thickness, the surface temperature of liquid desiccant
increased, with the desiccant inlet temperature as the upper limit. When the film
thickness was thick, the surface temperature was stable, which is a little smaller than
the temperature of working surface.
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Fig. 4. 6 Changing of desiccant temperature on the interface with film thickness

2) Solution of desiccant concentration on the desiccant/air interface

As the mass transfer between air and liquid desiccant is very complex, the Whitman’s
Two-film theory (Whitman, 1923) was used to develop the model of the desiccant
concentration on the desiccant/air interface. Although it contents many assumptions,
this theory is widely accepted for the mass transfer between gas and liquid (Zhou et
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al. 2005). It considers thin boundary films existing on both sides of the air and
desiccant on their interface. Under the influence of concentration difference, the
component molecules move through the bulk gas phase to the films on the interface
and then to the bulk liquid phase, as known as the mass transfer. These films are
assumed as stagnant with a fixed thickness, and provide the main resistances of mass
transfer. The schematic diagram of the mass transfer between air and liquid desiccant
is shown in Fig. 4.7.

Fig. 4. 7 schematic of mass transfer between air and liquid desiccant

Therefore, the desiccant concentration on the desiccant/air interface,  s ( x, y,  cen ) ,
could be obtained with the following governing equations and boundary conditions.

119



 2u y

 g  0
z 2

 2 s
u y s  Ds
y
z 2

Boundary conditions:
z0

uy  0

z     sf
z 
y0

 s   s , ;

u y

 0; ta  ts ; Ds

z
 ( x, 0, z )   s ,in ;

 s
 k s ( s   a ,i );
z

(4. 14)

where  s , is the concentration of the bulk solution phase.  a ,i means the equivalent
concentration of air on the interface, which is the function of air temperature and
moisture content. k s is the convection mass transfer coefficient between solution and
air.  sf means the thickness of assumed thin boundary film on the desiccant side on
the air/solution interface, which can be calculated by  sf 

Ds
 . The subscripts, a
ks

and i stand for the solution, air and interface, respectively.

By solving the equations, the distribution of solution concentration on the film surface
could be expressed as:
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(4. 15)
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From Eq. (4.15), besides the properties of solution and air, the solution concentration
on the film surface is mainly the function of the inlet desiccant concentration, the
equivalent concentration of air on the interface, and the film thickness. On the
air/solution interface, the air temperature is considered as to be equal to the solution
temperature. So, to obtain the equivalent concentration of air on the interface, the
solution temperature on the film surface should be calculated firstly by Eq. (4.15).

With Eq. (4.13) and (4.15), the influencing factors of the solution concentration on the
film surface were investigated numerically. The initial value of the parameters
required was set: ts ,in  50 C ,  s ,in  30% , ta=25 ℃, a  9.5g / kg , tp=35 ℃ and 
=0.5 mm. As shown in Fig. 4.8 (a), with the increase of film thickness, the solution
concentration on the air/solution interface first increased and then decreased
dramatically. To explain this phenomenon, the equivalent concentration of air was
also indicated. From Fig. 4.8 (b), due to the liquid desiccant regeneration process, the
air concentration was higher than that of solution, to make the moisture transfer from
the liquid to the gas. When the film thickness was thin, the air temperature on the
air/solution interface, which was considered to be equal to the solution temperature,
was almost equal to the plate surface temperature (as mentioned in Fig. 4.6). So, the
relative low air temperature led to a low air concentration. With the increase of film
thickness, because of the increased interface temperature, the air concentration
increased significantly. However, the rising rate of air concentration gradually
reduced, and the concentration approached almost steady when the film thickness was
large. Therefore, firstly, with the increase of film thickness, due to the larger
concentration gradient between air and solution, the desiccant on the film surface was
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regenerated effectively and its concentration increased dramatically. Then, with the
further increase of film thickness, the increase of difference of air/desiccant
concentration became slower. But, the flow velocity of liquid desiccant, which was
proportional to the square of film thickness, increased dramatically. A serious
decrease of the contact time of air and desiccant was caused. Therefore, the desiccant
concentration on the film surface decreased due to the insufficient mass transfer
between air and liquid desiccant.
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Fig. 4. 8 Changing of parameters with film thickness (a) solution concentration on the
interface and (b) equivalent concentration of air

The influence of solution inlet temperature was shown in Fig. 4.9 (a). As the water
vapour pressure of desiccant increased with the temperature, the difference of
moisture content between air and desiccant increased, which benefits the mass
transfer, and the solution concentration on the air/desiccant interface increased. From
4.10 (b), the increase of inlet moisture content of air, which reduced the drive force of
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mass transfer, caused a decrease of solution concentration on the film surface, but the
impact was not as obvious as other parameters discussed before. Besides, the impact
of solution inlet concentration and air temperature were minor.
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Fig. 4. 9 Changing of solution concentration on the interface with (a) solution inlet
temperature and (b) air inlet moisture content

3) Solution of plate temperature on the working surface

As the working surface is usually wetted by the desiccant incompletely, the plate
surface temperature could be observed as the surface temperature of dry area, which
could

impact

the

heat

and

mass

transfer

during

the

whole

dehumidification/regeneration process. As shown in Fig. 4.10, the plate surface
temperature is determined by the temperature of air and extra hot fluid, the heat
transfer coefficient of working surface, the thermal resistance of insulation and the
surrounding temperature of the regenerator. By certain assumptions, the temperature
of working surface could be calculated with the equations of heat transfer by
conduction and convection. From Eq. (4.10), it could be found that by influencing the
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solution temperature in the rim part of falling film, the plate surface temperature
presents a significant effect on the wetted area and system performance. Therefore, as
the rim part is very thin, the plate surface temperature at this position could be
assumed as to be equal to the surface temperature of the dry area, which means the
influence of solution temperature could be neglected.

Fig. 4. 10 Schematic of plate surface temperature during internally heated
regeneration process

The following assumptions were made: a) the hot water tubes and air tunnel were
perfectly insulted, and the impact of environment temperature could be ignored; and
b) the convective heat transfer between hot water tubes and working plate was
neglected. Therefore, the temperature of working surface could be obtained with Eq.
(4.16).
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tp  (

p

t w  hp ta ) / ( p  hp )
p
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(4. 16)

where h p is the convection heat transfer coefficient between working surface and air.

 p and  p are the thermal conductivity and thickness of working plate, respectively.
The subscript w, a and p stand for the hot water, air and plate surface, respectively.

From Eq. (4.16), besides the characteristics of working plate, the plate surface
temperature is mainly determined by the hot water temperature and air temperature.
As the water/air temperature changes along the flow direction, the local temperature
at the certain flow distance should be used in this equation.

4.4.3 Discussion

By substituting the Eq. (4.13), (4.15) and (4.16) into Eq. (4.11), the contraction
distance along the flow direction of the falling film liquid desiccant system could be
calculated. As the analytical solution of surface tension of desiccant was developed,
no iteration was required, and the distance could be calculated directly with the inlet
parameters and physical properties of air, liquid desiccant and extra heating fluid.
The design parameters such as the physical properties of working plate and the
thickness of solution distributor are also required. Therefore, with the newly
developed model, the contraction distance under different operation conditions could
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be predicted. To verify the model, the results were compared with those obtained
from experiment of the internally heated regeneration.

As shown in Fig. 4.11, as the contraction distance increased with the value of y-axis,
the Δx under five different positions (where y=0.13, 0.26, 0.39, 0.52, 0.65 m) along
the flow direction of each test was calculated and compared with those recorded by
the thermal image camera. The majority of the simulation result showed an acceptable
difference of less than ±25%, with an ARD of 10.8%. Therefore, the model could be
employed to calculate the contraction distance of falling film liquid desiccant
regeneration system.
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AAD: 10.8%

+25%

0.15

-25%

0.1

0.05

0
0

0.05

0.1
0.15
Δx from experiments (m)

0.2

Fig. 4. 11 Comparison of Δx between calculation and experimental results

The errors may be caused by: 1) the slight irregularity or uneven roughness of the
working surface due to the industrial processing; 2) the measurement uncertainty of
individual parameter during the experiment; and 3) the assumptions made for
developing the model, such as the employment of the Two-Film Theory.
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With the new model, the influencing factors of the contraction distance during the
falling film regeneration could be investigated numerically. The pre-set initial values
for the simulation were ms=0.04 kg/s, ts,in=55℃,  in  30% , tp=45 ℃, ta,in=25 ℃,

a  9.5g / kg ,  =1 mm and   1.5 . The properties and area of working surface
were same as the surface in our experiment. As the Δx changed with the flow
direction of falling film, only the result at y=0.35 m were listed and analysed.

From Fig. 4.12 (a), the increase of temperature on the working surface reduced the
contraction distance, which caused an increase of film wetted area. With the further
increase of plate surface temperature, the shape of film would turn from contraction
into expansion, which was also observed in our experiment in the previous chapter.
As mentioned before, if the liquid desiccant system was well insulated, the plate
surface temperature was mainly decided by the temperature of hot water and air, and
the influences were indicated in the Fig. 4.12 (b) and (c).

As shown in Fig. 4.13 (a), with the increase of inlet temperature of desiccant, the Δx
increased with an increasing growth rate. The Δx was lower than zero when the inlet
temperature of desiccant was low, which means the wetted width along the flow
direction would be larger than the initial one. Therefore, the falling film could expand
rather than contract during the dehumidification process. The expanded film could
improve the wetted area and enhance the heat and mass transfer. Furthermore, when
the solution concentration increased, in Fig. 4.13 (b), the Δx increased, mainly
because of the change of solution contact angle. However, the impact of the moisture
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content of air, which is shown in Fig. 4.13 (c), was not as significant as other
parameters.

Besides the physical properties of air, solution and water, the film thickness also
showed a significant influence on the contraction distance, as indicated in Fig. 4.13
(d). The Δx increased dramatically with the thickness of solution film. When the
falling film was thin enough, the Δx was less than zero, which was also observed by
previous researchers.
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Fig. 4. 13 Influencing factors of Δx during internally heated regeneration process: (a)
solution inlet temperature, (b) solution inlet concentration, (c)air moisture content and
(d) film thickness

Furthermore, as shown in Fig. 4.14, the Δx was also found to increase with the contact
angle of desiccant, and the rising rate increased dramatically with the decrease of the
value of  , especially when  is close to 1. With the increase of  , the Δx
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decreased, but the reducing rate was regularly slow. As shown in our experiment of
falling film regeneration, with higher solution mass flow rate, the contraction in the
transverse direction could be reduced. Therefore,  could be predicted to increase
with the mass flow rate of desiccant.
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Fig. 4. 14 Changing of Δx with solution contact angle and ε

Therefore, the increase of plate surface temperature, which is caused by the increase
of extra water temperature or air temperature, could decrease the contraction distance
and enlarge the wetted area of falling film during the liquid desiccant regeneration.
Therefore, in practical applications, the insulation for the hot water tank and wind
tunnel is necessary. The provision of insulation could not only prevent the
temperature reduction of desiccant but also increase the wetted area for better heat
and mass transfer. In terms of intermittent operation systems, during the stopover
period, the system should be well insulated to prevent the surface being cooled by the
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surrounding air. Before the operation, the regenerator should be pre-heated with the
hot water indirectly or hot air directly, to improve the plate surface temperature.
Furthermore, the reduction of film thickness with the solution distributor could also
increase the wetted area effectively. Besides, as the decrease of contact angle could
increase the wetted area effectively, several methods could be employed to make the
working surface more hydrophilic, such as changing the properties of working surface
or adding proper additives into the desiccant.

4.5 Summary

For predicting the wetted area of falling film liquid desiccant system, a new model
was developed, including the empirical formula for contact angle of desiccant (Eq.
(4.1-4.2)), the model for initial wetted width (Eq. (4.5)) and the theoretical model for
the contraction distance along the flow direction (Eq. (4.8-11)) with analytical
solutions of several required parameters (Eq. (4.13), (4.15) and (4.16)). Therefore, the
whole wetted area of the falling film could be calculated with the following equation.

y

Aw   (Wi  x)dy

(4. 17)

0

The dimensionless hydraulic radius of the solution falling film, which is defined as
the ratio between the half of the wetted width and the initial film width, could be
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calculated with Eq. (4.18). It should be noticed that Rw is different along the flow
direction.

Rw 

Wi  x
2Wi

(4. 18)

To verify the newly developed model of wetted area, the results were compared with
those obtained from experiment of internally heated regeneration. Taking a test in
Section 3.4.2 as an example, as shown in Fig. 4.15, the calculated film boundary was
close to the experimental one recorded by the thermal camera. The experiment
conditions were also listed in this figure.
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Fig. 4. 15 Comparison of boundary of falling film between calculation and
experimental results
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9.34

For the whole wetted area of liquid desiccant falling film, the experiment G. 6-7 from
Section 3.4.2 and G. 14-15 from Section 3.4.4 were chosen for the comparison. From
Fig. 4.16, the trends of wetted area obtained from simulation and experiment were
similar and both areas increased with the plate surface temperature.
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Fig. 4. 16 Comparison of wetted area under different plate surface temperature
between calculation and experimental results

Furthermore, as shown in Fig. 4.17, the

Rw under five different positions (where

y=0.13, 0.26, 0.39, 0.52, 0.65 m) along the flow direction of each test were calculated
and compared with those recorded in our experiments. The majority of the simulation
results showed an acceptable difference of less than ±25%, with an ARD of 11.2%.
Therefore, the model could be employed to calculate the contraction distance and
wetted area of falling film liquid desiccant regeneration system.
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The effects of different parameters on the wetted area during our experiments could
be explained physically and theoretically based on the model developed in this
chapter. As shown in Fig. 3.6, with the increase of solution mass flow rate, the wetted
area of falling film and moisture removal rate was found increased significantly,
while they decreased dramatically with the solution distributor thickness. The main
reason of the improved wetted area is: a) as obtained with Eq. (4.5), with the increase
of solution mass flow rate, the initial film width increased proportionally, which leads
to a enlargement of wetted area. However, with the increase of solution distributor
thickness, the initial width reduced dramatically ( Wi

1

 max 3

). b) As shown in Fig.

4.13 (d) simulated with the theoretical model described in Chapter 4.4, the film
contraction distance increases with the film thickness. Therefore, with the increase of
solution mass flow rate, the film thickness decreased, as well as the contraction
distance, but the effect was not obvious. However, as the film thickness increased
significantly with the solution distributor thickness, the contraction distance increased
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and the film width reduced accordingly. Therefore, during our experiments, the
wetted area increased with the solution mass flow rate, but decreased obviously with
the solution distributor thickness.

As shown in the Fig. 3.9, we experimentally observed that the wetted area and system
performance increased obviously with the plate surface temperature. For the wetted
area, it is mainly because, as indicated in Eq. (4.10), the solution surface tension at the
edge of falling film,  rim , decreased with the plate surface temperature. So, the
difference between the surface tension in the both sides of the rim part of falling film
was reduced, which led to a decrease of contraction distance. Therefore, the film
width along the flow direction increased significantly. Besides, according to Eq. (4.5),
the initial film width was not changed with the surface temperature. So, with the
higher film wetted width, the wetted area increased obviously.

As shown in 3.14, the wetted area was observed to increase with the solution
temperature. But compared to the experiments in Chapter 3.3.2, the rising rate was not
as high as that with the plate surface temperature at the similar mass flow rate. Based
on Eq. (4.5), as the change of solution temperature would change the kinematic
viscosity, density and contact angle of solution, it could be calculated that the initial
film width increased with the solution temperature. As described in Chapter 4.4.1-2,
the surface tension in the central side,

 cen , is decided by the temperature and

concentration of the solution/air interface of falling film. With the increase of solution
temperature, the temperature of the solution/air interface increased, while its
concentration also increased. Therefore, the solution surface tension
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 cen decreased,

but the effect was not obvious. The difference between

 cen and  increased
rim

accordingly, as well as the contraction distances, which would lead to a decrease of
film wetted width. So, with the combined effect of initial width and film width along
the flow direction of the falling film, with the increase of solution temperature, the
wetted area increased, but the changing rate was not as obvious as that of plate surface
temperature.

Furthermore, as shown in Fig. 3.17, with the increase of solution contact angle, the
initial film width decreased significantly, which could also be predicted with the
semi-theoretical model in Chapter 4.3. From Fig. 3.18 we could found, the smaller
contact angle benefited the film width along the flow direction effectively, which
could also be explained by the theoretical model in Chapter 4.4.1. As obtained in Eq.
(4.9), the value of Dr increased with the decrease of solution contact angle. From Eq.
(4.10), it could be calculated that the contraction distance decreased significantly with
the increase of Dr . So, with the smaller contact angle, the contraction distance was
proved to decrease significantly, which could improve the film width. Therefore, as
both the initial width and film width along the flow direction increased with the
smaller contact angle, the wetted area could be enlarged significantly.

From this new model, it could be found that the wetted area of falling film is changed
with the parameters and physical properties of liquid desiccant, air, extra heating fluid
and the working plate. The results are also suitable for the adiabatic liquid desiccant
system by introducing plate surface temperature. Furthermore, as the similar heat and
mass transfer mechanism between dehumidification and regeneration of liquid
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desiccant, the newly developed model could also be applied for the dehumidification
process. With this newly developed model, the value of wetted area required in
theoretical models could be predicted accurately, which could significantly improve
the accuracy of performance evaluation and simulation of liquid desiccant airconditioning systems.
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CHAPTER 5
EXPERIMENTAL INVESTIGATION ON MASS
TRANSFER COEFFICIENT OF LIQUID DESICCANT
REGENERATION

5.1 Introduction

In the internally cooled/heated liquid desiccant system, the mass transfer coefficient is
a significant parameter to evaluate the moisture exchange between air and solution.
Without an effective calculation method of the coefficient, the performance
simulation and predication could not be conducted.

Referring to the literature review in Chapter 2, many researchers had carried out the
theoretical analysis and experimental tests on the system performance of internally
cooled/heated liquid desiccant system, and built several empiric formulas to predict
the mass transfer coefficient (Kessling et al. 1998, Yin et al. 2007). The coefficient
was also obtained by the Reynold’s analogy in some studies, and mainly determined
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by the air flow rate and temperature (Liu et al. 2006, 2007). By comparing the
prediction results of different formulas, large deviations were found. As most
experimental conditions were insufficiently wetted by the liquid desiccant, lack of
data of actual wetted area during the heat and mass transfer process is the mean
reason causing the big differences. Therefore, developing a new empiric formula of
mass transfer coefficient, which could take all significant influencing factors into
account, is of great important.

In this chapter, firstly, the impacts of different influencing factors on the mass transfer
coefficient under real wetted area were investigated experimentally. Then, based on
the test data, an empiric formula for the insufficient wetting conditions was developed
with the multi linear regression. To verify the formula, the prediction results were
compared with those obtained from experiments. By comparing with the formula
from previous research, the application of coefficient obtained in our investigation
was discussed.

5.2 Research method of mass transfer coefficient

5.2.1 Experimental condition

To develop the empiric formula of mass transfer coefficient, the experiments under
different operation conditions were conducted. The detailed information of the
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experiment rig, measurement method, operation condition and other related issues
could be referred to Chapter 3.

In our experiments, the thermal image of the regeneration process was recorded by the
thermal camera imager, and then was processed with the image analysis software.
Several Pt-RTDs were used to obtain the inlet and outlet temperatures of solution,
water and air, with the accuracy of 0.1℃. A specific gravity hydrometer, with the
accuracy of 1 kg/m3, was applied to obtain the density of solution for determining the
solution concentration with the temperature. The flow rates of solution and water
were measured by the turbine flow-meter, with the maximum error of about 1.6 L/h.
The humidity of air was calculated with the recorded data by the dry and wet-bulb
thermometer, with the maximum error of about 0.16 g/kg.

During the internally heated regeneration process, the inlet temperature of liquid
desiccant was around 35.4 to 53.7℃, and the mass flow rate was changed from 0.03 to
0.15 kg/s. The inlet solution concentration was about 25.9% to 30.7%. The moisture
content of process air was around 9.8 to 18.2 g/kg dry air, and its velocity during the
tests was 0.3–1.5 m/s. Besides, during the experiments, due to the effect of extra hot
water, the temperature of working surface was changed from 26.9 to 44.1℃. The
mass transfer performance of the experiments could be represented by the moisture
removal rate, as shown in Eq. (5.1).

mremoval  ma (a ,out  a ,in )
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(5. 1)

where  is the moisture content and m is the mass flow rate. The subscripts, a stands
for the air, and in and out mean the inlet and outlet characteristics.

5.2.2 Theoretical analysis

To obtain the coefficient under different experimental conditions, the two-film theory
was employed. There are mainly three mass-transfer resistances in the moisture
transfer between the gas phase and the liquid phase, which are gas-phase resistance,
liquid-phase resistance and interface resistance. As the interface resistance is
relatively small, it could be neglected (Bird et al. 1960). Therefore, the local moisture
removal rate could be expressed as:

dmremoval  aD ,a (a ,bulk  a , I )dZ
dmremoval  aD ,s ( s ,bulk   s , I )dZ

(5. 2)

where aD ,a and aD , s stand for the mass transfer coefficient of the gas and liquid phase,
respectively. The subscripts a, s, I mean the air, solution and the solution/air interface.

However, the parameters on the interface are difficult to be recorded. Instead of using
the single-phase coefficients, an overall mass transfer coefficient was introduced to
evaluate the mass transfer between air and desiccant. The coefficient is defined by the
following equation.

dmremoval
1
1
1
1



aD aD ,a  aD , s a ,bulk  I
dZ
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(5. 3)

where  is a function of temperature and concentration of the bulk liquid desiccant
(Zhang et al. 2010).

Therefore, the average overall mass transfer coefficient could be given as:

aD 

mremoval
(a ,bulk  e ) Aw

(5. 4)

where Aw means the actual wetted area of falling film recorded in the experiments,
which is influenced by the parameters of air, solution, extra fluid and plate surface.

According to previous researches, the mass transfer coefficient is represented by three
dimensionless quantities: the Sherwood number, Reynolds number, and Schmidt
number. The mass transfer coefficient correlation obtained from the dimensional
analysis is given as:

aD (

a
)  Sh  b1 Reba Scba Rebs Scbs
Da a
2

3

4

5

(5. 5)

where  a stands for the thickness of air channel. The D and  mean the diffusion
coefficient and the density.

Therefore, with the experimental data, the mass transfer coefficient under different
conditions could be obtained by Eq. (5.4). With the multi linear regression, the value
of b1~b5 in Eq. (5.5) could be estimated, with the following steps.

a) Let
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(5. 6)

where n is the number of statistical data.  is the independent normally
distributed random error with equal weighting of the rates.

b) Eq.(5.6) became:

Y  XB  

(5. 7)

c) Make the equation of linear regression approximation, Eq.(5.8)

Y  XB

(5. 8)

d) Use the linear least squares estimate to get the coefficient matrix, as shown in
Eq. (5.9). With the coefficient matrixes, the mass transfer coefficient
correlation could be obtained by Eq. (5.8).

B  ( X T X )1 X T Y

(5. 9)

e) To verify the coefficients obtained by linear regressions, an F test has to be
conducted. The F-ratio required for the test could be calculated by Eq. (5.10).
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residuals

residuals

/m

/(n  m  1)

 ( i   i )

regression

2

 ( i   )

2

i  1, 2,3,...n

(5. 10)

where n is the number of statistics, and m is the number of variables.

As the accuracy of linear regressions would significantly increase with the quantity of
independent statistical data, an adequate amount of data is necessary.

5.3 Results

5.3.1 Influencing factors of mass transfer coefficient

To investigate the influencing factors of mass transfer coefficient, six experiment
groups were conducted, as listed in Table 5.1. Each group had six to nine tests with
different operation conditions. The variables included the mass flow rate of solution
or air, inlet temperature of solution, temperature of working surface and the inlet
humidity of air. As discussed before, the impact of extra hot water and air temperature
were indirect, and their results were not listed. It could be found that by comparing
with G.1 and G. 2, the effect of solution distributor thickness,  max , could be observed,
as well as the influence of solution mass flow rate. Then, by comparing with G.2 and
G. 3, as only the solution concentrations were different, the impact of concentration
could be investigated. Furthermore, G.4 and G.5 was conducted to obtain the
influence of solution temperature and plate surface temperature, respectively.
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Additionally, with G.6, the influence of air mass flow rate was tested.

Table 5. 1 Experimental conditions of internally heated regeneration
No.

 max
(mm)

ms (kg/s)

t s ,in

 s ,in

(℃)

(%)

44.8

t p (℃)

a ,in
g/kg

ma (kg/s)

28.2

38.1

9.26

0.11

44.7

28.0

37.8

9.47

0.11

45.2

25.2

36.9

9.20

0.11

27.9

38.0

9.45

0.11

9.34

0.11

0.025,0.056
1

1.0

0.088,0.105
0.126,0.118
0.146, 0.041
0.023,0.044

2

1.25

0.050,0.066
0.092,0.112
0.127, 0.147
0.029,0.051

3

1.25

0.065,0.084
0.099,0.103
0.119, 0.131

35.5,37.3
4

1.0

0.037

41.3,44.8
47.3,49.9
52.7, 56.2

29.1, 31.8, 33.4
5

1.0

0.034

46.6

28.1

36.3, 38.0, 38.9
41.1, 46.4, 48.8

0.03, 0.058
6

1.0

0.036

46.0

28.2

37.9

9.37

0.077,0.110
0.131,0.155

As shown in Fig. 5.1 (a), with the increase of solution mass flow rate, the moisture
removal rate increased almost proportionally. Synchronously, the wetted area also
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increased, as shown in Fig. 5.1 (b), due to the increase of initial wetted width and the
reduction of film contraction, as described in Chapter 3 and 4. Therefore, as indicated
in Fig. 5.1 (c), the overall average mass transfer coefficient actually decreased with
the solution mass flow rate. When the solution mass flow rate was higher, the
reduction rate of the coefficient regularly slowed down. However, this change trend in
our experiments was quite different to the previous results in the literature. The
possible reason is that under the insufficient wetting conditions, with the increase of
solution mass flow rate, the rising rate of wetted area is larger than that of moisture
removal rate, which led to the decrease of mass transfer coefficient.

According to our investigations, the thickness of solution distributor significantly
influenced the performance of internally heated regeneration, by influencing the film
thickness of liquid desiccant. When the film thickness was enlarged, the moisture
removal rate and wetted area seriously reduced at the same solution mass flow rate,
by comparing G. 1 and 2 in Fig. 5.1 (a) and (b). The mass transfer coefficient in G. 2
was also found smaller than that of G. 1. As the flow velocity of desiccant increased
significantly with the film thickness, the contact time between air and solution
decreased, which reduced the mass transfer performance and the coefficient
accordingly.
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0.2
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(c)
Fig. 5. 1 Changing of system performance of G. 1 and 2 with the solution mass flow
rate: (a) moisture removal rate, (b) wetted area and (c) mass transfer coefficient

The influence of inlet solution concentration was shown in Fig. 5.2. Comparing with
the G. 2 (  s ,in =28.0%), the moisture difference between air and solution was
improved in G. 3 (  s ,in =25.2%), as well as the mass transfer driving force. Therefore,
from Fig. 5.2(a), the moisture removal rate in G. 3 was higher. However, with the
increase of solution concentration, the wetted area increased a little, mainly due to the
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change of solution contact angle. So, as shown in Fig. 5.2 (c), it was found that the aD
was decreased, but the effect was insignificant compared to other influencing factors.

0.18

G.2

0.8

G.2
G.3

0.16

G.3

0.7

0.14

0.6

0.12

Wetted area (m2)

Moisture removel rate (g/s)

0.9

0.5

0.1

0.08

0.4

0.06

0.3

0.04

0.2

0.02

0.1

0

0
0

0.05
0.1
0.15
Solution mass flow rate (kg/s)

0.2

0

0.05
0.1
0.15
0.2
Solution mass flow rate (kg/s)

(a)

(b)

0.45
Mass transfer coefficient
(×10-1 kg/m2·s)

0.4
0.35
0.3
0.25
0.2
0.15
0.1

G.2

0.05

G.3

0
0

0.05
0.1
0.15
Solution mass flow rate (kg/s)

0.2

(c)
Fig. 5. 2 Changing of system performance of G. 2 and 3 with the solution mass flow
rate: (a) moisture removal rate, (b) wetted area and (c) mass transfer coefficient

Furthermore, with the experimental results in Fig. 5.3, the impact of solution inlet
temperature on the system performance was investigated. As shown in Fig. 5.3 (a),
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the increase of solution temperature could effectively improve the mass transfer
during the regeneration process. The higher solution temperature also led to an
increasing difference of equilibrium moisture content between the solution/air
interface and air. Synchronously, due to the enhancement of initial wetted width, the
wetted area increased. Therefore, from Fig. 5.3 (c), the mass transfer coefficient
calculated with Eq. (5.4) decreased with the increase of inlet temperature of solution.
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(c)
Fig. 5. 3 Changing of system performance of G. 4 with the solution mass flow rate:
(a) moisture removal rate, (b) wetted area and (c) mass transfer coefficient
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As shown in Fig. 5.4, the change of working surface temperature rarely influenced the
mass transfer coefficient between solution and air. As indicated in Chapter 3, the
moisture removal rate and wetted area both increased with the plate surface
temperature, and same rising rates were found. Therefore, the mass transfer
coefficient obtained from the experiment results almost kept unchanged.

Mass transfer coefficient
(×10-1 kg/m2·s)

0.4

0.3

0.2

0.1
G.5
0
30

35
40
45
Plate surface temperature (℃)

Fig. 5. 4 Changing of mass transfer coefficient with plate surface temperature

Besides the parameters of desiccant solution, the mass transfer coefficient also varied
with the air mass flow rate. As shown in Fig. 5.5, with the increase of mass flow rate
of air, the average mass transfer coefficient increased. As discussed before, the
influence of air velocity on the wetted area could be neglected. Therefore, the change
trend of aD in our experiments was found similar to the previous research (Zhang et
al. 2010).
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Mass transfer coefficient
(×10-1 kg/m2·s)

0.15

0.1

0.05
G. 6
0
0

0.05
0.1
0.15
Mass flow rate of air (kg/s)

0.2

Fig. 5. 5 Changing of mass transfer coefficient with air mass flow rate

5.3.2 Formula of average overall mass transfer coefficient

With the experimental data, the constants b1 to b5 of Eq. (5.5) could be obtained by
the multi linear regression. The correlation of the mass transfer coefficient of the
internally heated regeneration is:

aD (

a
)  Sh  3.2 104 Re0.37
Sc0.33
Re0.47
Sc0.33
(5. 11)
a
a
s
s
Da a

As shown in Fig. 5.6, the deviations between the predicted and our experimental
values for the regeneration process were approximately ±30%. Therefore, the
obtained correlation could be used to predict the mass transfer coefficient for the
insufficient wetted internally heated regenerator using the lithium chloride solution as
the desiccant. The data were obtained when the mass concentration and temperature
of the lithium chloride solution were in the ranges of 25–30% and 30–50℃,
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respectively, and the temperature and humidity ratio of the air were in the ranges of

Prediction results (×10-3
kg/m2·s)

25–50 ℃ and 0.005–0.015 kg/kg dry air, respectively.
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Fig. 5. 6 Comparison of mass transfer coefficient between calculation and
experimental results

5.3.3 Discussion
By comparing with the correlations of mass transfer coefficient in previous researches
(Zhang et al., Yin et al.), the equation developed in our research presents a similar
form with the existing correlations, which was all represented using the dimensionless
quantities: the Sherwood number, Reynolds number, and Schmidt number. However,
in previous studies, as the solution film thickness was usually predicted with the
assumption of wetted area, the flow velocity, which was determined by the thickness,
could not be calculated accurately. In our equation, the actual wetted width of
desiccant film under different conditions was employed, so the coefficient could
describe the mass transfer more accurately.
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In our research of the regeneration process, in most situations, the change trend of
mass transfer coefficient was observed to be different with the previous results. The
influence of solution mass flow rate was chosen as an example. As shown in Fig. 5.7,
the coefficients calculated by the Yin’s correlation (Yin et al. 2007) were smaller than
the experimental ones at the small mass flow rate of solution. Meanwhile, with the
increase of solution mass flow rate, the simulation data would exceed the test results.
Furthermore, the coefficient was found to decrease with the mass flow rate of solution
in our experiment, and an opposite trend was observed in the simulation results.
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Fig. 5. 7 Comparison of mass transfer coefficient between experimental results and
previous simulation results

The reason for this deviation is that the wetted area was assumed as a constant in
previous researches, while the actual varied wetted area was employed for the
calculation of mass transfer coefficient in our experiments. Therefore, when the
solution mass flow rate was small, the actual wetted are was smaller than the assumed
one, which led to an underestimation of the coefficient. With the increase of solution
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mass flow rate, the wetted area increased, so that an overestimation of the previous
research occurred. Furthermore, as indicated in Fig. 5.1 (a), the moisture removal rate
increased significantly with the solution mass flow rate. If the wetted area was set to
be a constant, the rate was only expressed as the increase of the mass transfer
coefficient. However, under insufficient wetting conditions, the wetted area actually
also increased with the solution mass flow rate, and its rising rate was larger than that
of the moisture removal rate. So, by using the actual wetted area in Eq. (5.3), the mass
transfer coefficient in G. 1 and 2 was found to decrease with the solution mass flow
rate. It should be noticed that the decrease of the coefficient only stands for the
reduction of mass transfer per unit area, but could not indicate the mass exchange
performance of the whole regenerator.

Therefore, both the mass transfer coefficient and wetted area influenced the mass
transfer performance of the internally heated regenerator, and were varied with the
operation parameters of solution and air. To evaluate and simulate the performance of
liquid desiccant regenerator accurately, both the mass transfer coefficient and the
wetted area under different conditions should be predicted by employing the newly
developed models.

5.4 Summary

The mass transfer coefficient is an indispensable parameter for the performance
evaluation and simulation of liquid desiccant system. In this chapter, the influencing
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factors affecting the coefficient under insufficient wetting conditions were
investigated experimentally, with a single channel internally heated regenerator. By
considering the actual wetted area, the mass transfer coefficient was found to decrease
at a gradually reducing speed with the increase of solution mass flow rate. It also
found to decrease with the increase of solution distributor thickness and solution
temperature, and to increase with the mass flow rate of air. But, the influences of
solution concentration and the working surface temperature were insignificant. Based
on the experimental results, an empiric formula for insufficient wetted regenerator
was developed with the multi linear regression. The predicted results were compared
with those obtained from experiments, showing an acceptable error. Therefore, the
mass transfer performance of internally heated regenerator is determined by both the
mass transfer coefficient and wetted area. To describe the performance more
accurately, the combined impacts of these two factors should be considered, by
employing the derived equation in this chapter and the developed model in Chapter 4.
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CHAPTER 6
3-D MODEL DEVELOPMENT FOR INTERNALLY
COOLED/HEATED LIQUID DESICCANT SYSTEM

6.1 Introduction

In previous chapters, the influencing factors of the wetted area, film thickness and
mass

transfer

coefficient

of

internally

heated

regeneration

were

studied

experimentally and theoretically. A theoretical model with an analytical solution was
developed for accurately calculating the wetted area of falling film, and an empiric
formula of mass transfer coefficient was developed with acceptable errors comparing
with the test data.

As summarized in Chapter 2, although there are several widely accepted theoretical
models

for

predicting

the

performance

of

internally

cooled/heated

dehumidification/regeneration, some limitations have been observed. The main reason
is that the actual dehumidification/regeneration process among the air, desiccant and
extra fluid is three-dimensional, and the heat and mass transfer occurs in the direction
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of all three axes. However, most existing models only consider dimensions, assuming
that either the heat and mass transfer in the thickness direction or the insufficient
wetting condition on the working plate could be neglected. These assumptions may
cause large deviations between simulations and actual experiment results.

Therefore, in this chapter, a 3-D model of internally heated regenerator was developed
for describing the heat and mass transfer among the air, solution and extra hot water
in all three directions. The insufficient wetting condition and change of film thickness
due to the mass transfer and film deformation were taken into account. The numerical
solution method of the model was also provided. To verify the model, the calculation
results were compared with both those by existing theoretical models and our
experimental results. With the new model, a parameter study has been done
numerically to show the effect of inlet parameters on the moisture removal rate and
regeneration efficiency.

6.2 3-D Model for internally cooled/heated liquid desiccant system

In the internally cooled/heated liquid desiccant system, by introducing the extra
cool/hot fluid, the solution exchanges the moisture and heat with the air by direct
contact and exchanges heat with the fluid by indirect contact simultaneously. The
change of solution condition depends on the surface vapour pressure on the interface
of liquid and air side. When the solution vapour pressure is greater than that of air, the
desiccant releases the moisture to the process air, which is the regeneration process. In
contrast, it is the dehumidification process. As the similar heat and mass transfer
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mechanism between these two processes of liquid desiccant, they could be described
by the same theoretical model.

Generally, the internally cooled/heated dehumidifier/regenerator consists of several
channels for the air/solution contacting. The composition of one channel is shown in
Fig. 6.1. The solution film flows down along the working surface with the inclined
angle of  . The air could be blown into the channel with different flow patterns, i.e.
counter flow, cross flow and parallel flow. For better system efficiency, the first two
patterns are commonly used in practical applications. According to previous
researches, due to the complexity of system, in our theoretical model, the distribution
method of solution was simplified as the falling film, and the thermal and mass
transfer between dispersed desiccant droplets and air was ignored. Additionally,
although there are several types of practical internally cooled/heated units, for
developing the model, the composition was simplified as the double plate.
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Fig. 6. 1 Schematic of one channel with different flow patterns of internally
cooled/heated dehumidifier/regenerator

The following assumptions were made when building the model:
a) the flow is laminar and fully developed for the liquid desiccant and air, and there is
thermodynamic equilibrium at the desiccant/air interface;
b) the desiccant film is smooth (not wavy);
c) the physical properties are constant, and no shear forces are exerted by the air on
the desiccant;
d) the body force in the air, species thermo-diffusion and diffusion-thermo effects are
negligible;
e) as the rim part of falling film is much narrow than the central part, its influence on
the film thickness was neglected;
f) the velocity of desiccant in the transverse direction is negligible;
g) the change of the thickness of air due to the deformation of film thickness is
negligible;
and
h) the latent heat of vapourization is assumed as a constant, and air thermal and
moisture diffusivity in the flow direction are negligible.

The geometry of the channel is shown in Fig. 6.2.
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Fig. 6. 2 Geometry of one channel with notation

6.2.1 Governing equations and boundary conditions

Considering the assumptions above and the geometry, the N-S equation of the heat
and mass transfer process is:

us
vs
1 P s  2us  2us
us
 vs

 (

)  g sin 
y
z
 s y  s y 2 z 2
u
v
1 P s  2 vs  2 vs
us s  vs s  
 (

)  g cos 
y
z
 s z  s y 2 z 2

The continuity equation is:
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(6. 1)

us vs

0
y z

(6. 2)

Therefore, the governing momentum, energy and species equations are:

For the liquid desiccant:
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For the process air:
For the counter-flow and parallel flow pattern of air:

 2ta
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Energy equation:
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Mass balance equation for species, vapor:
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For the cross-flow pattern of air:
Energy equation: a  ta  u ta
a
a
2
2

za

(6. 8)

x

2
Mass balance equation for species, vapor: D  a  u a
a
a
2

(6. 9)
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x

As the solution falling film is very thin, it could be considered to exchange the heat
with the extra cooling/heating fluid as a whole. So, for the extra fluid, the government
equation is:

Energy equation:

t f
y



af H
c p, f

( ts  t f )

(6. 11)

where t means the temperature. a is the thermal diffusivity, and D is diffusion
coefficient.  is the moisture content and m is the mass flow rate.  s and  s stand
for the dynamic viscosity and density of solution respectively, which are decided by
the solution temperature and concentration,  s . u and v are the flow velocity.  is the
moisture content of air. H stands for the height of dehumidifier/regenerator. The
subscripts a, s, f stand for the air, solution and extra fluid.

The boundary conditions are:

For the counter-flow pattern of air:

y  0 : ts  ts ,in ;  s   s ,in ;
y  H : ta  ta ,in ; a  a ,in ;
zs  0 :


 0; us  0; vs  0;
zs

za  0 : a

(6. 12)
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zs   s : ts  ta ; us  ua ; a  I ;

For the parallel-flow pattern of air:
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For the cross-flow pattern of air:

y  0 : ts  ts ,in ;  s   s ,in ;
x  0 : ta  ta ,in ; a  a ,in ;
zs  0 :


 0; us  0; vs  0;
zs

za  0 : a

ta
a
wa
 h(ta  ten );
 0;
 0;
za
za
za

zs   s : ts  ta ; wa  0; a  I ;
where

(6. 14)

us
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 0;
 0;
zs
za

 s is the thickness of liquid desiccant falling film and  a means the thickness

of air channel. h is the convective heat transfer coefficient. The subscript I stands for
the interface of air and solution, and in and out mean the inlet and outlet
characteristics.

6.2.2 Required Equations of the model

To obtain the velocity profile for the solution, the film thickness should be calculated.
The influences of insufficient wetting condition, film deformation due to the
Marangoni effect and the mass transfer between air and solution are all taken into
account. By integrating the Eq. (6.1) through the film thickness direction, it gives:
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(6. 15)

According to our experimental and theoretical model in Chapter 3 and 4, the wetted
width along the flow direction could be predicted under different operation
conditions. Therefore, the solution mass flow rate could be expressed as:

Ws ( y )
2
0

ms  2

Wd ( y )
2
0

ms  2



s

0



s

0

 s us dz dx (if Ws ( y )  Wd )
(6. 16)

 s us dz dx (if Ws ( y )  Wd )

where Ws ( y ) is the wetted width changing with the flow distance due to the
contraction or expansion of falling film. Wd is the design width of the internally
heated/cooled dehumidifier/regenerator.

As the rim part of falling film is much narrow than the central part, its influence on
the film thickness was neglected. So, the film thickness could be obtained the
following equation:

s  (

3ms ( y ) s 1/3
)
Ws ( y )  s g

3m ( y ) s 1/3
s  ( s
)
Wd  s g

(if Ws ( y )  Wd )
(if Ws ( y )  Wd )
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(6. 17)

ms is affected with the moisture exchange between solution and air, and would

change with the flow distance, y, with the following equation:

ms ( y )  ms ,in

1   s ,in

(6. 18)

1   s, y

where  s , y is the solution concentration in the position of y.

Therefore, by substituting Eq. (6.17) and (6.18) into (6.15) , the velocity profile for
the solution could be calculated. The velocity profile for the process air could also be
predicted through the momentum and continuity equations. As the change of film
thickness is small compared to the thickness of air channel, its impact on the airflow
velocity profile was neglected. Therefore, the mass flow rate of process air could be
expressed as:

a

ma  Wd  aua dza

(6. 19)

0

So, for the counter-flow pattern of air:

ua  us ,max 

dp 1
( za 2   a 2 )
dy 2a
(6. 20)

u
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 3a [ s2 
]
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 a Wd  a a 3

For the parallel-flow pattern of air:
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(6. 21)

For the cross-flow pattern of air:

wa 

dp 1
( za 2   a 2 )
dy 2a

3a ma
dp

dy
Wd  a a 3

(6. 22)

where us ,max means the solution velocity on the air/solution interface.

To solve the problem, the energy and species balances on the interface should be
calculated by the additional equations.
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 a a   a Da h fg
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 s Ds
  a Da
y
y

s

(6. 23)

where  is the thermal conductivity coefficient.

By introducing the equations (6.15-6.23) into the government equations (6.1-6.11),
the model could be solved with the boundary conditions using the numerical solution
method.
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6.2.3 Numerical solution of the model

In our investigation, the model is solved numerically with the finite-volume method.
The simulation grids are shown in Fig. 6.3. The number of nodes in the thickness
direction of the solution is much denser than that of air, and it varied in the flow
direction according to the height of the channel.

Fig. 6. 3 Schematic of simulation nodes in the flow direction

Firstly, the government equations should be discretized. In the steady state, the
velocity of solution in the z-axis shows an insignificant effect, which could be
neglected. As the Eq. (6. 3-6) has the similar formation, as shown in Eq. (6.24), the
discretization could all be expressed with the Eq. (6.25). The discretization node is
shown in Fig. 6.4.
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Fig. 6. 4 Schematic of an individual control element
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It should be noticed that the interface between the last node in the desiccant side and
the last node in the air sideways represented by an additional node. This interface
node has a fixed volume, and provides heat and mass exchange between the air and
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desiccant. According to the previous studies (Zhou et al. 2006), the Two-Film Theory
was employed to obtain the thickness of the interface node, as shown in the Eq.
(6.27).

 int er 

Ds
aD

(6. 27)

where  int er means the thickness of the hypothetical interface node. aD is the local
mass transfer coefficient between solution and air, which could be predicted by our
investigation in the Chapter 5. Therefore, the energy and species balances on the
interface could be expressed with the following equations.

s

ts ,int erface  ts , jmax

 int er , s

 a

 s ,int erface   s , j
 s Ds
 int er ,s

max

ta ,int erface  ta , jmax

 int er ,a

  a Da h fg

a ,int erface  a , j
 int er ,a

max

a ,int erface  a , j
  a Da
 int er ,a

(6. 28)

max

where the subscript interface means the additional node, and jmax stands for the
second last note of solution or air film.

Therefore, the model could be solved numerically with the following steps:

(1)Setting the inlet parameters for liquid desiccant, air and extra fluid, including the

ts ,in , ta ,in , t f ,in , ms ,in , ma , m f , a ,in ,  s ,in , and the design parameters, including H and
Wd ;
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(2) Calculating the wetted width of solution film along the flow direction, W ( y) , by
using the model given in Chapter 5;

(3) Calculating the influence of extra cooling/heating fluid on the solution
temperature with Eq. (6.11);

(4) Calculating the temperature profile of solution with Eq. (6.3) and (6.25). Firstly,
the film thickness along the flow direction could be predicted with Eq. (6.17). Then,
with the variable film thickness, by using Eq. (6.15), the velocity profile of solution
could be calculated. As the Eq. (6.25) is an implicit format, to solve the equation, the
iteration calculation is required.

(5) Updating the boundary condition of air with the result of step 4, and calculating
the temperature profile of air with Eq. (6.5) and (6.25). The velocity profile of air
could be estimated with Eq. (6.20), (6.21) or (6.22), depending on the different flow
patterns.

(6) Calculating the moisture content of air interface with the solution temperature and
initial solution concentration, with the boundary conditions.

(7) Calculating the profile of the moisture content of air with Eq. (6.6) and (6.25) ;

(8) Updating the solution concentration of the air/solution interface with Eq. (6.28),
and calculating the profile of solution concentration with Eq. (6.4) and (6.25);
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(9) Calculating the moisture content of air interface with the solution temperature and
solution concentration obtained in the last step, and repeating steps (7)-(9) until the
difference between the results of this time and those from last time is small enough,
i.e. ≤10-5 ;

(10) Checking the heat and mass balance of air and solution with Eq. (6.28). If the
error is small enough, i.e. ≤10-5, the results are acceptable; if not, the simulation
procedure should be continued to the next step;

(11) Updating the solution temperature and concentration of the interface node with
Eq. (6.28);

(12) Repeating steps (3) to (10) until the species and energy balance is approached.

The flow chart of the numerical solution is shown in Fig. 6.5, and the required
iterations are also indicated.
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Fig. 6. 5 Flow chart of numerical solution of 3-D model

6.3 Verification and Comparison

By employing the simulation method introduced in the last section, the 3-D model for
the internally heated regeneration could be solved numerically with the consideration
of the insufficient wetting condition and the change of film thickness due to the mass
transfer and film deformation . To verify the model, the calculation results were firstly
compared with our experimental results. The moisture removal rate during the
experiments and by our model under more than 100 different conditions were
compared. The details of the experiments could refer to Chapter 3. The Average
Relative Deviation (ARD) between our prediction results and experiment results
could be calculated by the following equation.
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ARD 

1 n Pexp eriment ,i  Pprediction,i
100%

n i 1
Pprediction,i

(6. 29)

where n is the number of data set.

As shown in Fig. 6.6, the moisture removal rates under different operation conditions
were calculated and compared with those recorded in our experiments. The majority
of the simulation results showed an acceptable difference of less than ±25%, with an
ARD of 14.9%. The errors may be caused by: 1) the slight irregularity or uneven
roughness of the working surface due to the industrial processing; 2) the measurement
uncertainties of the operation conditions during the experiments; 3) the assumptions
made for developing the model, such as the employment of the two-film theory.

Moisture removal rate (g/s)

3.5
+25%

3.0
ARD=14.9%

2.5
2.0

-25%

1.5
1.0
0.5
0.0
0.0

0.5

1.0 1.5 2.0 2.5 3.0
Moisture removal rate (g/s)

3.5

Fig. 6. 6 Comparison between calculation results with 3-D model and experimental
results

Then, the simulation results were compared with the traditional theoretical model and
the experimental data. The previous model employed in the comparison was
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developed by Khan (Khan, 1998) and Ren (Ren et al. 2007). It includes a set of
steady-state differential equations and could be solved by dividing the whole
heat/mass transfer plane into small differential elements. In the comparison, the
experiments G.2, G.7, G.10 and 15 were selected to show the influences of significant
parameters during the regeneration process, as described in Chapter 3. With the inlet
parameters of solution, air and extra fluid and the design parameters in these
experiments, the effect of different parameters on the regeneration performance could
be simulated with the newly developed model and the existing model. Similar to the
experiment, the LiCl and water were chosen as the solution and cooling/heating fluid,
respectively, and the counter-flow pattern was adopted in this simulation.

As shown in Fig. 6.7, with the increase of solution mass flow rate, the moisture
removal rate, which represents the mass transfer performance of the regenerator,
increased significantly in the experiments. Both simulation results showed an
increasing trend, but obviously, our newly developed model presented a much closer
trend to the test data. With the increase of solution mass flow rate, as described in
Chapter 3 and 4, the wetted area and width of the solution falling film increased
almost proportionally, which effectively enhanced the heat and mass transfer area and
time between the air and solution and improved the regeneration performance
accordingly. Therefore, without considering the effect of wetted area and film
thickness, the traditional model could not accurately predict the influence of solution
mass flow rate. Furthermore, when the solution mass flow rate was small, the
simulation results of the existing model were under-estimated as the actual wetting
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factor was smaller than the pre-set one, and the trend turned opposite with the
increase of solution mass flow rate.

3.0
Moisture removal rate (g/s)

Exp. G. 2
2.5
2.0

3D Model
Ren's Model

1.5
1.0
0.5
0.0
0.00

0.05
0.10
0.15
Solution mass flow rate (kg/s)

0.20

Fig. 6. 7 Comparison of experimental results, simulation results with 3-D model and
with Ren’s model under different solution mass flow rate

The influence of inlet temperature of extra hot water was shown in Fig. 6.8. When the
water temperature increased, both the moisture removal rates in the experiment and
with the 3-D model improved obviously, and their change trends were similar. But,
the change with the traditional model were relatively small. As described in Chapter
4, the increase of water temperature could increase the solution temperature and also
enlarge the wetted area and reduce the film thickness, which further improves the
performance of internally heated regeneration. However, only the change of solution
temperature were considered in the Ren’s model, and the effect of the water
temperature was seriously underestimated.
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Fig. 6. 8 Comparison of experimental results, simulation results with 3-D model and
with Ren’s model under different water inlet temperature

As found in Fig. 6.9, the moisture removal rates in the experiment, with the traditional
model and our new model all increased with the solution inlet temperature. As the
high temperature leads to a high equivalent humidity on the air/solution interface, the
mass transfer could be enhanced due to the increasing mass gradient between air and
solution. Furthermore, based on our previous research, the wetted area could be also
improved as the initial wetted width increased with the solution temperature.
Therefore, by calculating the enhanced mass transfer driving force and the increasing
wetted area, the prediction with the 3-D model was more accurate compared with
those by the 2-D model.
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Fig. 6. 9 Comparison of experimental results, simulation results with 3-D model and
with Ren’s model under different solution inlet temperature

Based on the investigation in Section 3.4.4, the pre-wetting of working surface could
effectively reduce the contact angle of solution and enlarge the wetted area
accordingly. As shown in Fig. 6.10, the change of contact angle by making the surface
hydrophilic was found to improve the moisture removal rate significantly in the
experiments 14 and 15, and similar trend was also shown in the simulation results
with the new 3-D model. The 3-D model is suitable for predicting the regeneration
performance with different working surfaces, by taking the effect of solution contact
angle into account. However, the contact angle of liquid desiccant was not included in
the equations of the previous model, so the results were not listed in the figure.
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Fig. 6. 10 Comparison between simulation results with 3-D model and with Ren’s
model in pre-wetting and dry conditions

In terms of solution inlet concentration, the simulation results with the new model and
Ren’s 2-D model were similar, and both reduced with the decrease of interface
equivalent humidity. But the change trend of the moisture removal rate with our
model was a little smaller, as shown in Fig. 6.11. The difference is caused by the
increase of wetted area with the solution concentration, which offsets part of
performance reduction during the regeneration. However, the influence of
concentration on the wetted area was not as obvious as other parameters, such as the
solution temperature.
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Fig. 6. 11 Comparison between simulation results with 3-D model and with Ren’s
model with different solution inlet concentration

Additionally, the influences of inlet parameters of air were simulated and compared.
As shown in Fig. 6.12 (a), the results of moisture removal rates increased with both
models as the increase of air temperature could avoid the temperature decrease of
solution during the regeneration. With our investigation, the air temperature could
also influence the plate surface temperature, and therefore influence the wetted area,
but the effect was small compared to that of the hot water. So, comparing with the
traditional model, the change trend with the new model was slightly obvious.
However, as the mass flow rate of air shows slight impact on the wetted area and film
thickness, as indicated in Fig. 6.12 (b), the simulation results with the existing and
new models were almost the same.
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Fig. 6. 12 Comparison between simulation results with 3-D model and with Ren’s
model with (a) different air inlet temperature and (b) different air mass flow rate

Besides the outlet parameters and system performance, the film thickness in the y-z
cross section along the flow direction and the surface temperature distribution in the
x-y plate could also be calculated by the 3-D model. One test in G. 7 was chosen as an
example, and the detailed experimental conditions were indicated in Fig. 6.13. As
shown in Fig. 6.13 (a), due to the film contraction and the increase of solution mass
flow rate, both the film thickness in the experiment and that predicted with the new
model increased with the flow distance with a close trend. Compared with Fig. 6.13
(b) by the thermal camera and (c) by the simulation, it could be seen that the solution
temperatures on the film surface were similar, which was higher in the central part
and decreased with the increase of flow distance. As the change of thickness on the
film edge was neglected in the new model, the surface temperatures of desiccant on
the edge varied in different ways in Fig. 6.13 (b) and (c). However, as the area of the
rim part was relatively small compared to the whole film, the difference was
insignificant and would not influence the accuracy of the 3-D model.
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Fig. 6. 13 Comparison between simulation results with 3-D model and experimental
results: (a) film thickness along the flow direction; (b) thermal image of solution
surface temperature in the experiment and (c) simulated solution surface temperature

Therefore, by comparing with the experimental data and existing theoretical model,
the newly developed 3-D model, which considering the effect of wetted area, film
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thickness and contact angle of solution, was found to show more accurate estimation
under different operation conditions. So, the model could be employed to predict the
regeneration performance of the falling film liquid desiccant regeneration system.
Although the model was developed based on the regeneration process, it could also be
applied for the dehumidifier with the similar mechanism between dehumidification
and regeneration.

6.4 Simulation result and parameter study

With the 3-D model, the influencing factors of mass transfer performance of
internally heated regeneration could be investigated numerically, and the performance
could be expressed as the regeneration efficiency and the moisture removal rate. The
regeneration efficiency is defined as the ratio of the actual moisture change between
air and desiccant to the maximum possible change under given operating condition,
which could be calculated by the following equation:

m 

a ,in  a ,out
a ,in  I ,in

(6. 30)

where a means the moisture content and I ,in is the moisture content of the air which
is at equilibrium with the desiccant solution at the inlet concentration and
temperature.

The moisture removal rate, which means the rate of moisture added to the air from the
desiccant, could be calculated from Eq. (6.28).

mremoval  ma (a ,out  a ,in )

(6. 31)

where ma is the air flow rate.

The initial value of the parameters required in the simulation was set as:

ms  0.1kg / s ,

ts ,in  55℃ ,

 in  32% , tw,in  60℃ ,

mw  0.5kg / s ,

ma  0.5kg / s , ta ,in  25℃ , a,in  9.87 g / kg and  max,i  1mm . According to the
previous study (Liu et al. 2008), the air and heating/cooling fluid flow patterns
showed little effect on the system performance. So, the common counter-flow pattern
was adopted in this simulation. The widely used LiCl and water were chosen as the
solution and cooling/heating fluid, respectively.

Firstly, in the initial condition, the changes of solution temperature and concentration
in both the y-z section cross and the x-y plate during the internally heated
regeneration process were simulated. As shown in Fig. 6.14 (a), in the thickness
direction, due to the introduction of extra hot water, the temperature of working plate
was increased and the solution was heated in the side near the plate. Synchronously,
with the moisture and thermal exchange with the relative dry and cool air, the solution
temperature in the side near the air firstly decreased and then increased due to the heat
transfer inside the film thickness, which could also be found in Fig. 6.14 (b). As the
film was very thin, the heat transfer was effective to heat up the solution.
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Additionally, as the plate surface temperature was higher than the solution, based on
our research in Chapter 4, the falling film was expanded along the flow direction.

(a)

(b)

Fig. 6. 14 Distribution of solution temperature during the internally heated
regeneration process in (a) y-z cross section and (b) x-y plane

Furthermore, in Fig. 6.15 (a), unlike the temperature, in the thickness direction, only
the concentration in the side near the air changed significantly due to the moisture
transfer from solution to air, while that of the major part of film was almost
unchanged. The main possible reasons are: a) the mass diffusion coefficient was
relatively small compared to the thermal one (10-10 compared to 10-7), so the mass
transfer inside the solution film was slow; and b) the employment of Two-film theory
in the development of the new model. It could be found that the solution
concentration changed most dramatically in the right and bottom edge of Fig. 6.15 (a),
because the hottest solution met the driest counter-flow air in this position. The
similar phenomenon was seen in Fig. 6.15 (b). In this figure, with the exchange of
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moisture with the air, the solution concentration on the film surface increased
gradually, and the peak occurred in the bottom of the channel.

(a)

(b)

Fig. 6. 15 Distribution of solution concentration during the internally heated
regeneration process in (a) y-z cross section and (b) x-y plane
Then, by changing one parameter and keeping other parameters as constant, the
impact of different factors on the moisture efficiency and moisture removal rate could
be calculated. For each parameter, three conditions were simulated to make the
analysis more accurate. The detailed operation parameters and changing range applied
in the simulation were also listed in the figures.

As shown in Fig. 6.16, both the moisture removal rate and regeneration efficiency
increased with the solution mass flow rate. When the solution mass flow rate was
small, the wetted area increased significantly with the flow rate, which effectively
enhanced the mass transfer between air and solution. However, when the wetted area
was similar to the design area of the working surface, the increase of solution mass
flow rate could only increase the thickness of solution film, and the growth rate of the
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moisture exchange became slower. That is why there existed a turning point in these
curves. The position of the turning point was determined by the operation and design
parameters of the internally heated regeneration. So, in our simulation, as the water
temperature was higher in Condition 3 and the wetted area was larger accordingly, the
turning point occurred in a relatively small solution mass flow rate compared with
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Fig. 6. 16 Influence of solution mass flow rate on (a) moisture removal rate and (b)
regeneration efficiency

From Fig. 6.17, due to the increase of the equilibrium humidity on the liquid/air
surface, the moisture removal rate was found to increase with the solution inlet
temperature significantly. However, with the increase of solution temperature, the
regeneration efficiency was firstly decreased dramatically, and then the decrease rate
became slow gradually.
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Fig. 6. 17 Influence of solution inlet temperature on (a) moisture removal rate and (b)
regeneration efficiency
As shown in Fig. 6.18, with the increase of solution inlet concentration, the mass
transfer between air and solution decreased, while the moisture efficiency increased.
However, the effect of solution concentration on the system performance was not as
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Fig. 6. 18 Influence of solution inlet concentration on (a) moisture removal rate and
(b) regeneration efficiency

The influences of parameters of extra hot water were shown in Fig. 6.19 and 20. With
the increase of hot water temperature, based on our previous research, the solution
temperature could be improved, and the plate surface temperature increased and the
wetted area was enlarged accordingly. Therefore, as shown in Fig. 6.19, both the
moisture removal rate and regeneration efficiency increased significantly with the
water temperature. However, due to the small heat exchange efficiency between hot
water and solution, the change of system mass performance with the hot water mass
flow rate was slightly, and approached a steady state when the mass flow rate was
high, as demonstrated in Fig. 6.20. So, in practical applications, the flow rate of hot
water should be adjusted according to the simulation results, and the extravagant
water mass flow rate would not benefit the system performance by increasing the
pump energy use.
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Fig. 6. 19 Influence of hot water temperature on (a) moisture removal rate and (b)
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Fig. 6. 20 Influence of hot water mass flow rate on (a) moisture removal rate and (b)
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As shown in Fig. 6.21, the mass flow rate of air could benefit the mass transfer
performance of regeneration significantly. But, when the flow rate was high, as the air
could not exchange the heat and moisture with the solution sufficiently, the moisture
removal rate increased slightly and the regeneration efficiency decreased seriously.
Since higher air flow rate led to a higher energy consumption of fans in practical
liquid desiccant systems, according to different operation conditions, there exists the
maximum flow rate for air to avoid the energy waste.
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Fig. 6. 21 Influence of air mass flow rate on (a) moisture removal rate and (b)
regeneration efficiency

The influences of the air inlet temperature and moisture content on the system
performance could be seen in Fig. 6.22 and 6.23. With the increase of the humidity
inside the air, as shown in Fig. 6.23, the regeneration potential of the process air
reduces seriously, and the moisture removal rate and efficiency decreased
accordingly. When the air temperature was high, the mass performance of the
regenerator increased, but the impact was not obvious as that of the air moisture
content, as presented in Fig. 6.22.
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Fig. 6. 22 Influence of air inlet temperature on (a) moisture removal rate and (b)
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Fig. 6. 23 Influence of air inlet moisture content on (a) moisture removal rate and (b)
regeneration efficiency
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According to our previous research, as the thickness of solution distributor plays a
significant role in the wetted area of falling film, it could also influence the mass
transfer performance of the internally heated regeneration. As shown in Fig. 6.24, if
the thickness of solution distributor is small enough, the falling film would cover the
whole working plate, which may not occur in the practical systems as the solution
may leak from the regenerator. With the increase of the solution distributor thickness,
the wetted area decreased seriously, as well as the moisture removal rate and the
regeneration efficiency. Furthermore, when the thickness was large, the form of
falling desiccant would shrink from a film to a thick steam, and the heat and mass

6

0.35

5

0.3

Regeneration efficiency

Moisture removal rate (g/s)

transfer between solution and air becomes poor.

4
3
2
1
0

0.25
0.2
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2
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Thickness of solution distributor
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0
0.4 0.8 1.2 1.6
2
Thickness of solution distributor
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2.4

Fig. 6. 24 Influence of solution distributor thickness on (a) moisture removal rate and
(b) regeneration efficiency

In the simulation of internally heated regenerator, the change trends of the moisture
removal rate and regeneration efficiency with a particular variable are similar under
different conditions, which means that the influence of one variable would not change
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even when other variables change. As variables have different influences on the mass
transfer performance of regeneration, the values of maximum second derivative of
different design and operation variables were developed, which revealed the
maximum change rate of effectiveness with the change of a variable. As shown in
Table 6.1, a larger value represents more significant influence while a smaller one
means less impact. Furthermore, a positive value means that the effectiveness
increased with the increase of the variable, while a negative one represents the
opposite.

Table 6. 1 Values of maximum second derivative of variables

mremoval

m

ts,in

3.02

-6.78

ta,in

0.24

0.24

tf,in

2.05

2.05

ms,in

1.46

1.46

ma,in

1.38

-0.93

mf,in

0.073

0.073

 s ,in

-3.40

2.20

a ,in

-1.72

-1.40

 max,i

-5.28

-5.28

From the table, the thickness of solution distributor is found to show the greatest
impact on the moisture removal rate, and the change of inlet temperature of solution
results in the most obvious change of regeneration efficiency. For the

mremoval , the

changes of solution temperature and concentration also lead to significant change. As
the increase of hot water temperature could improve the plate surface temperature and
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the wetted area effectively, it also has significant influence on the moisture removal
rate. However, the effects of air temperature and hot water mass flow rate are much
smaller. In terms of

 m , besides the change of inlet temperature of solution, the

solution distributor thickness has the second largest important influence. The
concentration of solution shows significant influence on the regeneration efficiency,
and the change of the hot water temperature, and the solution mass flow rate and the
moisture content of air as well. Therefore, it provides a useful reference for
researchers and engineers to improve or optimize the mass transfer performance of
internally heated regeneration.

6.5 Summary

In this section, based on previous studies on the wetted area and mass transfer
coefficient, a 3-D model of internally heated regenerator was developed for describing
the heat and mass transfer among the air, solution and extra hot water. The
insufficient wetting condition, the change of film thickness due to the mass transfer
and film deformation and the effect of contact angle were taken into account. Using
the finite-volume method, the numerical solution of the model and the simulation
steps were provided.

To verify the model, the calculation results were compared with results by other
existing theoretical models and our experimental results. With the consideration of the
effect of wetted area and film thickness, compared to the experimental data, the newly
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developed model could accurately predict the influence of solution mass flow rate and
extra hot water temperature, but the effects were found to be seriously underestimated
in the traditional models. Furthermore, by taking the effect of contact angle of into
account, the new model is proved to be suitable for predicting the regeneration
performance with different working surfaces, while the contact angle was not
included in the previous model. Additionally, the film thickness and the distribution
of solution temperature on the film surface predicted by the 3-D model show a close
trend to those recorded in our experiments of internally heated regeneration.

With the new model, a parameter study has been conducted numerically to show the
effect of inlet parameters on the moisture removal rate and regeneration efficiency. As
the film is very thin and the thermal diffusivity is relatively high, the heat transfer
between the hot water and solution is effective to heat up the falling film. Meanwhile,
with the low mass diffusivity, the change of solution concentration only occurs in the
side close to air and the concentration of a large part of the falling film were almost
unchanged. Furthermore, the thickness of solution distributor shows the greatest
impact on the moisture removal rate, and the change of inlet temperature of solution
results in the most obvious change of regeneration efficiency. The changes of solution
concentration and hot water temperature also lead to significant changes on the
system performance. Although the increase of the mass flow rates of solution, air and
hot water benefit the mass transfer, the effect of the excessive mass flow rates are
slight.
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Therefore, it concludes that this new model is very useful for both researchers and
engineers to predict the performance of internally heated regeneration accurately. The
parameter study provides a useful reference to improve or optimize the practical
regenerator applications. Although the model was developed based on the
regeneration process, it could also be applied for the dehumidifier with the similar
mechanism between dehumidification and regeneration.
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CHAPTER 7
MODEL DEVELOPMENT FOR OPERATION
PERFORMANCE OF INTERNALLY COOLED/HEATED
SLDAC

7.1 Introduction

In previous chapters, the heat and mass transfer of internally cooled/heated
dehumidifier/regenerator, which are the most critical components in LDAC system,
were investigated experimentally, theoretically and numerically. Besides, the SLDAC
has other components, such as the solar thermal system, heat recovery system, cooling
system, energy storage system and auxiliary heating system. To evaluate the energy
performance of the whole system, the operation performance and energy consumption
should be simulated and compared with conventional systems.

The newly developed 3-D model is regarded as an accurate way to predict the system
performance of dehumidifier/regenerator. However, due to a large number of
variables involved, this method is complex and usually requires thousands of iterative
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calculations, which is inconvenient for researchers and engineers, especially for those
investigating the dynamic operation performance of the system. In view of the
previous approach, most studies investigated on the quick prediction model for the
adiabatic liquid desiccant systems (Chung and Luo 1994, Abdul-Wahab et al. 2004,
Gandhidasan 2004 and Gandhidasan 2005). Due to the complex configuration,
research on internally cooled/heated systems is very limited (Yin et al. 2009, Gao et
al. 2012). So it is necessary to find a quick and accurate way to calculate the outlet
characteristics and the system performance, which the influences of all design
variables and operation parameters should be considered.

Furthermore, referring to the review in Chapter 2, many previous research focused on
the operation performance of packed-bed or solar collector/regenerator liquid
desiccant systems (Khalid Ahmed et al. 1997, Rane et al. 2002, Chen et al. 2003, Liu
et al. 2006). But the study on the solar-assisted internally cooled/heated system is
limited due to its complexity. Therefore, an operation simulation model of the whole
SLDAC system should be developed.

In this chapter, firstly, a new simplified numerical model for the internally
cooled/heated dehumidifier/regenerator was developed, by defining three kinds of
effectiveness. With this model, the system outlet parameters of all fluids (air,
desiccant and heating/cooling fluid) under different design and operation conditions
could be obtained accurately and directly without any iterative calculations, and the
heat and mass transfer performance could also be assessed. To verify the model, the
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results by this prediction model were compared with the simulation results obtained
by the theoretical model developed before.

Then, by linking the theoretical or numerical model of individual component with
iteration loops, an operation simulation method of the SLDAC was developed. By
assuming the initial parameters and solving the nested loops, the outlet parameters of
all fluids and energy consumption under different operation conditions could be
obtained. In this chapter, the heat and mass balance equations of different
components, the initial parameters and the simulation procedures with the four
iteration loops were described. The simulation results of the operation performance of
SLDAC are shown in the next chapter.

7.2 Quick prediction model for internally cooled/heated LDAC

7.2.1 Simplified model development

To build the new quick prediction model for the internally cooled/heated
dehumidifier/regenerator (ICHDR), three kinds of effectiveness are defined, as shown
in Eq. (7.1), which are:

 ha ,

enthalpy effectiveness, the ratio of the actual energy

change of air to the maximum possible one;

 ma , moisture effectiveness, the ratio of

the actual mass change of air to the maximum possible one, which is also recognized
as the mass transfer effectiveness; and

 tf , temperature effectiveness, the ratio of the
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actual heat change of desiccant to the maximum possible one. These three kinds of
effectiveness could represent the heat and mass transfer during the dehumidification
and regeneration process.

 ha 

ha ,in  ha ,out
ha ,in  hI ,in

;  ma 

where h means the enthalpy,

t t
a ,in  a ,out
;  tf  f ,in f ,out
a ,in  I ,in
t f ,in  ts ,in



(7. 1)

is the moisture content and t is the temperature. The

subscripts a, s, f, I stand for the air, desiccant solution, cooling/heating fluid, and the
interface between air and solution, respectively. The subscripts in and out mean the
inlet and outlet characteristics.

Based on the energy and mass balances, a simplified model for ICHDR could be
developed by applying these kinds of effectiveness, as demonstrated in Eq. (7.2).The
following assumptions were made when building the model: a) the latent heat of
vapourization were assumed as constants; b) air thermal and moisture diffusivity in
the flow directions was assumed as zero; and c) no heat was transferred to the
surroundings.

ha ,out  ha ,in   ha (ha ,in  hI ,in )

a ,out  a ,in   ma (a ,in  I ,in )
t f ,out  t f ,in   tf (t f ,in  t s ,in )
ms ,out  ms ,in  ma (a ,in  a ,out )

 s ,out  1/ ((1/  s ,in )(1   ma ma (a ,in   I ,in ) / ms ,in ))
hs ,out 

ma (ha ,in  ha ,out )  m f c p , f (t f ,in  t f ,out )
ms ,in
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 hs ,in

(7. 2)

where m stands for the mass flow rate and t means the temperature.  is the solution
concentration.

With these equations, six outlet parameters of air, solution and heating/cooling fluid
could be obtained directly. Other outlet characteristics, such as the outlet temperature
of air and the outlet temperature of desiccant, could be also calculated by Eq. (7.3)
and Eq. (7.4), respectively.

ta ,out  (ha,out -rab, I  a ,out )/(cp,d +cp,m  a ,out )

(7. 3)

A  66.2324  1127.11 s ,out  7985.3 s ,out 2  21534 s ,out 3  16635.2 s ,out 4
B  4.5751  14.6924 s ,out  63.07226 s ,out 2  138.054 s ,out 3  106.69 s ,out 4
C  0.000809689  0.0218145 s ,out  0.136194 s ,out 2  0.320998 s ,out 3  0.264266 s ,out 4
ts ,out 

 B  B 2  4C ( A  hs ,out )
2C

(7.
4)
where rab , I is the latent heat of vapourization.

Furthermore, to reveal the heat and mass transfer performance of dehumidifiers and
regenerators, two indicators, i.e. the moisture removal rate (the rate of moisture taken
from the air in dehumidifiers or added to the air in regenerators) and heat exchange
rate (the rate of energy obtain of the desiccant solution), are also significant in both
theoretical studies and applications. They could be estimated by Eq. (7.5) and (7.6).

mremoval  ma (a,out  a,in )   ma ma (I ,in  a,in )

201

(7. 5)

Qenergy  ms ,out hs ,out  ms ,in hs ,in

(7. 6)

Therefore, without any iteration, the outlet parameters and performance indicators of
ICHDR could be easily obtained with this simplified prediction model, when the three
types of effectiveness could be calculated directly with the known design and
operation variables.

7.2.2 Correlation development for three types of effectiveness

To obtain the correlations, the system performance under different design and
operation variables were investigated numerically by employing the newly developed
3-D model. According to previous studies (Liu et al. 2009), the air and
heating/cooling fluid flow patterns showed an insignificant effect on the system
performance, so the common counter-flow pattern was adopted in this simulation. The
widely used LiCl and water were chosen as the solution and cooling/heating fluid,
respectively.

As listed in Table 7.1, the thirteen influencing variables could be divided into three
groups; parameters of air, desiccant solution and cooling/heating fluid; heat and mass
transfer property and configuration of dehumidifier/regenerator. According to the
common working conditions of the ICHDR, the changing range of these parameters
were chosen, which should be wider than the common ones. As extra heat is useful to
improve the system performance during the regeneration process, the changing ranges
of the inlet temperature of water, solution and process air for regenerators are higher
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compared to those for dehumidifiers. In addition, based on the previous studies
(Kessling et al. 1995, Jain et al. 2000, Yin et al. 2008, Liu et al. 2009) and our
experiments, the pre-set values for the numerical simulation are also listed. By
keeping other parameters as constants with initial values and changing one parameter
within the whole possible range, the effectiveness and system performance under
different operation conditions could be calculated numerically.

Table 7. 1Summary of influencing parameters (including the changing ranges and
initial values)
Range
Type

Unit

Dehum

Regen

Dehum

Regen

idifier

erator

idifier

erator

Mass flow rate of air

0.05-

0.05-

across each channel

1.5

1.5

0.5

0.5

ta,in(℃)

Inlet temperature of air

15-45

25-90

33

25

a ,in

Inlet moisture content of

5-25

5-25

20.7

9.87

(65%)

(50%)

Inlet mass flow rate of

0.05-

0.05-

solution

1.0

1.0

0.25

0.25

15-45

25-70

30

55

25-50

20-45

36

32

Inlet flow rate of

0.05-

0.05-

cooling/heating fluid

1.50

1.50

0.5

0.5

15-45

25-70

28

60

0.17

0.17

ma(kg/s)
Parameters
of Air

ms,in(kg/s)
Parameters
of Solution

ts,in(℃)
 s ,in (%)

Parameters
of
Cooling/he
ating fluid

Description

Initial value

mf,in(kg/s)

tf,in(℃)

air

Inlet temperature of
solution
Inlet concentration of
solution

Inlet temperature of
cooling/heating fluid

Heat and

aw(kW/m2

Heat transfer coefficient

mass

•℃)

between desiccant and
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0.1-2.5

0.12.5

transfer

cooling/heating fluid

properties

H (m)

System

Wd (m)

design
variables

 s (10-3 m)
 a (10-3

Height of
dehumidifier/regenerator
Width of
dehumidifier/regenerator
Thickness of solution
distributor
Thickness of air channel

0.1-1.5

0.1-1.5

0.5-5.0

10-50

0.11.5
0.11.5
0.55.0
10-50

0.5

0.5

1.0

1.0

1.0

1.0

10.0

10.0

m)

The three kinds of effectiveness, as the indicators of the mass and heat transfer
performance, were found to be significantly influenced by the temperature, moisture
and enthalpy gradients amongst the air, solution and cooling/heating fluid. The same
conclusions were also previously drawn (Gandhidasan 2004, 2005). The temperature
difference between the desiccant solution and cool/heating fluid induces the driving
force of sensible heat transfer. The difference of moisture content between the air and
air/desiccant interface makes the desiccant absorb the moisture or deliver it to the air.
The enthalpy gradient results in the thermal energy exchange between the air and
air/desiccant interface due to the heat and mass transfer. The enthalpy of air is the
function of air temperature and moisture content, and the enthalpy of solution is
decided by the solution temperature and concentration. In addition, the mass flow rate
of fluids and system design parameters also affect the effectiveness.
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Therefore, these kinds of effectiveness could be represented as the functions of mass
and heat driving forces, mass flow rate of fluids, and system design parameters, as
shown in Eq.(7.7).

  b0 (ha,in  hI ,in )b (a,in  I ,in )b (t f ,in  ts ,in )b ms b mab m f b awb Wd b H b  ab  s b
1

3

2

4

5

6

7

8

9

10

11

(7. 7)
where b0-b11 are constants which sate the degrees and directions of variables’
influences.

The limits and signs of the effectiveness are defined by Eq. (7.8).

0   ha  1;
0   ma  1;

 tf  0 when ts ,in  t f ,in
Dehumidifier 

 tf  0 when ts ,in  t f ,in
 tf 

 tf  0 when ts ,in  t f ,in
Regenerator


 tf  0 when ts ,in  t f ,in


(7. 8)

With the statistical data of different dehumidification and regeneration conditions, the
multiple linear regressions were employed to obtain the value of b0-b11 for three kinds
of effectiveness, with the steps described in the Section 5.2.2. To verify the
coefficients obtained by linear regressions, an F test has to be conducted. As the
accuracy of linear regressions would significantly increase with the quantity of
independent statistical data, an adequate amount of data is necessary.
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7.2.3 Correlations for ICHDR and Model verification

With the numerical simulation data, the correlations of the three kinds of effectiveness
in dehumidifiers and regenerators could be developed by linear regressions, as shown
in Eq. (7.9) - (7.12), respectively.

For Wi  Wd
0.246  ( t f ,in  ts ,in )0.027 (1000  (a ,in  I ,in )) 0.619 ms 0.865 aw 0.058 H 0.399

 de,ha 

(ha ,in  hI ,in )0.658  a 0.378 s 0.309 ma 0.051m f 0.016
0.109  ( ha ,in  hI ,in )0.264 ms 0.878 aw 0.058 H 0.401 ( t f ,in  ts ,in ) 0.029

 de,ma 
 de,tf 

0.0044  (1000  (a ,in  I ,in )) 0.576 aw1.036 H 1.225ms 0.429 ma 0.557 t f ,in  ts ,in

(ha ,in  hI ,in )0.324 m f 1.028 ( t f ,in  ts ,in ) 0.744  a 0.602 s 0.850
t f ,in  ts ,in

 re,ha 
 re,ma 
 re,tf 

(7. 9)

(1000  (a ,in  I ,in ))0.323  a 0.375 s 0.326 ma 0.054 m f 0.017

0.579  (1000  (I ,in  a ,in ))1.156 ms1.247 ma 0.231aw 0.095 H 0.145 ( t f ,in  ts ,in ) 0.1367

 s 0.947 ( ha ,in  hI ,in )1.915 m f 0.0231 a 0.368
0.195  (1000  (I ,in  a ,in ))0.554 ms1.0392 ma 0.150 ( t f ,in  ts ,in ) 0.1036 aw 0.0785 a 0.0324 H 0.0202

 s 0.858 ( ha ,in  hI ,in )1.291 m f 0.011
1.232  ( ha ,in  hI ,in )0.232 aw 0.758 H 0.932 ma 0.671 s 0.046
(1000  (I ,in  a ,in ))0.504 m f 1.028 ( t f ,in  ts ,in )1.04  a 0.480 ms


0.443

t f ,in  ts ,in
t f ,in  ts ,in

(7. 10)
For Wi  Wd
 de,ha 
 de,ma 
 de,tf 

10  ( t f ,in  ts ,in )0.0486 (a ,in  I ,in ) 0.525 (ms / ma ) 0.349 m f 0.0773aw 0.0764 ( 0.0022 Wd  0.0102  H ) 0.0407
(ha ,in  hI ,in )0.547  a 0.378
0.0829  ( ha ,in  hI ,in )0.195 (ms / ma )0.350 m f 0.0619 aw 0.07 (-0.0032 Wd +0.0248  H)0.0854
( t f ,in  ts ,in )0.009 (a ,in  I ,in ) 0.0441 a 0.375
0.115  (ha ,in  hI ,in )0.304 (a ,in  I ,in ) 0.394 aw0.757 (Wd  H ) 0.754 t f ,in  ts ,in

m f 0.857 (ms / ma )0.261 ( t f ,in  t s ,in ) 0.759  a 0.602
t f ,in  t s ,in

(7. 11)
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 re,ha 

27.061 (1000  (I ,in  a ,in ))0.987 (ms / ma ) 0.770 aw 0.0838 (0.196 Wd  0.287  H ) 0.125
( ha ,in  hI ,in )1.532 ( t f ,in  ts ,in ) 0.0038 m f 0.012 a 0.368
46.219  (1000  (I ,in  a ,in ))0.728 (ms / ma ) 0.844 m f 0.001aw 0.0691 a 0.0324 (Wd  H ) 0.0242

 re,ma 
 re,tf 

( ha ,in  hI ,in )1.332 ( t f ,in  ts ,in ) 0.0168
0.0554  ( ha ,in  hI ,in )0.794 aw0.622 ((1.552  Wd +0.118  H)) 0.896 (ms / ma ) 0.0032 t f ,in  ts ,in

(1000  (I ,in  a ,in ))0.636 m f 0.908 ( t f ,in  ts ,in )1.07  a 0.480
t f ,in  ts ,in

(7. 12)

where subscripts de and re stand for the dehumidifiers and regenerators, respectively.

An F-test was required to check the significance of regression correlations, with the
data set faithful at 0.01, 0.05 and 0.1 significance levels, respectively. The related Fa
could be found in the F Distribution Tables. As shown in Table 7.2, the F-ratios are
significantly larger than the Fa at all three levels, and the linear regressions are
reliable.

Table 7. 2 Significance Test for Linear Regression



n

F-ratio

 de,ha 271

41.6

 de,ma 271

30.4

 de,tf

271

136.3

 re,ha

257

178.6

 re,ma 257

184.7

 re,tf

429.6

257

Significance Fa (m, n  m  2)
0.1

0.05

0.01

1.70

1.976

2.59

1.72

1.98

2.6
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Therefore, with the statistic correlations of three kinds of effectiveness, the simplified
prediction model for internally cooled dehumidifiers and internally heated
regenerators could be developed, by inserting Eq. (7.9) - (7.12) to Eq. (7.2).

To verify the newly developed simplified model, firstly, the outlet parameters of
ICHDR by the quick prediction model with Eq. (7.2) and by the 3-D theoretical model
under more than 250 different conditions were compared, as shown in Fig. 7.1. The
detailed inlet parameters and design variables were also presented. The Average
Relative Deviation (ARD) and Average Composite Deviation (ACD) between our
prediction results and simulation results could be calculated by the following
equations.

ARD 

1 n Psimulation ,i  Pprediction ,i
100%

n i 1
Psimulation ,i

1 n
ACD  
n i 1

 Psimulation,i , j  Pprediction,i, j

100% 



Psimulation,i , j
j 1 

m

(7. 13)
2

(7. 14)

where n is the number of data. m is the number of outlet parameters, which is six in
our simplified model. P stands for an individual outlet parameter, such as the outlet
solution enthalpy and air moisture content.

As shown in Fig. 7.1(a), for dehumidifiers, the outlet parameters obtained by our
quick prediction model are similar to the results obtained by the theoretical model.
The greatest difference occurred in the outlet moisture content of air, which may be
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attributed to its relatively low level (10-3) compared to the other parameters (enthalpy
101-102; mass flow rate 10-1-101; and so on). But, the majority of the results of
moisture content still showed an acceptable difference of less than ±20%, with an
ARD of 11%. The errors for solution and air enthalpy are smaller, with an ARD of
about 5%. The results of cooling water temperature, solution mass flow rate and
concentration were found to be consistent with the simulation ones, with the ARDs
about or even less than 1%. In terms of regenerators in Fig. 7.1(b), the distribution of
deviations is similar to those of dehumidifiers. It should be noticed that the errors of
the simplified model for regenerators are much smaller than for those of
dehumidifiers. This may be caused by the temperature difference. In regenerators, the
temperature of liquid (about 50 to 80℃) is much higher than that of the air (about 20
to 40℃), as well as their enthalpies. However, the temperatures and enthalpies of the
three fluids are close to each other in the dehumidification process, which would
reduce the accuracy of linear regressions and increase the errors of statistical
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Fig. 7. 1 Comparison of six outlet parameters between prediction and simulation
results

The composite errors of the six outlet parameters are compared, as shown in Fig. 7.2.
Most differences are found within 20% for dehumidifiers and 15% for regenerators,
with an acceptable ACD of 14.7% and 7.1%, respectively.
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Fig. 7. 2 Comparison of composite errors between prediction and simulation results

Therefore, this new simplified prediction model is suitable for evaluating the outlet
parameters and system performance of ICHDR directly, especially for the dynamic
operation performance of internally cooled/heated LDAC systems.

7.3 System modelling of internally cooled/heated SLDAC

7.3.1 Description of internally cooled/heated SLDAC

The proposed SLDAC system mainly consists of an internally cooled/heated liquid
desiccant ventilation system and an all-air cooling system, for handling the latent and
sensible air-conditioning (AC) load of buildings separately. The system includes a
liquid desiccant loop (pink line), two water loops (blue line) and two air loops (green
line), as shown in Fig. 7.3.
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As shown in Fig. 7.3, after entering the ventilation system, the fresh air was first
dehumidified by the dehumidifier and then pre-cooled by a heat exchanger which was
connected to the cooling tower. Then, by mixing with the return air, the supply air
was cooled to the indoor set point with the cooling coil driven by the vapour
compressor. Therefore, under cooling conditions, most latent load and part sensible
load were handled within the liquid desiccant ventilation system, while the rest of
load was handled by the cooling coil.

For the better performance of dehumidification, the cool water from the cooling tower
was introduced into the internally cooled dehumidifier. In order to utilize the
desiccant repeatedly, the weak desiccant solution requires concentration in the
regenerator with heat supply. For the energy saving and environment friendly
purposes, solar energy is considered as a promising heating source. Therefore, in our
system, the hot water required in the internally heated regenerator was mainly
supplied by solar thermal collectors, and an electric heater was installed as a back up
when the solar radiation is insufficient in cloudy or rainy days.

To improve the efficiency of liquid desiccant system, several heat exchangers were
applied for pre-cooling or pre-heating the solution. With the heat exchanger #1, the
concentrated solution was pre-cooled by exchanging heat with the cool water from the
cooling tower. Then, after the dehumidification process, the solution was preheated by
a solution-to-solution heat exchanger #2, as the diluted solution needs to be heated up
before the regeneration process while the concentrated solution needs to be cooled
down before the dehumidification. The temperature of diluted solution was further
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increased by heating with the hot water from solar collectors, with the heat exchanger
#3.

Due to the lower thermal loss and higher efficiency, the evacuated-tube solar collector
was employed in the SLDAC system. Additionally, the power consumptions of
pumps and fans should also be considered.

7.3.2 Simulation Models of System Components

To simulate the energy consumption of SLDAC, the mass and energy balances of
each component should be built. In this section, the mathematical models of different
components, including the internally cooled/heated dehumidifier/ regenerator, the heat
exchanger, the solar collector, the cooling tower, the vapour compression system and
the pump, are discussed

1) Internally cooled/heated dehumidifier/ regenerator

For the ICHDR, the heat and mass transfer happens amongst the air, desiccant
solution and cooling/heating fluid. The common counter-flow pattern was adopted,
and the widely used LiCl and water were chosen as the solution and cooling/heating
fluid, respectively.
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Fig. 7. 3 Schematic diagram of system components of SLDAC
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With the quick prediction model developed in Section 7.2, the outlet parameters of air,
solution and heating/cooling fluid could be obtained directly with the given inlet
parameters, including the outlet temperature of air, cooling/heating water and desiccant
solution, the outlet moisture content of air and the outlet concentration and mass flow rate
of solution. For defining the amount of vapour removed from the fresh air to the
desiccant solution, the moisture removal rate of dehumidification ( mremoval ,de ) could be
calculated as follows:

mremoval ,de  mda (da,in  da,out )
where m refers to the mass flow rate, and



(7. 15)
is the moisture content. The subscript da

stands for the outdoor fresh air, and in and out mean the inlet and outlet characteristics.

Similarly, the regeneration rate ( mremoval ,re ), which is used to describe the amount of water
evapourating from the solution to the air, could be expressed as:

mremoval ,re  mra (ra,in  ra,out )

(7. 16)

where the subscript ra stands for the exhaust air from the air-conditioned rooms.

2) Solar Collector
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The solar energy collected by the collector is mainly determined by the temperature of
inlet water and ambient air, and the area and efficiency of the collector, which could be
calculated by:

Qsolar  IAcsolar   IAc  Uc Ac (tin  tamb )

(7. 17)

where  is the transmissivity of the cover glass upon the solar collector. tin refers to the
inlet water temperature, and tamb is the outdoor air temperature. I is the incident solar
radiation on the plate surface, and Ac means the area of the collector. U c is the overall
thermal loss coefficient of the collector.

The efficiency of the solar collectors could be expressed as a quadratic efficiency curve:

solar  a0  a1 (Tin  Tamb ) / I  a2 I [(Tin  Tamb ) / I ]2

(7. 18)

For the evacuated-tube solar collector employed in this simulation, these coefficients are
set to be 0.84, 2.02 and 0.0046, respectively (Walker et al. 2004).

3) Vapour compressor system

The cooling load handled with the cooling coil of SLDAC could be calculated as:

217

Qcc  Qc  mda (hda  hda ,dc )

(7. 19)

where Qc is the total cooling load of the building, and mda means the minimum outdoor
airflow rate required in the building. hda refers to the enthalpy of ambient air and hda ,dc is
the enthalpy of the process air entering the cooling coil.

When the cooling coil driven by the vapour compressor system is operated with the liquid
desiccant system, the COP will increase. Based on previous research, the average COP of
the vapour compressor system of buildings was found to be about 3.3, while it was
estimated to be about 4.62 for the totally dry cooling coil condition (Li et al. 2010).
Therefore, the energy consumption of the vapour compressor system in the proposed
SLDAC and conventional system could be obtained.

4) Cooling tower

The efficiency of cooling tower can be defined as follows:

ct 

Tw,in  Tw,out

(7. 20)

Tw,in  Ta ,wb

where Tw and Ta ,wb represent the water temperature in the cooling tower and the wet-bulb
temperature of ambient air, respectively. The subscripts in and out mean the inlet and
outlet characteristics. From this equation, it reveals that the outlet temperature of the
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water leaving the cooling tower is limited by the wet-bulb temperature of the surrounding
air.

5) Heat exchanger

In our proposed SLDAC system, there are different types of heat exchangers employed,
including a solution-to-solution heat exchanger, a water-to-solution heat exchanger and
an air-to-water heat exchanger. The general formula for calculating the efficiency for the
counter-flow heat exchanger is expressed as:

ex 


mhot c p ,hot (Thot ,in  Thot ,out )
min(mhot c p ,hot , mcold c p ,cold )(Thot ,in  Tcold ,in )
mcold c p ,cold (Tcold ,in  Tcold ,out )

(7. 21)

min(mhot c p ,hot , mcold c p ,cold )(Thot ,in  Tcold ,in )

where m and c p refer to the mass flow rate and the specific heat, respectively. The
subscripts hot and cold stand for the hot and cold fluid through the exchanger, and in and
out mean the inlet and outlet characteristics.

6) Pump

The performance of pump is determined by its volumetric flow rate, pressure rise and
efficiency, as shown in Eq. (7.22):
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Wp 

 water gHQ
p

(7. 22)

where Wp is the total pump power. H stands for the pump head (m), and Q is the volume
of fluid delivered by the pump per unit time.  p refers to the efficiency of individual
pump.

7.3.3 Input and output parameters

To simulate the operation performance of SLDAC, design and performance variables of
the system and the simulated building were required. The input variables could be mainly
divided into three categories: the initial assumed parameters of the system, the climatic
data and the load profile of the building. The last two categories are related to the
selected case for the simulation, which are described in the next chapter.

The initial assumed parameters mainly included: the assumed parameters of individual
components, which were constant throughout the simulation; and the initial parameters of
working fluids, which referred to the initial value of operation conditions and may change
with the simulation steps. The settings of the assumed parameters of different
components were based on the previous research, as summarized in Table 7.3.

Table 7. 3 Assumptions of individual component
Heat exchanger

Efficiency
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1#: 0.93
2#: 0.54

3#: 0.93
Cooling tower

Efficiency

0.45

Thermal Efficiency

0.82

Titled angle

22.5°(facing south)

Electrical heater

Efficiency

0.9

Chiller

COP

Solar collector

Dehumidifier/Regenerator

3.3 (conventional AC system)
4.62 (totally dry cooling coil)

Height × Weight

0.55 m× 0.5 m

Air channel thickness

0.02 m

According to the common operation conditions of the solar-assisted system and liquid
desiccant system, the initial parameters of working fluids were assumed, as listed in the
Table 7.4. During the simulation, the initial parameters may change due to the iteration
loop of thermal and mass energy transfer.

Table 7. 4 Assumptions of initial parameters of working fluids
Initial parameter

Working fluid

Component

Value

Desiccant

Dehumidifier/Regenerator

0.5

Heat exchanger 1#

0.5

Dehumidifier

0.5

Heat exchanger 3#

0.5

Regenerator

0.5

Cooling water

Mass flow rate

Heating water

(kg/s)

Dehumidifier
Air
Regenerator
Temperature (℃)

Desiccant

Dehumidifier
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Ventilation rate of
the building
Exhaust rate of the
building
25

Concentration (%)

Cooling water

Cooling tower

30

Heating water

Solar collector

60

Desiccant

Dehumidifier

34.5

The input and output variables for every component in the proposed SLDAC were
summarized in Table 7.5. The variables of the working fluids (i.e. water, air and
desiccant solution) were indicated in Fig. 7.4.

Table 7. 5 Summary of input and output variables of each component
Component

Parameter

Input variable

Output variable

Process air

tda ,0 , da ,0 , hda ,0

tda ,1 , da ,1 , hda ,1

Desiccant solution

ts ,0 ,  s ,0

ts ,1 ,  s ,1

Cooling water

tcw,1

tcw,2

Dehumidifier

mremoval ,de

Moisture removal rate
Process air

tra ,2 , ra ,2 , hra ,2

tra ,4 , ra ,4 , hra ,4

Desiccant solution

ts ,3 ,  s ,3

ts ,4 ,  s ,4

Heating water

thw,1

thw,2

Regenerator

mremoval ,re

Moisture removal rate
Solar Collector

Water

thw,0

thw,4

Water

tcw,0

tcw,1

Ambient air

ta ,wb

Chilled water

tcdw,i

Cooling Tower

Cooling Coil
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tcdw,o

Desiccant solution

ts ,5 ,  s ,5

ts ,8 ,  s ,8

Water

tcw,1

tcw,4

Desiccant solution

ts ,1 ,  s ,1

ts ,2 ,  s ,2

Desiccant solution

ts ,4 ,  s ,4

ts ,5 ,  s ,5

Desiccant solution

ts ,6 ,  s ,6

ts ,7 ,  s ,7

Water

thw,1

thw,3

Water

ts ,7 ,  s ,7

ts ,3 ,  s ,3

Heat Exchanger #1

Heat Exchanger #2

Heat Exchanger #3

Auxiliary Heater
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Fig. 7. 4 Schematic diagram of the links of the fluid temperatures
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7.3.4 Iteration Loops

As mentioned earlier, the inlet parameters, such as the inlet temperature of solution and
water, were valued by assumption. However, under the given operation conditions, the
actual inlet parameters may differ from the assumed ones. Therefore, the iteration loop
was required, and the calculation process was repeated until the small error between the
current and previous result was approached. To build the dynamic operation model of
SLDAC, four main iteration loops were employed, including the loop for the desiccant
inlet temperature of regenerator, the hot water temperature, the cooling water temperature
and the desiccant inlet temperature of dehumidifier. The four loops were introduced in
details as below:

1) Loop for the solution inlet temperature of regenerator

This loop was to find out the required solution temperature at the inlet of the
regenerator, and ensure the regeneration capacity matching the dehumidification
requirement of the case building. For maintaining the solution concentration and
applying the desiccant repeatedly, the moisture absorbed by the strong solution in
the dehumidifier should be totally desorbed in the regenerator. Therefore, the
iteration loop was set to stop until the regeneration capacity was just slightly
larger than the dehumidification requirement (The safety factor for the
regeneration capacity is 1.1.).
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2) Loop for the heating water temperature

To maintain the system performance of the internally heated regenerator, the hot
water from the heat source (the solar collector or secondary electrical heater) was
applied to flow through the regenerator. Simultaneously, the hot water was also
delivered to increase the solution temperature before the regenerator in the heat
exchanger #3. After passing through the regenerator and exchanger, the return
water was mixed and sent back to the solar collector. Therefore, the outlet
temperature from the heat source should be the same as the inlet one of
regenerator and exchanger, which means that the iteration calculation was
required. It should be noticed that if the hot water temperature was re-valued, the
loop #1 had to start again since the required regeneration temperature was
influenced by the hot water temperature.

3) Loop for the cooling water temperature

The cooling water from the cooling tower was delivered to the internally cooled
dehumidifier for improving the dehumidification efficiency and to the heat
exchanger #1 for pre-cooling the solution. The mixed return water was
evaporative cooled simultaneously, so the water temperature from the cooling
tower should be the same as the entering water temperature before the
dehumidifier and exchanger. Similarly, the change of cooling water temperature
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would influence the first and second loops. Therefore, the third loop should be revalued until the prerequisites in all three loops were fulfilled.

4) Loop for the inlet solution temperature of dehumidifier

As shown in Fig. 7.4, the desiccant solution flowed circularly through the
dehumidifier, regenerator and several heat exchangers and then back to the
dehumidifier. According to the physical principle, the solution temperature
entering the dehumidifier should be similar to that of the return solution passing
through the components along the flow way. So, the iteration loop was required to
obtain the solution temperature. It should be noticed that if the inlet solution
temperature changed, all the temperatures in the first three loops changed
accordingly, which means that all the loops should be re-started and reapproached.

The four iteration loops were indicated in Fig. 7.5. To obtain the accurate result in these
loops, the difference between the current calculated value and the previous one should be
small enough. The accepted error was set to be 0.1℃, since the uncertainty of the
common measurement method of the temperature, i.e. by the Pt-RTD, is ± 0.1℃.
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Fig. 7. 5 Iteration loops used in the simulation of SLDAC
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7.3.5 Simulation Procedure

Firstly, the climate weather data, i.e. the dry/wet bulb temperature of ambient air and the
solar radiation, and the load profile of the simulated building, i.e. the minimum outdoor
air flow rate, the indoor set point and the cooling/dehumidification demands, should be
imported. To obtain the data, a case building locating in a certain area should be selected,
as described in next chapter. Afterwards, the initial parameters of the solution desiccant
and cooling/heating water were assumed, including the solution temperature before the
dehumidifier, the cooling water temperature after the cooling tower and heating water
temperature after the heat source.

Then, with the equations described in Section 7.3.2, the outlet parameters of the desiccant
solution and cooling water leaving the dehumidifier could be calculated. After
exchanging heat with the return solution and hot water from the heat source, the weak
solution was sent into the regenerator, which was internally heated with the hot water.
The first loop was started to calculate the inlet solution temperature of the regenerator,
and then the hot water temperature of the solar collector and auxiliary heater could be
obtained with the second loop. Therefore, with the quick prediction model of internally
heated regenerator, the outlet parameters of the solution were derived. With the cooling
water from the cooling tower, the temperature of solution was further reduced, and the
third loop was applied to calculate the cooling water temperature. Finally, the fourth
iteration loop was required to check whether the difference between the temperature of
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desiccant solution after the heat exchanger and that of the inlet solution before the
dehumidifier was small enough.

Due to the large number of variables involved in the process, being coupled with four
iteration loops makes the simulation become increasingly complex and time-consuming.
To accelerate the simulation speed of the programme, the values of temperatures required
in four loops were firstly re-valued from a large range (i.e. ±5, ±1), and then, when a
suitable range was found, a smaller range (i.e. ±0.5, ±0.1) was applied for re-valuing the
temperatures. The flow chart of the simulation procedure including the four iteration
loops was shown in Fig. 7.6.

If all errors of four iteration loops were reduced under the set value, the simulation was
considered as convergence, and all the inlet and outlet parameters of the desiccant
solution, cooling/heating water and air could be obtained. Therefore, with the outlet
parameters of the processed ventilation air, the energy consumption to drive the cooling
coil could be calculated. The energy required in the solar collector or auxiliary heater for
heating the solution and water could also be derived. Besides, with the equations in
Section 7.3.2, the energy consumption of the pumps and fans in the system could be
obtained. The detailed results of operation and energy performance of SLDAC are listed
in Chapter 8.
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Fig. 7. 6 Flow chart of the simulation procedure
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7.4 Summary

In this chapter, firstly, we developed a simplified prediction model for the internally
cooled/heated dehumidifier/regenerator. With this model, the outlet parameters of
solution, air and cooling/heating water could be obtained accurately and directly without
any iteration. In this model, three kinds of effectiveness were defined, i.e. enthalpy
effectiveness, moisture effectiveness and temperature effectiveness. LiCl and water were
chosen as the solution and cooling/heating fluid, respectively. With the linear regressions,
the statistical correlations of three kinds of effectiveness for internally cooled
dehumidifier and internally heated regenerator were developed by using the mass and
heat driving forces and other related parameters as variables. The required F-test was
conducted and showed that these regressions are reliable. The composite differences
between our prediction results and those obtained by the theoretical model under more
than 250 operation conditions were compared, showing an ACD of 14.7% for
dehumidifier and 7.1% for regenerator. Therefore, this new simplified prediction model is
very useful for both researchers and engineers, especially for evaluating the dynamic
operation performance of the LDAC system.

Then, with this numerical model of dehumidifier/regenerator and equations of other
components, the operation performance simulation of the SLDAC, which includes the
internally cooled dehumidifier, internally heated regenerator, solar thermal collector,
cooling coil driven by the vapour compression, auxiliary electricity heater, three heat
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exchangers fans and pumps, were conducted. To obtain the real temperature of solution
and cooling/heating water, four iteration calculation loops were employed; i.e. the loop
for the solution inlet temperature of regenerator, for the heating water temperature, for
the cooling water temperature and for the inlet solution temperature of dehumidifier.
These four loops were nested, which means that if the parameter of the outer loop
changed, the inter loop had to be re-started and re-valued. Therefore, after setting the
operation conditions and assuming the initial values, the four loops should be solved by
the iteration calculation, and then the outlet parameters of air, solution and
heating/cooling fluid under different design and operation conditions could be obtained.
Furthermore, the climatic data and load profiles of a selected building are required for the
dynamic operation performance simulation of SLDAC, which are described in Chapter 8.
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CHAPTER 8
AIR-CONDITIONING LOAD ANALYSIS AND ENERGY
PERFORMANCE OF SLDAC OF BUILDINGS IN HONG
KONG

8.1 Introduction

As mentioned earlier, to evaluate the dynamic operation performance of SLDAC, a case
building in a certain area should be selected to obtain the required climatic data and
building’s air-conditioning (AC) load profile. Hong Kong, as a high density city locating
in a subtropical offshore region, is generally warm and humid throughout the whole year.
Due to the significant improvement of local living and working standards, the number of
air-conditioned commercial buildings has increased greatly in recent years, and the
annual energy consumption increased from 45% to 60% of the total use in Hong Kong
from 1990 to 2000. About 30-50% of this energy consumption is consumed by AC
systems. Besides, the climate change is also a vital reason for the ever-growing energy
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consumption in Hong Kong. Fortunately, with the long cooling seasons, the subtropical
area is suitable for developing the solar energy applications because of its abundant solar
radiation.

Therefore, the commercial buildings in Hong Kong were regarded to be a suitable case to
investigate the dynamic operation performance of SLDAC. Accordingly, understanding
the characteristics of the AC load profile of these buildings is pre-requested, and
analysing how their loads respond to the local climate change is also important. Then,
with the weather data and load profiles, the operation performance and energy
consumption of the SLDAC could be studied and compared with the traditional ones.

Referring to the literature review in Chapter 2, the load profile of buildings in Hong Kong
has been investigated by many local researchers, including Yu et al. (2001), Deng et al.
(2003), Yik et al. (2001), Zhang et al. (2001), Bojić et al. (2005) and Lam et al. (2010).
However, most previous studies investigated on the total or part of AC load in buildings,
and there is little research on the comprehensive load profile analysis of commercial
buildings in Hong Kong. Furthermore, although many researchers investigated on the
energy performance of LDAC or SLDAC in buildings (Lowenstein et al. 1995, Khalid
Ahmed et al. 1997, Rane et al. 2002, Liu et al. 2006 and Chen et al. 2003), most of them
concerned the packed-bed or solar collector/regenerator liquid desiccant system, and the
research on the internally cooled/heated liquid desiccant system is limited. Additionally,
only several researchers have been conducted on the operation performance of LDAC
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applied in buildings under the hot climate like Hong Kong (Li et al. (2007), Alizadeh et
al. (2007), Judah et al. (2011)).

This chapter firstly investigated the AC load profiles of three typical commercial
buildings in Hong Kong, i.e. office, hotel and retail buildings, and addressed the main
problem of the application of traditional AC system in these buildings. The impact of
climate change on the ventilation load during last six decades in Hong Kong was also
investigated. Then, the dynamic operation performance and energy consumption of the
SLDAC employed in these buildings was simulated and compared with the conventional
system. To minimize the consumption, several optimization methods of the SLDAC were
provided and compared.

8.2 Air-conditioning load analysis for commercial buildings in Hong
Kong

This section firstly investigated the load profiles of three typical commercial buildings
(office, hotel and retail) in Hong Kong, focusing on the latent load due to the humid local
weather condition. The main limitation of conventional air-conditioning systems in Hong
Kong was also analysed. Then, the impact of climate change on the ventilation load
during last six decades in Hong Kong was investigated. The response of ventilation load
to the climate change, including the sensible and latent cooling load in daytimes and
nighttimes, was investigated.
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8.2.1 Research method of load profile of commercial buildings

The load profile was simulated with the ASHRAE Heat Balance Method. Three types of
typical commercial buildings in Hong Kong were chosen, i.e. office, hotel and retail
buildings. The input parameters of the load profile simulation were derived from the
energy codes for commercial buildings, which are specified by the Hong Kong
government (Hong Kong Government, 2005). The details of building construction,
including materials and U values of wall, roof, ceiling, floor and window, were found
from Appendix A of OTTV (Overall Thermal Transfer Value, 1995). The default
parameters of occupant density, the minimum outdoor air requirement, lighting power
density and equipment power density were found from Tables A2 and A3 in Appendix 2
of the Hong Kong Building Energy Code (Hong Kong Government, 2005).

The

schedules of occupancy, lighting, small power and AC system were found in Tables A4
to A7.

The floor layouts and building façades of the hotel building are shown in Table 8.1. It
should be specially noted that the typical hotel building has four kinds of zones:
guestroom (4-40/F, 62 per floor), corridor (4-40/F), lobby (1-2/F) and restaurant (3/F).
The different occupancy densities, ventilation rates, operation modes and internal load
schedules of different zones were considered.

Table 8. 1 Floor layouts and building façade of hotel building
Building

Typical Floor Plans

237

Façade

1-2F

3F

4-39F

The weather data of typical weather year 1989, which has been specified in the Hong
Kong Performance-based Building Energy Code for building energy simulation purpose
(EMSD, 2003), is applied in the simulation. A summary of key simulation variables for
the three types of buildings are shown in Table 8.2.

Table 8. 2 Summary of weather data and simulation design variables of commercial
buildings
Variables

Building Type
Hotel

Office

Retail

40

40

5

42,219 (81%)

42,840(83%)

5355(83%)

0.5

0.5

0.5

2.30/5.67/0.73/3.56

2.30/5.67/0.73/3.56

2.30/5.67/0.73/3.56

23/20

23/20

23/20

RH set point (%)

54

54

54

Air-conditioning system

24/24

13/7(Sat)/0(Sun)

16/16

Number of floors
Total air-conditioned
floor area (m2) (%GFA)
Window to wall ratio
U values of external
wall/glass/roof/ceiling
Summer/winter indoor
temperature set point
o

( C)
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operation hours per
weekday/weekend(h)
Room/Zone Types
Occupancy density
(m2/person)
Minimum Outdoor Air
(L/s/person)
Infiltration (ach)
ventilation system off/on

Guestroom/Corrido

Perimeter/interior

Single zone

2/guestrooma

8

8

30 L/s/guestrooma

8

8

0.5/0.1

0.5/0.1

0.5/0.1

r/Lobby/Restaurant

a

only the data for guestroom are listed, and the other data could be found in Appendix 3 of Hong Kong
Building Energy Code.

The simulation time step was set as one hour. The total AC load ( Qt ) includes the
sensible and latent parts, and each part is consisted by three components: space load (load
caused by the envelope, lighting, equipment and occupants), ventilation load (load caused
by handling fresh air in AC system) and infiltration load (load caused by handling fresh
air leaking from doors and windows).

In terms of the impact of climate change, the hourly meteorological data from 1950 to
2007 recorded by the Hong Kong Observatory, including the external dry-bulb
temperature and relative humidity, were employed. As shown in Fig. 8.1, the annual
average external dry-bulb temperature from the Hong Kong Observatory presents an
obvious increase from 1950 to 2007, at a rate of about 0.03℃ per year. The increasing
outdoor temperature, as known as the global climate warming, would result in higher heat
gain in buildings.
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Temperature (℃)

26

24

22

0.017℃/year
20
1950

1960

1970

1980
Year

1990

2000

2010

Fig. 8. 1 Annual average external dry-bulb temperature from 1950 to 2007

The ventilation loads per flow volume at time t, including the total, sensible and latent
load, are calculated by:

qv ,t   (ho ,t  hi ,t )
qs ,t  c  (to ,t  ti ,t )

(8. 1)

ql ,t   h fg (d o ,t  di ,t )

where c is the specific heat capacity of air,  means the air density, and hfg stands for the
latent heat of vapourization. The subscripts t, s, l stand for the total, sensible and latent
ventilation load, respectively. To indicate the effect of UHI, the ventilation load during
the daytimes (8:00-18:00) and nighttimes (19:00-7:00 tomorrow) is also calculated.

To demonstrate the results of climate change by local meteorological data, the mentioned
hotel building was selected as a respective building to simulate the ventilation load
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change. With 24-hour AC operation all over the year, it could reveal the trend of
ventilation load during a long period. The simulation period was set from 1950 to 2007
and the time interval was one hour.

8.2.2 Annual AC load profiles and reheating ratio

To verify the results, the simulated load profiles of commercial buildings were compared
with those obtained from simulations or surveys of previous studies, as shown in Fig. 8.3,
and similar trends were found. Because the heat loss in heat exchangers and
transportation systems in existing buildings were not considered, our simulation results
were relatively lower than the average survey results. However, the difference was
insignificant in the load profile analysis.

Table 8. 3 Comparison of related researches

Data source

Yik et al.
(2001)

Building type

Method

Amount

Annual Energy

of

Consumption per area

Samples

MJ/m2
1048

Office building

Simulation

1

Hotels

Survey

6

Survey

10

Survey

7

Mixed
retail/office
buildings

Deng et al.
(2003)

Hotels
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1570-2950
Average: 2100
950-2340
Average: 1657
1650-2100
Average:1933

This study

Office

Simulation

1

891

Hotel

Simulation

1

1749

Retail

Simulation

1

936-977

As shown in Fig. 8.2, the cooling load, including sensible and latent (dehumidification)
parts, took a dominant proportion of the total annual load in all buildings, which was
more than 98%. The dehumidification load occupied a high portion of the cooling load,
which was about 50% (Hotel), 30% (Office) and 40% (Retail). The heating and
humidification loads took insignificant portions in the annual total load. These load
profiles are caused by the local subtropical offshore climate which is generally warm and
humid throughout the whole year. Both cooling sensible and dehumidification loads of
hotel buildings are much higher than those of other buildings, especially the
dehumidification load, mainly due to its longest 24h operation period and highest
ventilation rate of fresh air.
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Annual Air Condition Load per are
(kWh/m2)

500.0
400.0
300.0
200.0
100.0
0.0

cooling (sensible)
dehumidification
heating
humidification

Hotel
234.7
245.5
5.5
0.1

Office
168.7
75.9
3.0
0.0

Retail
152.8
115.5
3.1
0.0

Fig. 8. 2 Total air-conditioning load per area of three typical commercial buildings

As shown in Fig. 8.3, the latent load proportion of the total cooling load keeps high and
steady from March to September for all typical buildings. Hotel buildings showed the
highest latent load proportion, which was above 25% all over the year and even above
50% for 7 months. Retail buildings had the second highest proportion, above 40% from
March to September. The lowest proportion occurred in office buildings, but the latent
load still contributed more than 30% of the total load. The difference of latent load
proportions is mainly caused by the different operation and occupancy schedules of these
buildings.
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Fig. 8. 3 Annual proportion of latent load for three commercial buildings

Then, the detailed components of sensible and latent cooling loads in these buildings
through the whole year were investigated. Both sensible and latent parts of the cooling
load include three components: space load, ventilation load and infiltration load. Due to
the similar occupancy, ventilation and operation characteristics in office and retail
buildings, only results of hotel and office buildings were listed. For the sensible cooling
load, as shown in Fig. 8.4 (a), the space load took a dominant percentage in most time of
the year, especially for office buildings. Hotel buildings had lower space load ratio due to
its higher fresh air requirement, but the trends of two typical buildings were similar. The
space load percentage reached 70-90% during most time of the year with the peak
occurring in May and November. With little infiltration load (less than 5%), the rest of
sensible load was the ventilation load with a percentage of 15-25%.

For the latent cooling load, as shown in Fig. 8.4 (b), the ventilation latent load was the
major component, especially in hotel buildings. The ratio of the ventilation latent load to
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the total latent load keeps high all over the year, with an annual average value of 81.8%
for the hotel and 67.5% for the office building. The peak period of ventilation load for
hotel and office building appeared from June to October (about 90%) and May to
September (about 80%), respectively. The infiltration load had a small contribution to the
latent load (less than 7%), and the rest was the space load, which contributed more in
winter and less in other seasons.

Hotel

100%

Office

100%

80%

Space
Ventilation
Infiltration

60%
40%

Percentage

Percentage

80%

Space
Ventilation
Infiltration

60%
40%
20%

20%

0%

0%
1

2

3

4

5

6

7

8

9

1

10 11 12

2

3

4

5

6

Month

7

8

9

10 11 12

Month

(a) Proportion of sensible cooling load components
100%

Hotel

Office

100%
80%

60%

Percentage

Percentage

80%

Space
Ventilation
Infiltration

40%
20%

Space
Ventilation
Infiltration

60%
40%
20%

0%

0%
1

2

3

4

5

6

7

8

9

10 11 12

Month

1

2

3

4

5

6

7

8

9

Month

b) Proportion of latent cooling load components
Fig. 8. 4 Proportions of load components in hotel and office buildings
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10 11 12

Due to the high dehumidification load proportion in local buildings, the mismatch of
space sensible load and latent load would lead to a low temperature of indoor air. To
investigate the problem, a parameter, namely reheating ratio, was defined, which stands
for the percentage of hours required for reheating in total operation hours.

According to the ASHRAE handbook and local regulations, the indoor air set point is
23℃ and 54% RH, and the optimal comfort zone is 22 to 25.5℃ for temperature and 3060% for RH in Hong Kong commercial buildings (ASHRAE Handbook, 2009). In order
to calculate the reheating ratio, several assumptions of the conventional vapour
compressor AC system and indoor air conditions were made: a) the temperature
difference between indoor and supply air set point is 9℃, and the RH of the off coil air is
90%; b) the maximum indoor RH is set at 54% and 60% for condition A and B,
respectively; and c) the chosen design indoor air temperatures for the calculation are
25.5, 24, 23 and 22℃.

To calculate the reheating ratio, first, the sensible-total heat ratio (SHR) at specific time t,
SHRa,t, and the SHR of the indoor air set point, SHRs, should be derived. The logistic to
decide whether reheat is needed or not is as following. Therefore, the reheating ratio
could be calculated by the ratio of hours required for reheating to the total operation
hours.

if SHRa ,t  SHRs , reheat is not needed at time t ;
if SHRa ,t  SHRs , reheat is needed at time t ;
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Table 8.4 provides the reheating ratio in terms of the indoor RH and temperature set
points. If the required maximum indoor RH was below 54%, the reheating ratio in
commercial buildings was quite high, up to about 90% in the hotel building. The lowest
value, in office buildings, also reached 60% to 80%. With the upper limitation of RH of
60%, the reheating ratio could be greatly reduced. However, reheating was still necessary
in 10% to 20% operation hours for the retail and office buildings. The reheating ratio also
decreased slightly with the temperature set point in most cases. However, low
temperature set point leads to higher energy use in AC system and draft feeling of
occupants. Reducing the temperature set point may not be a proper solution to the high
reheating ratio in Hong Kong.

Table 8. 4 Summary of reheat ratio in three typical buildings
Indoor air set point
Condition

A

B

Reheat Ratio (%)

Temperature(℃)

Relative humidity (%)

25.5

54

24

SHRs

Office

Retail

Hotel

0.89

80.7

91.4

91.5

54

0.88

72.7

90.7

87.5

23

54

0.88

66.6

89.7

94.3

22

54

0.88

60.3

89.1

92.1

25.5

60

0.68

12.0

20.6

6.2

24

60

0.70

11.4

17.1

7.8

23

60

0.70

10.9

14.8

5.2

22

60

0.71

10.6

12.5

5.1
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The high reheating ratio shows that in most operation hours, in order to deal with the high
SHR conditions in commercial buildings, the traditional AC system has to overcool the
supply air and then reheat it. However, because reheating is a waste of energy which
should be avoided, most buildings in Hong Kong do not have a reheating system. That is
why the supply air temperature is quite low, which leads to critical thermal discomfort for
occupants.

8.2.3 Impact of climate change on ventilation load in buildings of Hong Kong

To analyse the change trend of ventilation load in sixty years, the average hourly
ventilation load per flow volume in summer (from May to September) is chosen as a
representative parameter, namely V. The different V values in daytimes and nighttimes
were also calculated.

From Fig. 8.5, it is found that the average hourly ventilation load increases with a rate of
0.028 kW per year through the period from 1950 to 2007. The rising rates of the sensible
and latent loads are quite different during the last six decades. The latent part, Vl , which
takes about 80% of the total V, presents a higher upward trend (about 1.8 times)
compared to that of the sensible cooling load

Vs .
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Ventilation load per flow volume
(kW)
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15

0.028kW/year
0.018kW/year
0.010kW/year

Cooling load
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latent load
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5
0
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1980
Year

1990

2000

2010

Fig. 8. 5 Change of cooling ventilation load from 1950 to 2007

As shown in Fig. 8.6 (a), for the sensible cooling load, the Vs at night during these years
is smaller (about 75% of that in daytimes), but its increasing rate is much higher, about
ten times, than that in daytimes. It means that due to the climate change in Hong Kong,
the difference between outdoor air temperatures at night and in daytimes will be
gradually narrowed in the future. As shown in Fig. 8.6 (b), before 1970s, the latent load
during the nighttimes was smaller than that in daytimes, but the relationship changed
because of the climate change. After 1970s, the gap between latent loads was widened
due to its high increase speed at night. Therefore, although the hourly ventilation load is
higher in daytimes currently, due to the higher upward rate at night (about 3 times of
those in daytimes), the load difference between daytimes and nighttimes becomes
continually smaller. It reveals that the latent cooling ventilation load at night responds to
the climate change more sensitive than others.
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0.002kW/year

Vl in day and night (kW)

Vs in day and night (kW)
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Night 19:00-7:00 0.019kW/year

9
6
3
0
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Day 8:00-18:00 0.007kW/year
Night 8:00-18:00 0.029kW/year

37
34
31
28
25
1950

1970 Year 1990

2010

Fig. 8. 6 Vl and Vs in daytimes and nighttimes from 1950 to 2007

With the weather data from 1950 to 2007, the change trend of annual cooling ventilation
load of the hotel building was investigated. As shown in Fig. 8.7, both the sensible and
latent parts of the annual ventilation load per area have been increasing these years, and
the change trends were similar to the previous results. The latent one, which takes a
dominated position in the annual load (more than 80%), has a higher increasing rate
compared to that of the cooling load.

Annual Load per area (kWh/m2)

400
350
300
250
200

Cooling load

0.63kWh/m2/year

150

latent load

100

Sensible load

0.40kWh/m2/year
0.21kWh/m2/year

50
0
1950

1960

1970

250

1980
Year

1990

2000

2010

Fig. 8. 7 Annual cooling load of the hotel building per area from 1950 to 2007

As shown in Fig. 8.8 (a), the sensible load at night, which increases at higher rate, is
getting closer to that in daytimes during the 60-year period. In terms of latent part, in Fig.
8.8 (b), the load at night, which has been already 30-40% higher, has a much larger
upward rate compared to that in daytimes.

Day 8:00-18:00

0.06 kWh/m2/year

Night 19:00-7:00 0.12

kWh/m2year
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170
Annual latent cooling load per
area kWh/m2

Annual sensible cooling load per
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(a)Annual sensible cooling load

90
80
1950

Day 8:00-18:00 -0.03kWh/m2
Night 19:00-7:00 0.24kWh/m2
1970
Year

1990

2010

(b) Annual latent cooling load

Fig. 8. 8 Annual sensible and latent cooling load in daytimes and nighttimes

The change trends of electricity consumption and CO2 emission of this hotel building
were developed. As shown in Fig. 8.9 (a), the general trend of electricity consumption to
process the fresh air has been growing in the past 60 years. Similar to the trends of
ventilation load, the increase of electricity consumption at nighttimes is considered as the
main reason of the total increase, with a rate of 0.3kWh/m2 compared to 0.1kWh/m2 in
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daytimes. The CO2 emission from 1950 to 2007 caused by the power generation and
ventilation system operation is shown in Fig. 8.9 (b).
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Annual electricity consumption:
0.5kWh/m2/year

CO2 Emission per area (kg/m2)

Electricity consumption per
area (MkWh/m2)

0.4
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0.3
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0.2
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Annual CO2 emission:
0.26kg/m2/year

230
210
190
170
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Fig. 8. 9 Change trend of (a) Electricity Consumption and (b) CO2 emission from 1950 to
2007

From 1950 to 2007, both the sensible part and latent part of cooling load show an
increasing trend, and the latter reveals a higher growth rate. The growing rate at night is
much larger than that in daytimes. The local climate warming and UHI effect, caused by
the unique urban location and environment of Hong Kong, play an important role in the
different change trends of different loads. As located in a coastline, the moisture of
outdoor air is directly related to the moisture of air upon the surrounding sea level. As
shown in Fig. 8.10, the moisture content of outdoor air increases at a rate about 0.02 g/kg
per year, and the RH keeps steady. When the air temperature increases due to the climate
warming, to keep the equilibrium humidity of the air upon the air-sea interface,
evapouration from surrounding sea water will be speeded up, which leads to moisture
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content increase of the air. Therefore, more moisture content from the fresh air should be
removed. To compare the change trend, the load change rate due to the outdoor air
condition could be calculated as follow.

dqt  c  vt

(8. 2)

dqm   h fg vm

where dq stands for the load change rate, v means the growing rate discussed before, and
subscript t and m represent temperature and moisture content of outdoor air, respectively.
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Fig. 8. 10 Annual average moisture content and RH of outdoor air from 1950 to 2007

As shown in Table 8.5, the load change rate caused by the increase of moisture content is
higher than that of temperature, which leads to higher increasing rate of dehumidification
load.
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Table 8. 5 Increasing rate and load change rate of external air temperature and moisture

Increasing rate per year
Load change rate (kW/year)

External air temperature
0.017℃
0.021

External air moisture content
0.016 g/kg
0.048

In terms of the trend difference in daytimes and nighttimes, the serious UHI effect in
Hong Kong is considered as the main reason. From researches by Giridharan and Memon
(2009, 2011), it is clear that the sky view factor has been greatly reduced due to the
extensive construction programs and high-rise & high-density urban plan in Hong Kong,
especially in recent decades. The low sky view factor significantly reduces the nocturnal
cooling, including the long-wave radiation and wind speed in nighttimes, but the
daytimes shadow effect is enhanced. Therefore, it actually offsets part of the global
warming in daytimes, but leads to sharp temperature increase in nighttimes.

8.2.4 Summary

This section investigated the AC load profiles of three typical commercial buildings in
Hong Kong, i.e. office, hotel and retail buildings. Then, the impact of climate change on
the ventilation load of buildings in Hong Kong during the period from 1950 to 2007 was
analysed.

Results show that the cooling load contributes to more than 98% of the total annual load,
with high latent (dehumidification) load proportion from March to September. The high
reheating ratio, i.e. from 60%-90%, is found to be the main reason for the poor indoor
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thermal comfort in these buildings. In the cooling AC load, the ventilation load occupies
a large percentage of the latent load, while the major component of sensible load is the
space load. Therefore, applying the conventional AC system is not a good choice as it
will lead to several problems such as energy waste and low system COP. Furthermore,
the latent load, which already occupies about 80% of the total load, increases with a
much higher rate due to the climate warming. The serious UHI effect in Hong Kong
causes a higher growing rate of ventilation load in nighttimes, which is about three times
compared to that in daytimes. For the buildings requiring long period air-conditioning,
the latent load in nighttimes is the most sensitive component responding to the climate
change, and plays the most significant role in the increase of energy consumption
accordingly.

Therefore, to solve the problem, the independent sensible/latent control AC system is
proposed as the best solution for local buildings.

8.3 Operation performance of internally cooled/heated SLDAC in Hong
Kong

By inputting the weather data from the Hong Kong Observatory and the load profiles of
commercial buildings in Hong Kong, the dynamic operation performance of the
internally cooled/heated SLDAC could be evaluated with the simulation method
developed in Chapter 7. The time interval in the simulation was set as 1 hour. Due to the
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location of Hong Kong, the solar collectors in the simulation were set to be installed
facing the south, with a tilted angle of 22.5°. Because of the similar characteristics of
office and retail buildings, only results of office buildings were introduced.

Although the occupancy schedule of office started from 7am to 7 pm every day, the
ventilation latent load was quite low at the 7am and 7 pm due to the small number of
occupants. In our simulation, the proposed system was operated from 8 am to 6 pm every
day. Furthermore, the simulation period of the system was set as the cooling season,
which is April to October according to the Guideline from the Hong Kong Government.

8.3.1 Energy performance of internally cooled/heated SLDAC in Hong Kong

Firstly, the annual primary energy requirement of the LDAC, without the introduction of
solar thermal energy, was discussed. As shown in Fig. 8.11, as about 10% energy used
for regenerating the desiccant solution, the primary energy consumption of the LDAC
was around 4.7% higher than that of the conventional vapour compression cooling
system (CVCS).
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Primary energy consumption (kWh)
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Heat supply for regenerator
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Ventilation latent load
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Room latent load
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Room sensible load
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50000
0
CVCS
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Fig. 8. 11 Annual primary energy consumption of CVCS and LDAC

As shown in Fig. 8.12, if the electric heater was applied as the heat source, the annual
electricity consumption of LDAC was much higher than that of conventional system of
the office. The main reason is that the heating efficiency of electricity (less than 1) is
much lower than its cooling efficiency (about 3-4). In order to handle the high
dehumidification load in commercial buildings, more electricity would be used to heat
the liquid desiccant before entering the regenerator. Therefore, in commercial buildings
in Hong Kong, the AC system with liquid desiccant ventilation system should not be
driven by high grade energy, such as the electricity.
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Fig. 8. 12 Annual electricity consumption of CVCS and LDAC

To reduce the energy use, solar energy applications are necessary for the LDAC. It
should be noticed that the energy consumption of the solar-assisted systems is affected by
the installation area of solar thermal collectors. Therefore, if the LDAC is expected to
save energy, it has the required minimum installation area for solar collectors. As shown
in Fig. 8.13, with the increase of installation area, the electricity consumption of LDAC
applied in office buildings decreased. But, the energy saving percentage had an upper
limitation, which means that all the energy required by the liquid desiccant regenerator
was supplied by the solar thermal energy. So, by applying the SLDAC in the office
building, up to 7.9% of total electricity consumption for AC system could be saved with
solar collectors. By adding the thermal storage, the saving percentage would improve to
12.5%.
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Fig. 8. 13 Energy saving percentages of LDAC with different solar collector areas

8.3.2 Problems of SLDAC applied in buildings of Hong Kong

The energy saving percentage of the proposed SLDAC, around 7.9%-12.5%, is not high
when it was employed in the office building in Hong Kong. The main reason is that the
liquid desiccant system was originally designed to handle the entire ventilation latent load
for improving the COP of the cooling system which only deals with the sensible load.
However, as shown in Fig. 8.14, during our simulation, the actual removal rate of
dehumidifier in LDAC was found lower than the required one, which led to an
unimproved COP of the cooling coil compared the CVCS. Due to the higher fresh air
temperature and humidity in summer, the actual moisture removal rate of the ventilation
air showed a peak in July. However, the actual dehumidification capacity almost kept the
same during these months, which led to a large gap compared to the required one. This
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problem seriously impacted the performance and energy potential of LDAC applied in
the office building.

Required moisture removal rate of the office (one floor)
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Fig. 8. 14 Comparison between the required dehumidification rate and actual one by
LDAC

The main reason of this problem is that the only cooling source of our proposed liquid
desiccant system was the cooling tower, for removing the extra heat produced in the
regeneration process and providing the cool water for the dehumidification process.
According to the physical model in Chapter 7, the capacity of the cooling tower is limited
by the wet-bulb temperature of the surrounding air. However, the outdoor air in summer
is humid and hot of Hong Kong. For example, in a typical day in July, the wet-bulb
temperature of ambient air is around 28 to 31℃, and the lowest temperature of the
cooling water could be calculated as about 30℃. So, the desiccant solution was only
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cooled to around 31 to 34℃. The increase of the desiccant temperature and cooling water
temperature would seriously reduce the performance of dehumidifier. Therefore, if the
cooling tower is chosen as the only cooling source, the dehumidification capacity of the
LDAC could not satisfy the requirement of commercial buildings in Hong Kong.

To improve the energy saving potential of the SLDAC system, the system should be
optimized by introducing extra cooling source or by adjusting the operation conditions,
which are discussed in the next section.

8.4 Performance optimization of internally cooled/heated SLDAC in
Hong Kong

8.4.1 Optimization of the addition of extra cooling coil

For the originally designed SLDAC system, due to the limitation of cooling tower, the
dehumidification capacity was far under expectation, which led to a low COP of the
chiller driven by the vapour compression system. To solve the problem, as shown in Fig.
8.15, an auxiliary cooler was introduced, to maintain the desiccant solution temperature
entering the dehumidifier and to adjust the moisture removal rate. The cooling water used
in the auxiliary cooling coil was also supplied by the chiller. Therefore, in this situation,
as the entire latent load of the ventilation load and the space load was handled by the
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dehumidifier, the cooling coils could be considered as totally dry and the COP of the
chiller could be improved to 4.62.

To handle all the latent load of the office building, the temperature of desiccant entering
the dehumidification could be calculated with the numerical prediction model developed
in Chapter 7, as the required moisture removal rate of dehumidifier and parameters of air
and water were known. It should be noticed that the solution temperature during the
operation should be higher than the crystallization point of the desiccant. The
crystallization point of LiCl could be predicted with the following equation (Conde,
2004):

TLiCl  Tc, H2O ( A0  A1  A2 2.5 )

(8. 3)

where T is the absolute temperature, K. The parameters of A0 , A1 and A2 are -0.56036,
4.72308 and -5.81105 for LiCl-3H2O and -0.315220, 2.88248 and -2.62433 for LiCl2H2O, respectively.

As the solution temperature was reduced, the efficiency of the dehumidifier was
effectively enhanced. Taking a typical day in July as an example, with the addition of
extra cooling coil, the average efficiency of dehumidifier increased from 0.25 to 0.57.
Since only the sensible load of the building was dealt with the chiller, its required
primary energy, including it to cool the supply air and to cool the desiccant, decreased.
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Therefore, with the reduced energy demand and higher COP of the chiller, the electricity
consumption significantly decreased, as shown in Fig. 8.16. Annually, the electricity used
for driving the chiller in this optimization method was around 44% smaller compared to
that of the conventional AC system. As the COP of chiller increased, the design size of
the refrigeration system could be downsized, and the initial cost of the whole system
could be reduced.

Furthermore, from Fig. 8.17 we could found, due to low solution temperature in the
dehumidifier, the thermal energy required to regenerate the desiccant in the regenerator
increased significantly. Fortunately, with the introduction of solar energy applications,
the energy required in the regenerator could be supplied by the solar collector, which is
depended on the installation area of thermal collectors. As shown in Fig. 8.18, compared
with the conventional system, if all the energy required in the regenerator could be
supplied by the solar energy, the saving percentage could approach up to 28.5% of the
total electricity demand. However, since the energy used for regenerating the solution
was higher, the minimum installation area of solar collectors for the optimized SLDAC
was also higher, which was about 0.45 m2 /kW compared to 0.28 m2/ kW in the base case
(with the thermal storage). According to the peak load of the office building selected in
our simulation, the minimum required area of solar collectors was about 147 m2 in this
optimization method.
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Fig. 8. 15 Schematic diagram of optimized SLDAC: Case 1
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Fig. 8. 16 Monthly electricity consumption of the chiller in CVCS, LDAC and optimized LDAC
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8.4.2 Optimization of the addition of auxiliary heat exchanger

By introducing an extra cooling coil to reduce the inlet solution temperature of the dehumidifier,
the electricity energy consumption of the SLDAC system could be significantly reduced. But, the
minimum installation area of solar collectors increased about 60% due to the enlargement of
thermal energy required during the regeneration process. To solve this problem, an auxiliary heat
exchanger was added to the system, which was indicated as the heat exchanger #4 in Fig. 8.19.

With this heat exchanger, the desiccant temperature entering the internally heated regenerator
could be improved with the hot water leaving the regenerator, and the regeneration efficiency
could be enhanced. Furthermore, the lower temperature water leaving the exchanger also benefits
the efficiency of solar collectors. Taking a typical day in July as an example, compared to the
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situation without the heat exchanger #4, the water temperature entering the solar collector
decreased from 47.3 to 37.6℃, and the collector efficiency was enhanced by around 17.1%.

As shown in Fig. 8.20, compared to the optimized LDAC case 1, the primary energy demand
was 4.4% lower in this system with the extra heat exchanger. Although the primary energy
saving ratio was not large, with the combined impact of less energy demand and higher solar
collector efficiency, the performance of the solar-assisted system could be effectively improved.
The saving percentage of electricity consumption of the optimized case 2 could be found in Fig.
8.21. With the introduction of the heat exchanger #4, the minimum installation area of solar
collectors could be effectively decreased, from 0.45 m2 /kW of case 1 to 0.22 m2 /kW, and the
minimum required area of solar collectors of the office building could be calculated as 72 m2.
Besides saving the installation spaces, the reduction of solar collector area could also further
decrease the initial cost of the solar-assisted system.

Furthermore, in this optimization, the maximum energy saving percentage was around 36.7%
compared to the conventional vapour compression AC system. If the area of solar collectors is
large enough to meet all the heat requirement of the regeneration, the annual electricity
consumption of the optimized system case 2 could be 44.6 MWh lower than the CVCS. High
energy saving potential could be achieved. According to the electricity tariff of CLP in Hong
Kong (HK$ 1.045/ kWh), for this typical office building, around HK$ 468,000 of operation cost
for air-conditioning could be saved yearly. Therefore, the optimized SLDAC system is suitable
for commercial buildings in Hong Kong.
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Fig. 8. 19 Schematic diagram of optimized SLDAC: Case 2
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Fig. 8. 20 Annual primary energy consumption of CVCS, optimized LDAC 1 and 2

Electricity consumption saving (%)

50
40
30
20
10
0
-10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-20
SLDAC

-30

Optimized SLDAC 1
-40

Optimized SLDAC 2

-50
-60

Area of solar collector over the peak load (m2/kW)

Fig. 8. 21 Energy saving percentage of two optimized SLDAC with different installed
solar collector areas

269

8.4.3 Other optimization methods

Several other optimization methods were also investigated in our research, as shown in
Fig. 8.22 and 8.23.

In the optimized system case 3, an indirect heat exchanger #5 was introduced between the
outdoor fresh air entering the dehumidifier and the exhaust air entering the regenerator.
With the exchanger, the temperature of fresh air could be decreased, which could
improve the efficiency of the dehumidifier. Synchronously, the cool exhaust air could be
heated to improve the performance of regeneration. In terms of case 4, another heat
exchanger #6 was applied to further improve the temperature of exhaust air for the
regeneration. The temperature of the process air leaving the dehumidifier could be
decreased accordingly. Therefore, the energy consumed in the cooling coil to cool the
supply air could be saved.

However, the effects of these two optimization methods were not as obvious as those of
the case 1 and 2. As shown in Fig. 8.24, by employing the heat exchanger #5, only 0.66%
of thermal energy required for the regeneration could be saved by the improvement of
exhaust air temperature. Synchronously, due to the increase of fresh air temperature,
around 2.1% of primary energy consumed in the dehumidifier was reduced. Furthermore,
in the case 4, as the heat exchange #6 was used, around 0.65% of the regeneration heat
consumption could be further saved. As the process air leaving the dehumidifier was
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cooled by the relative cooler exhaust air from the room, the primary energy demanded by
the cooling coil to deal with the sensible load could be decreased about 1.8%.

Therefore, for the optimized system case 3 and 4, the total primary energy consumption
was only 0.36% and 0.51% lower than the case 2, respectively. Assuming that all the
thermal energy consumed in the regenerator could be supplied with the solar energy,
compared with the optimized case 2, around 450 kWh and 594 kWh of electricity
consumption could be further reduced annually for case 3 and 4, respectively. With these
two optimization methods, the annual operation expense for the air-conditioning system
in the office could be reduced by only HK$470 and HK$620. So, these two optimization
methods are not recommended.
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Fig. 8. 22 Schematic diagram of optimized SLDAC: Case 3
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Fig. 8. 23 Schematic diagram of optimized SLDAC: Case 4
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Fig. 8. 24 Annual primary energy consumption of CVCS, optimized LDAC 2, 3 and 4

8.4.4 Discussion

In this section, the energy use performance and saving percentage of different SLDAC systems
in the typical commercial office building in Hong Kong were investigated. With the application
of the optimized liquid desiccant dehumidification and solar collector, compared to the
traditional vapour compression AC system, up to around 37% of total electricity consumption
could be saved annually. The electricity saving percentage is affected by the installation area of
solar thermal collectors, and there is a minimum installation area for the energy saving.

The graph of electricity saving percentage is a useful reference for designers and engineers to
design the SLDAC system and determine the related solar collector installation area in both new
and existing commercial buildings in Hong Kong. For example, if the traditional AC system of
an office building is planned to be retrofitted to the solar-assisted liquid desiccant
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dehumidification system for energy saving, according to the peak cooling load, it should be
assessed first whether the minimum required installation area for solar thermal collectors could
be satisfied. According to Fig. 8.21, assuming the optimized case 2 of SLDAC as the new
system, the minimum required area is 0.22 m2/kW(peak load). If the minimum area cannot be
provided, the AC system retrofitting will lead to more energy consumption. If yes, the engineers
could determine the design area for solar collectors based on the energy saving target, or
calculate the energy saving rate easily with the set area for solar collectors. For example,
according to Fig. 8.21, if the energy saving aim was 30%, the required area could be obtained to
be about 0.49 m2/kW(peak load) for the office building.

8.5 Summary

In this chapter, firstly, to evaluate the dynamic operation performance of SLDAC, the AC load
profiles of three typical commercial buildings in Hong Kong, i.e. office, hotel and retail
buildings, were investigated. With the AC load profiles and local weather data, the operation
performance and energy use potential of the SLDAC was investigated and compared with the
conventional system. Several optimization methods of the system were provided for energy
saving. Additionally, we also studied the impact of climate change on the ventilation load of
buildings in Hong Kong during the period from 1950 to 2007.

Results show that the cooling load contributes to more than 98% of the total annual load, with a
high latent load proportion from March to September. The high reheating ratio, i.e. from 60%275

90%, is found to be the main reason for the poor indoor thermal comfort, such as the overcool
supply air, in these buildings. In the cooling AC load, the ventilation load occupies a large
percentage of the latent load, while the major component of sensible load is the space load.
Furthermore, due to climate warming, both sensible and latent parts of ventilation load in
buildings present an increasing trend, and the latter shows a much higher rate. The serious UHI
effect in Hong Kong causes a higher growth rate of the ventilation load at nighttimes, which is
about three times compared with that in the daytimes.

Then, by simulating the dynamic operation of the internally cooled/heated SLDAC, due to the
high energy demand in the regeneration, the electricity driven LDAC is not suitable for the
commercial building, while the solar-assisted system with thermal storage could provide
promising energy saving potential. However, with the cooling tower as the only cooling source
of the dehumidifier, the dehumidification capacity could not satisfy the requirement and only up
to 12.5% of electricity consumption could be saved annually compared to traditional systems.
So, several optimization methods were proposed and investigated. By introducing an extra
cooling coil for the dehumidifier and a heat exchanger for the regenerator, the electricity saving
percentage could be significantly improved to 36.7%. But, the effect of employing two air-air
heat exchangers was minor. Furthermore, the energy consumption of the solar-assisted systems is
affected by the installation area of solar thermal collectors, and the energy saving could not be
achieved until the roof area for solar collector installation is larger than the minimum required
value. For our optimized system, the minimum installation area is 0.22 m2/kW(peak load) for
office buildings.
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Therefore, the SLDAC system could benefit the commercial buildings locating in warm or hot
and humid area most because of the high latent load proportion and abundant solar radiation, and
the solar thermal storage and optimization system are strongly suggested. The results and
conclusions can be useful for researchers, and for local engineers and designers to design or
retrofit the AC system for both new and existing commercial buildings.
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

This research investigated the heat and mass transfer of the internally heated liquid desiccant
regenerator experimentally and theoretically, focusing on the change of wetted area, film
thickness and mass transfer coefficient under the insufficient wetting condition. A 3-D
theoretical model was developed for evaluating the system performance more accurately. Based
on the new model, a simplified model of the liquid desiccant system and a simulation model of
the solar-assisted air-conditioning system with desiccant dehumidification were developed, to
evaluate the dynamic operation performance numerically under actual conditions. The outcomes
of this thesis can effectively help researchers and engineers to predict and evaluate the
dehumidification/regeneration process more accurately. The observations, main conclusions and
recommendations for future work are summarized in this chapter.

9.1 Conclusions of Experimental Investigations

In practical falling film liquid desiccant systems, the working surface is usually found to be
wetted very incompletely by the desiccant. The wetted area and film thickness are key
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parameters affecting the system performance, and indispensable parameters in the system
evaluation and simulation. Furthermore, without the actual wetted area under different
conditions, the mass transfer coefficient could not be obtained accurately.

In our experiments, by building and testing a single channel internally heated regenerator, the
influencing factors of the wetted area and film thickness were investigated experimentally, as
well as their effects on the mass transfer performance. The film area and size under different
operation parameters were recorded by a thermal camera, and LiCl was chosen as the solution. It
was found that the increase of wetted area benefits the mass transfer performance greatly, while
the performance reduced with the increase of solution film thickness. In incomplete wetting
conditions, the typical flow shape of solution falling film was a symmetrical tongue type, and the
film was contracted along the flow direction. The film area was mainly decided by two
parameters: the initial film width and the wetted width along the flow direction. The initial width
was affected by the thickness of solution distributor most greatly, and also changed with the
contact angle, mass flow rate and temperature of solution desiccant. Furthermore, when the
surface was pre-wetted to make it hydrophilic, the contraction of falling film could be effectively
weakened, so the film width along the flow direction increased significantly. The increase of
plate surface temperature could also reduce the film contraction in the transverse direction,
especially for the low solution mass flow rate. The contraction was found to be aggravated with
higher solution temperature, but the impact was relatively small. Additionally, the contact angle
of solution was experimentally found to be determined by the surface roughness, solution
concentration and temperature.
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Then, with the single channel regenerator, the influencing factors affecting the mass transfer
coefficient under insufficient wetting conditions were investigated. By considering the actual
wetted area, although the increase of solution mass flow rate benefited the moisture removal rate,
the mass transfer coefficient decreased with a gradually reducing speed. The coefficient also
decreased with the increase of solution distributor thickness and solution temperature, and
increased with the mass flow rate of air. An empiric formula was developed with the multi linear
regression, showing acceptable error with the experiments results

9.2 Conclusions of Theoretical Investigations

Based on the experimental results, for accurately calculating the wetted area of internally heated
regeneration, a theoretical model with an analytical solution was developed, by describing the
transverse flow caused by the Marangoni effect. The model could be divided into three parts,
including the models for initial wetted width, for contact angle and for contraction distance along
the flow direction. The calculation results were validated and compared with the experimental
ones, and small average errors of 8.8%, 12.3% and 10.8% were reported for the three parts . It
was found that the film thickness, plate surface temperature, and the temperature, concentration
and contact angle of solution showed significant influences on the wetted area.

Then, a 3-D model of internally heated regeneration was developed for describing the heat and
mass transfer among the air, solution and extra hot water in all three directions. The model could
solved numerically using the finite-volume method. The insufficient wetting condition, the
280

change of film thickness due to the mass transfer and film deformation, and the effect of contact
angle were taken into account. The calculation results were compared with those obtained by
other existing theoretical models, and showed a closer trend to the experimental data, especially
in the prediction of the influences of solution mass flow rate, hot water temperature and different
working surfaces. Besides the outlet parameters of fluids, the film thickness and parameter
distribution in the y-z and x-y cross sections could also be calculated in the new model.

The parameter study with the new model showed that the thickness of solution distributor shows
the greatest impact on the moisture removal rate, and the change of inlet temperature of solution
results in the most obvious change of regeneration efficiency. The changes of solution
concentration and hot water temperature also significantly affect the system performance.
Although the increase of the mass flow rates of solution, air and hot water benefit the mass
transfer, the effect of excessive rates are slight and the energy consumed to deliver the fluids
may be wasted. Some suggestions were given for improving the wetted area and optimizing the
system performance.

Although the model was developed based on the internally heated regeneration, as the
introduction of plate surface temperature, our result are also suitable for the adiabatic liquid
desiccant system. Furthermore, considering the similar heat and mass transfer mechanism
between the dehumidification and regeneration of liquid desiccant, the newly developed model
could also be applied for the dehumidification process.
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9.3 Conclusions of Numerical Investigations

Although the 3-D model could predict the system performance more accurately, it is complex
and inconvenient for investigating the dynamic operation performance. A simplified prediction
model for internally cooled/heated dehumidifier/regenerator was developed numerically by
defining three kinds of effectiveness, i.e. enthalpy effectiveness, moisture effectiveness and
temperature effectiveness. With the multi linear regressions, the statistical correlations of three
kinds of effectiveness were developed, by setting the mass and heat driving forces and other
related parameters as variables. The composite differences between our prediction results and
those obtained by the theoretical model under more than 250 operation conditions were
compared, showing an ACD of 14.7% for dehumidifier and 7.1% for regenerator. With this
model, the outlet parameters of solution, air and cooling/heating water could be obtained
accurately and directly, without any iteration.

Then, an operation performance simulation model of the whole SLDAC was developed by
employing four iteration calculation loops. For obtaining the real temperature of solution and
water of the system, the four loops were nested, which means that if the parameter of the outer
loop changed, the inter loop had to be re-started and re-valued. For a case study, the AC load
profiles of typical commercial buildings in Hong Kong were investigated. With the AC load
profiles and local weather data, the operation performance and energy potential of the SLDAC
were evaluated and compared with the conventional system.
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Results showed that due to the high dehumidification demand in summer, if the cooling tower is
used as the only cooling source of the dehumidifier, the dehumidification capacity could not
satisfy the requirement and only up to 12.5% of electricity consumption could be saved annually
compared to traditional systems. But, by introducing an extra cooling coil for the dehumidifier
and a heat exchanger for the regenerator, the electricity saving percentage could be significantly
improved to 36.7%. The energy consumption of solar-assisted system is affected by the
installation area of solar thermal collectors, and the energy saving could not be achieved until the
available roof area for solar collector installation is larger than the minimum required value. For
the case study, the minimum installation area is 0.22 m2/kW (peak load) for office buildings.

Academically, this research developed a 3-D theoretical model for predicting the heat and mass
transfer of falling film liquid desiccant system more accurately. The newly developed models for
calculating the wetted area, film thickness and mass transfer coefficient during the
dehumidification/regeneration process in the internally cooled/heated and adiabatic systems were
also proposed. This provides a useful reference for researchers and engineers to improve the
wetted area and optimize the system performance, such as changing the working surface property
and adding additive into the desiccant to enhance the heat and mass transfer. Furthermore, as the
falling liquid film are widely employed in many industrial applications, such as vertical
condensers, film evaporators, absorption towers and heat exchangers, our results could be also
applied for the performance evaluation and optimization in these areas.
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9.4 Recommendations for Future Work

It must be recognized that there is some insufficiency in this study due to time limitation. The
heat and mass transfer of falling film systems applies widely in engineering projects and
scientific applications. It is worthwhile and necessary to do further research on this topic.

During our experiments, it was observed that the surface of falling film was not smooth but had
many small waves due to the gradients of surface temperature and concentration. The waves
would change the film thickness, and may significantly influence the heat and mass transfer
performance of liquid desiccant systems (Killion and Garimella, 2001; Chang and Demekhin,
2002). However, because of the limitation of present experiments, the waves and unstable film
thickness under different operation conditions were seldom reported, and its influence was
neglected in the development of the theoretical model of wetted area, formula of mass transfer
coefficient and the 3-D model for the falling film regeneration. Therefore, to understand the
falling film liquid desiccant system more accurately, it is recommended to improve an
experimental rig for investigating the dynamic change of waves on the film surface and the
dynamic film deformation under different operation parameters. The heat and mass transfer
performance and coefficients during the dehumidification/regeneration process would also be
observed and calculated.

As the inherent instability on the film surface in both transverse and flow directions should be
considered, the 3-D theoretical model is suggested to be improved from the existing steady-state
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form into the unsteady-state one, and the change of parameters with the time should be solved.
The liquid velocities in all flow, thickness and transverse directions inside the falling film should
also be calculated. Additionally, the impacts of the fluctuation of the inlet parameters should be
also considered in the new model.

Furthermore, although there are several types of practical internally cooled/heated units, for
developing the model, the composition was simplified as the double plate in this research. For
the future study, the heat and mass transfer during the dehumidification/regeneration process of
other types can be studied, such as fin exchangers, tubes and corrugated surfaces. In addition, in
our research, the distribution method of solution was simplified as the falling film, and the
thermal and mass transfer between dispersed desiccant droplets and air was ignored. This should
also be studied, especially for liquid desiccant systems with spray nozzles.

Additionally, for the solar-assisted air-conditioning system with the desiccant dehumidification,
an actual system should be built to investigate its performance under the actual operation
conditions. Different system operation control strategies and optimization methods for the
SLDAC system should be numerically simulated for improving its feasibility in practical
applications.
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