PERFORMANCE ANALYSIS FOR A MEMBRANE-BASED LIQUID

DESICCANT AIR DEHUMIDIFIER: EXPERIMENT AND MODELING
by

Xiaoli Liu
A Thesis
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of
Master of Science in Civil Engineering

OC€ U,y

(4
A= %
o

V

@W

Lyles School of Civil Engineering

N
o8

West Lafayette, Indiana
December 2018



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Ming Qu, Chair

Lyles School of Civil Engineering
Dr. Xiaobing Liu

Oak Ridge National Laboratory
Dr. W. Travis Horton

Lyles School of Civil Engineering
Dr. Eckhard Groll

School of Mechanical Engineering

Approved by:
Dr. Dulcy Abraham
Head of the Graduate Program

il



To my mom and dad

For all their love and support

il



v

ACKNOWLEDGMENTS

I would like to thank my advisor Prof. Ming Qu in Purdue University, who gave me valuable
opportunities to access the field of academic research with her patience, encouragement, and sup-
port; and Dr. Xiaobing Liu, my mentor in Oak Ridge National Lab, for his instruction and assis-
tance in the research. I would also like to thank my collaborator, Joseph Warner, and Linshi Wang,
for their efforts in the experiment part. And thank Dr. Zhiming Gao for the help of the modeling
part. Moreover, | want to express my gratitude to all my committee members, Dr. Travis Horton,
Dr. Ekhard Groll, Dr. Xiaobing Liu, and Dr. Ming Qu. Thank you for all your questions and sug-
gestions, which benefit me a lot. Finally, all our researchers of this project thank the Emerging
Technologies Program of the Buildings Technology Office at the US Department of Energy for
supporting this research project; and Xergy, a small business technology inventor, for providing

the prototype.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt ettt ettt ettt ettt sbe st saeeneeneas v
TABLE OF CONTENTS ...ttt sttt sttt ettt ebe e \%
LIST OF TABLES ...ttt sttt ettt be et ae b s enes viii
LIST OF FIGURES ..ottt sttt ettt sb et ese s ix
NOMENCLATURE ..ottt sttt ettt st sbe b s enes Xi
ABSTRACT ..ttt ettt ettt et e st e et e e tteebeeesbeesbeesabeenbeessteenseessseenseennseenns Xiv
1. INTRODUCGCTION ....ooiiiiiiiieiieieieteste sttt ettt ettt et et sse st et e st et ensensesneene 1
L1 BaCKEIOUNM....coouiiiiiiiiciee ettt et ettt et e et e et e st e enbeeseaeenseas 1
1.1.1  Energy and environmental 1SSUES ...........cccueerireiierieeiiienieeiienteesieesieeesieeseneesaesaneens 1
1.1.2 IndoOr air eNVIFONMENT ISSUES ....eevveererurertieteeieriienieetesitesteetesieesseesesseesseesesneenaeenee 2
1.1.3  Current air dehumidification SYSTEMS .........ccceeeeuieriieiiienieeiieeie et 2

1.2 Review on membrane-based liquid desiccant air dehumidifier ............cceooveviieniennnnnen. 5
12,1 Liquid d@SICCANTS.....ccuiiiiieiieiiieiie ettt ettt ettt et iee et e s e ebeesateebeessaeensaesnnaans 5
1.2.2 MEMDIANES ...ttt ettt et ettt et e sb et s sbe e 8
1.2.3  MLDAD module — heat and mass eXchanger ............cccoccveviierieniieeniienieeeeeieenee. 11
.24  MLDAD PEerfOrmManCe .........ccccueeiuieriieriienieeiiieeieeieesieeeieesiteeseessseenseesaseenseessnesnsees 16
1.2.5 Heat and Mass Transfer Model for MLDAD ..........ccccceiiiiiiienieniieeeeeeeeee e 17

1.3 ReSEAICH ODJECHIVES ...eieiiiiiiieiiiciieie ettt ettt ettt et ate e e sebeeseesaneens 19
1.4 Chapter OVEIVIEW....ccciieieiieiiieiieeieesiie et esite et e stte et e estaeebeesaaeenbeessseenseessseanseessseeseesaseans 19
2. RESEARCH SIGNIFICANCE AND METHOD........cccoetiiiiiieieieneeeeeeeeeeee e 22
2.1 Research SIGNIfICANCE .......ccuieriiieiieiieeiieee ettt sttt et et 22
2.2 Research Method .......coooiuiiiiiiiiiiiee e e 25
3. EXPERIMENTAL PERFORMANCE ANALYSIS OF A MLDAD MODULE.................. 26
3.1 EXPEIIMENE SEIUD .eeeiieeiiieiieeiieiie et eeite ettt e et e st e eteesateesbeesaaesnseessaeenseesssesnseesnseenseennns 26
3.2 Performance INAICALOTS ........ovuiiiuieiiriieiieiiesiteteet ettt sttt sttt s 28
3.3 EXPerimental TESUILS .......coouiiiiiiiiiiiciieie ettt ettt ettt e ee 29
3.3.1  DehumidifiCation.........ooueiiiiiieniiiiiniieieeieseee ettt 29
3.3.2  REEENEIALION.....eeiieieiieiieciieeiie et eiteste et e st e et e stae e bt esateesbeessbeenseesnseenseesnseenseennsaans 31

3.4 EXPeriment CONCIUSIONS. ......cccuieiuiieiieiieeieeiteetteeiie et e site et e saee et e siaeebeessaeenseesaseenseenens 32



vi

4. HEAT AND MASS TRANSFER MODELS .......c.cooiiiiiiiiiiieeeeeeeeeeeeee s 33
4.1  Control volume and aSSUMPLIONS ........ccueervirriieriieriienieeieeeeeeieesveeieeseeebeessneeseessneens 33
4.2 Principles for heat and mass transfer...........occveeiieiieriiiiiieiiceee e 35

4.2.1  Principles for heat transfer ...........cooceeriiiiiieniieiieecee e 35
4.2.2  Principles for mass transfer...........oeeieriiiiiienieeiieeeeee e 36
4.2.3  Calculation for COBTIICIENES .....cc.eeruiiiiiiiiiiieiieeeer e 40
4.3  Microscopic mechanism of mass transfer through a membrane ...............ccccoeeeeiieniin. 41
4.3.1  Mass transport in the porous MemMbIane ...........ccceecverivierieeiiieniienieesie e e 42
4.3.2  Water vapor flux for the nonporous membrane ..............cceeceeevierieeneenieeneeneeennen. 45
4.4 GOVEINING @QUALIONS .. .eeuvietieriieetieeteeteesteeteesseeeseessseeseessseanseessseenseessseesseasssesnseesseens 46
4.4.1  Heat and mass transfer in the air SIde..........cccueeeiieriiiiiienieiiiee e 46
4.42  Heat and mass transfer in the solution Side............ccoeeueeviiiiiieniiiniienieceeeeeeee, 48
4.43  Heat transfer across the control VOIUme...........coeevieriiiiiiiiniiniieccceecee 49
4.5  Boundary conditions, solution method, and MATLAB realization .............c..ccceeuvenenn. 50
4.5.1  Cross-flow MLDAD mMOdUIE ......cc.cocuiriiniiiiiniinieiieneeceeeeese e 50
452  Counter-flow MLDAD moOdUIe..........cocueriiiiiniiniiiiiniiieeieseesteseeeee e 53

5. MODEL VALIDATION ..ottt sttt sttt ssessesaenne s 55

5.1  The validation of the MLDAD module using porous membranes..............ccccceeveenvennne. 55
5.1.1  Data used for the validation of the MLDAD module using porous membranes..... 55
5.1.2  Data COMPATISON...ccuvietieriiieiiieeieettesteeteesteesttessteesseessseesseessseenseessseanseesssesnseessseans 56

5.2 The validation of the MLDAD module using nonporous membranes..................c........ 57
5.2.1  Data for the validation of the MLDAD module using nonporous membranes....... 57
5.2.2  Data COMPATISON...ccuvieiieriiieitieeieetiesteeteesteesttessaeesseessseeseesssesnseessseasseesssesnseesseans 58

6. PERFORMANCE SENSITIVITY ANALYSIS AND PARAMETRIC STUDY ................. 59
6.1  Performance for MLDAD module of baseling cases ...........ccccueeveeriienienieeniieeieeene, 59
6.2  Comparison between conventional liquid desiccants and ionic liquid desiccant........... 62
6.3  Comparison between porous membranes and non-porous/dense membranes ............... 63
6.4  Comparison between cross-flow and counter-cross flow...........ccccovveeevieniiieiienireneenne, 65
6.5  Impacts of different dimensions for the module.............cccooieviiiiiiniiiinieneeee 67

6.5.1  Airchannel 1ength ..........ccccooiiiiiiiiiiii e 68

6.5.2  Solution channel 1ength...........c.ccoooiiiiiiiiiiii e 68



Vil

6.5.3  Airchannel height .........coccoiiiiiiiiiii e 69
6.5.4  Solution channel height...........ccccooiiiiiiiiiii e 70
6.5.5  MEMDIANE POTE SIZE ..eevveererieiieeiiieiienieeiieeeieesttestteesseestteeseessreeseessseenseessseenseesnseens 70
6.5.6  MEMDIaNE POTOSILY ...eeviereiieiiieeiietienteesieeeteesttesreesteesiteesseessseeseesnseeseesssesnseessseans 71
6.5.7  Membrane thiCKNESS. ......ccc.eviiriiiiirieiiiie e 72

6.6  Impacts of operating CONAItIONS ........cceeeruieriieiiieiiieiieeie ettt ettt 72
6.6.1  Air inlet tEMPETALULE .......cc.eeiiiiiiieiierie ettt ettt e e aeesae b e saaeeseesnaeens 73
6.6.2  Solution inlet tEMPETATUTE .......ccvieiierieeiieeieette ettt etee e eaeesreebeesaeeseesneeens 73
6.6.3  Airinlet RUMIAILY ...c.coooiiiiiieiiecic et 74
6.6.4  SOIUtION CONCENIIALION. ...c..eertietiiiiiitieieete sttt ettt ettt ettt ettt 75
6.6.5  AIr mass flOW TAte .......oouiiiiiiiiiiiiiiicee e 76
6.6.6  Solution MASS flOW TALE ......evuietiiiiriiiieeie ettt 76

6.7  Summary and module OPtMIZAtION. .......ccueeruiieiiieriiiiiierie ettt 77
7. CONCLUSION AND FUTURE WORK ......cooiiiiiiiiiiiieieiieieieie et 82
Tl CONCIUSION ...ttt ettt ettt e b e et sbe ettt e saeebeeanes 82
7.2 FULUIE WOTK .eeiniiiiiiiieiteee ettt ettt et be st be e 83
APPENDIX A. Properties of liquid desiCCaNtS...........ceecuierieeiieniieiiieiieeie et 84
APPENDIX B. Measurement of membrane permeability...........ccocceevieiiieniiniiienieniieieeieeee, 87
APPENDIX C. MATLAB COUCS ..ottt sttt sttt 95

REFERENCES ...ttt e 102



viii

LIST OF TABLES

Table 1.1 Properties for commonly used liquid desiccants at 20°C and saturated concentrations. 8

Table 1.2 Summary of liquid desiccant used in recent researches. ...........ccoceevevieneeniiniieneenennn. 8
Table 1.3 Properties for membrane used in liquid-to-air membrane contactor. ...........ccccecuenneene. 10
Table 1.4 Summary of configurations of existing MLDAD modules. ...........cccceverieneeneniennnne. 14
Table 1.5 Dehumidification performances of MLDADS.........ccoceviriiniiienienieeneeeeee e 16
Table 1.6 Summarizes of governing equations for commonly used modeling methods. ............. 21
Table 2.1 Summary of works of existing MLDAD researches. .........ccocceeevvenienenieneenienienenn 24
Table 3.1 The measurement devices and corresponding aCCUraCIes...........eevveerveerieerveerueenveennnn 27
Table 4.1 The vapor permeability and flux for various mass transfer mechanisms..................... 45

Table 5.1 Experimental conditions and material properties of the porous MLDAD module....... 56
Table 5.2 Sensible heat comparisons between the experimental data and numerical model. ...... 57
Table 5.3 Latent heat comparisons between the experimental data and numerical model........... 57
Table 5.4 Experimental conditions and material properties of the nonporous MLDAD module. 58

Table 5.5 Performance comparisons between the experimental data and numerical model in both

dehumidification and regeneration MOAES. ...........ceecveeriieriiieriienieerite et eieeseeereeeaeebeesreeneeeseeeens 58
Table 6.1 Operating conditions of the baselineg Case..........ccceeveeviiiriiiiieniiieieceee e 59
Table 6.2 Performance comparison between using different liquid desiccants.............cc.cccueeeee. 63
Table 6.3 Performance comparison between porous and nonporous membranes........................ 65

Table 6.4 Design and operating conditions for cases studying the impact of design parameters. 67

Table 6.5 Design and operating conditions for cases studying the impact of operating conditions.

....................................................................................................................................................... 72
Table 6.6 The sensitive analysis of module dimensions for an MLDAD module........................ 79
Table 6.7 The sensitive analysis of operating conditions for an MLDAD module. ..................... 79

Table 6.8 The optimization cases for an MLDAD module. .........c.ccoceviiiiniiniininienieecienene 80



X

LIST OF FIGURES

Figure 1.1 Share of total U.S. energy consumption by end-use SeCtors. .........ccceevueerreerirerveeneenne 1
Figure 1.2 Psychometric chart shown dehumidification procedures. .........c.ccecevvereenienienenniennen. 3
Figure 1.3 Equilibrium vapor pressures of different liquid desiccants at 20°C............ccceveeuennee 7
Figure 1.4 A schematic diagram of a membrane-based air dehumidifier..........c..ccoceeveriiininncnnen. 9
Figure 1.5 A schematic of a flat-plate MLDAD. .......cocoiiiiiiiiiiiiieeeeeeee e 11
Figure 1.6 A schematic of a hollow-fiber MLDAD (reproduced by referring to [140])............... 12
Figure 1.7 A schematic of flow patterns for air and solution in a heat and mass exchanger........ 13
Figure 3.1 The structure of the small-scale MLDAD Prototype. ........cccoeeveeviierieenieniieeecieenee. 26
Figure 3.2 The experimental apparatus for testing a small-scale MLDAD prototype [77].......... 27
Figure 3.3 Relative humidity of the inlet and outlet air as well as the difference in humidity ratio
during the first dehumidification teSt [77]. ..cocveeruieriiiiiieiiieieeeie ettt 30
Figure 3.4 Latent effectiveness and mass transfer coefficient during the first dehumidification test
L7 7 ] et a ettt e a e ettt et a e ae e 30
Figure 3.5 Relative humidity and flow rate of air during the regeneration test [77]. .......c........... 31

Figure 3.6 Mass transfer coefficient and latent effectiveness during the regeneration test [77]. . 32

Figure 4.1 A schematic diagram of a membrane-based liquid desiccant air dehumidifier........... 33
Figure 4.2 A schematic diagram of a membrane-based liquid desiccant air dehumidifier........... 34
Figure 4.3 A schematic diagram of the heat transfer in a control volume.............cccceveeviriennne. 36

Figure 4.4 A schematic diagram of the mass transfer in a control volume for porous membranes.

....................................................................................................................................................... 36
Figure 4.5 Two mass transfer mechanisms: a) pore-flow filtration, b) solution-diffusion [136][144]
....................................................................................................................................................... 42
Figure 4.6 Transport mechanism for pore-flow filtration [138]. .....cccoviiiiriiniininiiniiccieee 42
Figure 4.7 Heat and mass transport in the air 1ayer. ..........cccoecvieviiriiieiieniieiee e 47
Figure 4.8 (a) Heat transport and (b) mass transport in the solution layer. ............ccceceeveernennen. 48
Figure 4.9 Electrical analog of heat transfer in an MLDAD control volume. ...........c.cccceeuenee. 49
Figure 4.10 Meshes of the heat and mass transfer area in a cross-flow module...............c...c....... 51
Figure 4.11 The configuration of MATLAB Program..........ccccceceeveriineenenieneenienieneee e 52

Figure 4.12 Meshes of the heat and mass transfer area in a counter-flow module....................... 53



Figure 4.13 The configuration of MATLAB Program..........ccccceceeveriineenenieneenienieneeeeee e 54
Figure 5.1 The schematic of MLDAD module in Huang’s experiment [57]........cccceevvvereenneennen. 56
Figure 6.1 Temperature field of the air layer. .........cccooveiiiiiiiiniie e 60
Figure 6.2 Temperature field of the solution layer. ..........ccccoooeviiiiniiniiii 61
Figure 6.3 Humidity field of the air layer. ..........coceeveriiiiiiiiiee e 61
Figure 6.4 Concentration field of the solution layer. .........c..coceviiiiiiiniiiiicee 62
Figure 6.5 Performance comparison between using LiCl and [EMIM][OAC]. .....ccceevvvevvverrrnnen. 63
Figure 6.6 Temperature fields of air layer: (a) using porous and (b) non-porous membranes. .... 64
Figure 6.7 Humidity fields of air layer: (a) using porous and (b) non-porous membranes. ......... 65
Figure 6.8 Temperature fields of air and solution in a counter-flow MLDAD module. .............. 66
Figure 6.9 Vapor pressure fields of air and solution in a counter-flow MLDAD module. .......... 66

Figure 6.10 Performance comparison under crossflow or counterflow at various air temperatures.

....................................................................................................................................................... 67
Figure 6.11 Performance of MLDAD under various air channel length. ...........c.ccoccoviininninnne 68
Figure 6.12 Performance of MLDAD under various solution channel length. ............cc.cccc.ee. 69
Figure 6.13 Performance of MLDAD under various air channel heights...........c.ccoccevineniennne. 69
Figure 6.14 Performance of MLDAD under various solution channel heights. ...........ccccccceeee. 70
Figure 6.15 Performance of MLDAD under various membrane pore Sizes. .........c..cceeevveevenneene 71
Figure 6.16 Performance of MLDAD under various membrane porosities. .........c..cceceevvervenneene 71
Figure 6.17 Performance of MLDAD under various membrane thicknesses........c...ccccoeeruennene 72
Figure 6.18 Performance of MLDAD under various air inlet temperatures.............ccccceeeevenneene. 73
Figure 6.19 Performance of MLDAD under various solution inlet temperatures. ...........c...c....... 74
Figure 6.20 Performance of MLDAD under various air relative humidity. ..........cccceveenenienenne. 75
Figure 6.21 Performance of MLDAD under various solution concentrations...........c..ccceevennene. 75
Figure 6.22 Performance of MLDAD under various air flow rates............cccceveeverieneenenienenn. 76

Figure 6.23 Performance of MLDAD under various solution flow rates. ..........c.ccoceveerveriennenne. 77



Symbol

Re

RH orrh
Sh

Utotal

NOMENCLATURE

Description

Concentration

heat capacity

permeability coefficient
diffusivity of water in membrane
convective heat transfer coefficient
operating factor

Height

heat of dilution

vapor flux

thermal conductivity

transfer coefficient
characteristic length

mass flow rate

molar mass of vapor

number of transfer units
Nusselt number

pressure

Prandtl number

permeability of the membrane
heat flux

gas constant

Reynolds number

transfer resistance

relative humidity

Sherwood number
temperature

overall transfer coefficient

Units
J/kg'K
kg/(m*-Pa-s)
m?/s
kW/m*K

m
kJ

kg/(m*s)
kW/(m-K)
kg/(m*Pa-s)
m

kg/s

g/mol

Pa
kg/(m-Pa-s)
kW/m?
J/(mol-K)
m*K/ kW

CorK
kW/m>K

xi



Xsol
X, ¥,z

Greek

~

> 2 S, =
@]
=
£

3

R = © ™

u

Superscripts
%
Subscripts
a

am

10rin

lat

m

max

min

mem

o or out
sen

sol

sm

kd
pf

mass ratio of water to salt
coordinates

Description

Effectiveness / porosity
pore tortuosity of the membrane
pore radius of the membrane
thickness of the membrane
humidity ratio

membrane thermal conductivity
correction factor

density

kinetic viscosity

thermal diffusivity

dynamic viscosity
Description

dimensionless

Description

air flow

air-membrane surface

inlet

latent

mass transfer

maximum

minimum

membrane

outlet

sensible

solution flow
solution-membrane surface
Knudsen diffusion

Poiseuille flow / permeate-side fluid

Xii

m
m

g/kg or kg/kg
kW/m-K
kg/m’

m?/s

m?/s

Pas



md

p

pm

f

Cross
parallel
counter
w

s

salt
Abbreviations
DMPC
EVP
HVAC
ILD

LD
LDAD
MHMX
MLDAD
OA
ORNL
PE

PP
PTFE
PVDF
SA
VDR
SAMR

molecular diffusion

permeate side

permeate side membrane

feed side

cross flow

parallel flow

counter flow

water

surface

salt in liquid desiccant

Description

dynamic moisture permeation cell
equilibrium vapor pressure

heating, ventilation and air conditioning
ionic liquid desiccant

liquid desiccant

liquid desiccant air dehumidification
membrane-based heat and mass exchanger
membrane-based liquid desiccant air dehumidification
outdoor air

Oak Ridge National Laboratory
polyethylene

polypropylene

polytetrafluoroethylene

polyvinylidene fluoride

supply air

vapor diffusion resistance

solution to air flow rate ratio

xiii



X1V

ABSTRACT

Author: Xiaoli, Liu. MSCE

Institution: Purdue University

Degree Received: December 2018

Title: Performance Analysis for a Membrane-based Liquid Desiccant Air Dehumidifier: Experi-
ment and Modeling.
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Liquid desiccant air dehumidification (LDAD) is a promising substitute for the conventional
dehumidification systems that use mechanical cooling. However, the LDAD system shares a little
market because of its high installation cost, carryover problem, and severe corrosion problem
caused by the conventional liquid desiccant. The research reported in this thesis aimed to address
these challenges by applying membrane technology and ionic liquid desiccants (ILDs) in LDAD.
The membrane technology uses semi-permeable materials to separate the air and liquid desiccants,
therefore, the solution droplets cannot enter into the air stream to corrode the metal piping and
degrade the air quality. The ILDs are synthesized salts in the liquid phase, with a large dehumidi-
fication capacity but no corrosion problems. In order to study the applicability and performance of
these two technologies, both experimental and modeling investigations were made as follows.

In the study, experimental researches and existing models on the membrane-based LDAD
(MLDAD) was extensively reviewed with respects of the characteristics of liquid desiccants and
membranes, the module design, the performance assessment and comparison, as well as the mod-
eling methods for MLDAD.

A small-scale prototype of the MLDAD was tested by using ILD in controlled conditions
to characterize its performance in Oak Ridge National Lab. The preliminary experimental results
indicated that the MLDAD was able to dehumidify the air and the ILD could be regenerated at 40
°C temperature. However, the latent effectiveness is relatively lower compared with conventional
LDAD systems, and the current design was prone to leakage, especially under the conditions of
high air and solution flow rates.

To improve the dehumidification performance of our MLDAD prototype, the two-dimen-
sional numerical heat and mass transfer models were developed for both porous and nonporous
membranes based on the microstructure of the membrane material. The finite element method was

used to solve the equations in MATLAB. The models for porous and nonporous membranes were



XV

validated by the experimental data available from literature and our performance test, respectively.
The validated models were able to predict the performance of the MLDAD module and conduct

parametric studies to identify the optimal material selection, design, and operation of the MLDAD.



1. INTRODUCTION

1.1 Background
1.1.1 Energy and environmental issues

From 1950 to 2017, the American energy consumption grew from 32 to 97.7 quadrillion
British Thermal Units (BTUs) approximately, with a considerable increase as high as 203% [1],
and the trend is projected to continue in the future [2]. Among the total energy consumption, about
38% (or about 38 quadrillion BTUs) was consumed by the building sector, where the residential
building held 20%, and the commercial building held 18% [1]. Based on the historical data, about
54% and 34% of the energy consumed by residential and commercial buildings, respectively, in
the U.S. were for space heating, ventilation and air conditioning (HVAC) [3][4]. It was found that
the HVAC system counted nearly 17% of the U.S. total energy used as shown in Figure 1.1. Thus,

the building HVAC systems have a high impact on the energy and environment.

9% Others (residential)

11%
HVAC (residential)

Figure 1.1 Share of total U.S. energy consumption by end-use sectors.

The energy structure in the U.S. is dominated by natural gas and electricity generated by
burning fossil fuels [2][4]. Both natural gas and fossil fuels are primary energy and non-renewable.
The unlimited use of them is unsustainable and will undoubtedly accelerate the energy crisis. On
the other hand, the combustion of fossil fuels produces greenhouse gases emitted to the atmosphere,
leading to global warming, sea level rise, acid rain, and other environmental deterioration issues.

However, with the improvement of the society, people's demand for indoor environment

comfort will continue to grow [6]. This is in contradiction with the increasing energy shortage and



environmental deterioration. Thus, it is highly needed to develop more energy-efficient, environ-
ment-friendly, and more controllable technologies in HVAC systems, which are not only able to

alleviate the energy and environment crisis but also to enhance the indoor air quality.

1.1.2 Indoor air environment issues

People spend nearly 90% of their life in enclosed buildings [8], so the indoor air environ-
ment (IEQ) has a severe and direct influence on people's productivity and health. The humidity of
the indoor space is one of the significant parameters in IEQ. High humidity can inhibit the evapo-
ration of sweat, resulting in discomfort, headache, or even productivity decline [9]. Also, high
humidity provides a major breeding ground for the growth of bacteria and fungi in buildings, thus,
affecting people's health [10][11]. Therefore, the humidity should be controlled sufficiently. To
maintain indoor thermal comfort and to reduce the likelihood for microbial growth, ASHRAE
standard 55-2013 and 62.1-2016 require that the HVAC system must be able to keep a humidity
ratio below 0.012 and to control the relative humidity between 30-60%, respectively [12][13].

In hot and humid areas like the southern region of the United States, the relative humidity
of air usually fluctuates between 60% and 90%. The latent load, which is the energy required to
remove the moisture in the air, becomes the main load of buildings, especially in humid summers
[14]. Therefore, the air dehumidification would be an important technology to reduce building

energy consumption, as well as the occupancy health and productivity.

1.1.3 Current air dehumidification systems

The air dehumidification methods in buildings generally include the moisture condensing
method and the desiccant method. Among them, the moisture condensing method is the most com-
monly used one. During this process, the moisture in the air decreases with the decrease of air
temperature [15]. When the outdoor air (OA) is cooled at its dew point temperature as shown in
la of Figure 1.2, the air gradually loses the ability to hold more water vapor and reaches the satu-
ration point. As the air continues to be cooled, the water vapor in the air condenses, thus, reducing
the absolute moisture content in the air, as shown in 1b of Figure 1.2. Then the over-cooled and
dry air needs to be reheated to an acceptable temperature to serve as the supply air (SA) as shown

in 1c of Figure 1.2. As seen, this approach inevitably causes the problems of the large energy waste



due to overcooling and reheating. Also, the condensed water attaching to the cooling coil can easily

lead to the growth of bacteria and mold and the reduction of the air quality [16].

011 ~AIrH20
[ Pressure = 101.3 [kPa]
0.045 [ —m—Moisture condensing method

T T T T

b ——e—_iquid desiccant method

0.040F

| —+—Desiccant wheel method
0.035F
0.030f

Humidity Ratio

0.025F
0.020f
0.015}
0.010f

0.005f

0.000 ==
0

T[C

Figure 1.2 Psychometric chart shown dehumidification procedures.

The desiccant dehumidification system uses desiccant materials, which have a high affinity
with water, to absorb the moisture in the humid air. These desiccants with an extremely low surface
vapor pressure forces the vapor transported from the moist air to desiccants directly. Thus, the
desiccant system has some merits over the conventional dehumidification technologies. It enables
separated sensible and latent demands so that the sensible cooling efficiency can be improved, and
the wasteful reheating can be avoided [17][18]. The reduction of the cooling load is also able to
reduce the size of the chiller and the amount of the refrigerant. Thus, it is helpful to reduce the cost
of the system and to alleviate the ozone layer depletion caused by refrigerants like chlorofluoro-
carbons.

The desiccant dehumidification system includes two types: the desiccant wheel system and
the liquid desiccant system. The desiccant wheel method uses solid desiccants, such as silica gels
and zeolites, to adsorb water vapor in the air. When the outdoor air passes through the dehumidi-
fication section, the water vapor in the air is adsorbed by the desiccant medium. Then the air
temperature increases and the humidity decreases as shown in 2a of Figure 1.2. At this point, the
temperature of processing air is too high to supply so that additional cooling is needed to lower

the air temperature, as shown in 2b of Figure 1.2. After adsorbing enough vapor, the desiccant



tends to be saturated. The desiccant wheel, therefore, needs a regeneration section to keep the
system running continuously. So, another stream of air (usually the exhaust air) is needed to pass
through the regeneration part of the desiccant wheel to evaporate the moisture inside the desiccant.

The second type, the liquid desiccant system or liquid desiccant air dehumidification
(LDAD) uses liquid desiccant, such as glycol and halide salts, to absorb water vapor in the air.
This process can be described as the humid air being directly treated from the state point OA to
SA, with proper internal cooling, as shown in 3a of Figure 1.2. The LDAD technology has more
promising features of dehumidification performance and system flexibility. First, the LDAD sys-
tem only requires a relatively lower regeneration temperature (40~60°C), allowing the possibility
for utilizing low-grade energy (i.e., condensation heat, and waste heat from factories) or renewable
energy (i.e., solar energy) [20][22][22]. Second, the LDAD system is much easier to integrate a
third heat transfer fluid inside the components in order to provide internal cooling/heating to
dehumidify the air or regenerate the solution better.

However, the conventional LDAD system, generally with an open-towel configuration,
still shares little market due to the issue of carryover and corrosion. The carryover happens when
the airflow directly contacts to the liquid desiccant. Moreover, the relatively high velocities of two
streams (the air and solution) flowing across the packing bed make it easier for air to carry small
solution droplets into the indoor environment [24]. The carryover not only endangers the health of
occupants but also corrodes downstream HVAC pipes and components [25][26]. Additionally, the
halide salt aqueous solution is often used as the liquid desiccant so that the corrosion of the pipeline
and components in the solution loop is still unavoidable. Thus, new technologies are needed to
overcome or mitigate these shortcomings. One of the new technologies is using new non-corrosive
liquid desiccant in LDAD. The ionic liquid is the most recent studied non-corrosive liquid as a
substitute for a liquid desiccant in LDAD system. ILDs are synthesized salts in the liquid phase.
They have extremely low vapor pressure, high thermal stability, high solubility in water, no cor-
rosion to metals, and no crystallization problem [31]. Another new technology is the membrane-
based liquid desiccant air dehumidification (MLDAD). The MLDAD uses a semi-permeable
membrane to separate the air and liquid desiccant so that the liquid desiccant droplets cannot enter
into the air stream to cause the corrosion of HVAC components and the quality deterioration of
the supply air. The MLDAD system potentially has a superior performance in energy, economy,

and environment [27][28]. Both new technologies now are still in the early stage of research. The



overarching goal of the research is to study the two new technologies, applied separately and inte-
grally through both the experiment and modeling for the design, operation, and performance eval-

uation.

1.2 Review on membrane-based liquid desiccant air dehumidifier

This section includes the reviews of the characteristics of liquid desiccants and membranes,

the design of MLDAD modules, the performance assessment and comparison for MLDAD.

1.2.1 Liquid desiccants

Liquid desiccants are substances in liquid form with a high affinity to water vapor so that
they can absorb water vapor in the air. Tri-ethylene glycol (TEG), a mixture of organic liquids, is
the earliest liquid desiccant used for air dehumidification. But the high viscosity and high volatility
of TEG adversely affect the stability of the dehumidification system and the quality of the air being
dehumidified [45][19]. Later, halide salts have been identified to replace TEG because of their
better thermodynamic properties and low volatility. The aqueous solutions of halide salts most
widely used are Lithium bromide (LiBr), lithium chloride (LiCl) and calcium chloride (CaCl,),
and magnesium chloride (MgCl,) [29][19]. The equilibrium vapor pressures (EVP) of saturated
LiBr, LiCl, CaCl, and MgCl, solutions are equal to that of air at the same temperature with a rela-
tive humidity of about 6%, 11%, 30%, and 33%, respectively. Although MgCl, and CaCl, solu-
tions have relatively weaker dehumidification capacities and they are easier to crystallize, their
prices are much lower than LiBr and LiCl solutions [29][46]. Therefore, mixtures of these halide
salts were studied to reduce the cost while maintaining a good dehumidification performance. Al-
Farayedhi et al. used a mixture of CaCl, and LiBr with a mass ratio of 1:1 and found that the mass
transfer coefficient of the mixed solution was higher than that of the CaCl, solution along [47].

However, the conventional halide salt solutions are corrosive to metals. Also, these salt
solutions are easy to crystallize when they are saturated. These two drawbacks degrade the
reliability and longevity of the system, as well as the dehumidification performance. Therefore,
researchers have been looking for the less-corrosive and less-volatile liquid desiccants. The first
new type of such liquid desiccants founded is the weak acid including potassium formate (HCO,K),
potassium acetate (CH3CO;K), sodium formate (HCO,Na), or sodium acetate (CH3CO;Na)
[48][49][50][51]. Compared with the halide salts solutions, these weak acids are less corrosive,



less toxic, and have lower crystallization temperature, lower density and higher solubility [ 19][45].
Although the dehumidification ability of these weak acids is weaker than LiCl and LiBr solutions,
their costs are lower. Another new type of alternative is ionic liquid desiccants (ILDs). ILDs are
salts in the liquid phase. They have extremely low vapor pressure, no corrosion to metals, and no
crystallization issues [31][52]. Kudasheva et al. hybrid three ILDs, such as [EMIM][ESU],
[EMIM][DCA] and [EMIM][BF4], with porous materials to develop the ionic liquid membrane
layers, which shows a good water permeability in experiments [30]. Then, Qu et al. tested 13
different ILDs and identified that [EMIM][OAc] had the maximum adsorption and desorption ca-
pabilities among the 13 ILDs [31].

The equilibrium vapor pressures, EVP, is the most critical characteristic of a liquid desic-
cant because it directly determines the dehumidification effectiveness [29]. EVP of a liquid desic-
cant equals the partial water vapor pressure of the air above the desiccant surface. It is a dependent
of the temperature, concentration, and pressure of the liquid desiccant. A liquid desiccant with
higher concentration and lower temperature has a lower EVP so that the more water vapor can
transport from air to the liquid desiccant due to a larger vapor pressure difference between the air
and the liquid desiccant. EVP values shown in Figure 1.3 are calculated curve-fitted correlations
(i.e., the Cisternas-Lam equations [38] and Conde equations [39]), or experimental results
[32][33][34] [35][36][37]. The concentrations in the blue region, which indicates the EVP range
of 0.5-0.7 kPa, are the generally used concentrations for the various liquid desiccant solutions.

In addition to EVP, other characteristics and properties of liquid desiccants, including the
crystallization temperature, specific heat, viscosity, density, and price, should also be accounted
for when selecting a liquid desiccant. Firstly, the crystallization of halide salt solution must be
avoided in the MLDAD because the salt hydrates can accumulate and eventually block the solution
pump, pipe, and other components, as well as contaminate the membrane. Severe crystallization
can cause significant maintenance issue and performance deterioration [40]. Therefore, it is
desirable to select a liquid desiccant with a suitable concentration and a low crystallization tem-
perature. Secondly, in a dehumidification system, the heat comes from the air, the condensation
process and the absorption process. A liquid desiccant with a higher specific heat should be

selected for MLDAD to avoid the rapid growth of the liquid temperature, which leads to a sharp
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Figure 1.3 Equilibrium vapor pressures of different liquid desiccants at 20°C.

increase in the EVP and degraded dehumidification performance. Thirdly, viscosity and density of
the liquid desiccant affect the pumping energy for circulating the liquid desiccants through an
MLDAD system. Lower density and viscosity are recommended to save electricity consumption.
Besides, the heat of dilution, which is the energy released when the solution absorbs 1kg water
(kJ/kg H,0), contributes to the temperature increase for both air and solution. The heat of dilution
of different desiccants depends on the solution concentrations and temperatures.

Table 1.1 shows the saturated concentration and equilibrium relative humidity of the satu-
rated liquid desiccants at 20°C, the cost of anhydrous salts per metric ton, density, viscosity and
specific heat, and heat dilution of some commonly used liquid desiccants such as the glycol, halide
salt solution, weak acid, and ionic-liquid. Table 1.2 summarized the desiccant solutions used in
MLDAD systems in the published researches. As can be seen in this table, the selection of liquid
desiccants varies at different experiments. LiCl solution is the most popular liquid desiccant. Its
general used concentration ranges from about 35% to 45.8% [53][54][55][56][571[58][60][61].
Another commonly used solution is CaCl2-water brine, whose concentration ranges from 33% to

43% [63][64][65][66].



Table 1.1 Properties for commonly used liquid desiccants at 20°C and saturated concentrations.

. Con RH Cost p Y Cp Hy
Desiccant @ | %) | (USDMT) | (kg/m®) | (mPass) | (ikeK) | (IkgH0) | ReF
TEG 1 ~0 1103 1100 49 2150 - 37]
. 150- 300
LiCl 045 | 1131 | 7400-8418 | 1275 9 2700 Gisasoy | 4119
LiBr 063 | 637 | 36603316 | 1750 8 1750 - [19]
CaCl, 043 | ~30 | 284291 1400 2 2400 - [19]
MeCl, 035 | 33.07 71 1220 7 2500 - [44][19]
KCOOH 072 | 23.11 288 1525 20 2400 - [44]
200 800
[EMIM][OAc] | 1 ~0 814000 1105 90 1900 | 505 oo [31]

Table 1.2 Summary of liquid desiccant used in recent researches.

Research Solution type Concentration (%) Temperature (°C)
Isetti, 1997 [53] 42 20, 31
Bergero, 2001 [54] 45.8 29
Bergero, 2011 [55] 36.5 14.6
Moghaddam, 2013 [56] 34.6 24
Huang, 2014 [57] 35.0 25
Zhang, 2014 [58] LiCl 29.5 21.6
Abdel-Salam, 2016 [59] 32.5 24.2~25.3
Lin, 2018 [60] 35 25
Bai, 2018 [61] 39 25
Annadurai, 2018 [62] 35 ;g
Bettahalli, 2016 [63] CaCl 43% 35
Chen and Bai, 2016 [64][65] 2 33%, 36%, 39% 20
Hout, 2017 [66] 38% 16.4
Erb and Ahmadi, 2006~2009
[67][68][69] MgCl, 31.8% 24
Mahmud, 2009 [70][71] 32.5 27
Fakharnezhad, 2016 [72] TEG 99.5% -
Petukhov, 2016 [73] 99.5% -
Isetti, 1997 [53] Ca(NO3), 56% 28, 38
Meggers, 2017 [74][75] Alkoxylated siloxane - -
Chen, 2018 [76] KCOOH 36%, 49%, 62% 28~34
Liu, 2018 [77] [EMIM][OACc] 70%~90% 25

1.2.2 Membranes

The membrane is a selective layer allowing only some specific components of a mixture

in one side to pass through but stop others. MLDAD uses a membrane to separate the stream of

processing air and the fluid of liquid desiccant. In this process, only water vapor can pass through

the membrane. The direction and flux of water vapor are determined by the vapor pressure differ-

ence between the two sides of the membrane (Figure 1.4).




Figure 1.4 A schematic diagram of a membrane-based air dehumidifier

According to the pore size, the mean diameter of pores, membranes can be classified as the
dense membrane (or non-porous membrane) with the pore size less than 0.1 nm, and the porous
membrane with the pore size at about 0.1 pm [24]. Porous membranes are hydrophobic, and they
are mainly used in the air-to-liquid system. In contrast, dense membranes are hydrophilic, and they
are more often applied in the air-to-air systems [7].

For porous materials, pore size, porosity (&) and tortuosity (t) are the key characteristics
determining how much vapor passes cross the membrane. Porosity is the ratio of the pore volume
to the total membrane volume [78]. A higher porosity value leads to a better permeate performance.
The porosity of the membrane used in MLDAD generally ranges from 0.35 to 0.65, but there is an
exception using a membrane with a porosity of 0.7~0.85. Tortuosity (1) is the degree of deviation
between pore shape and cylindrical shape. A higher tortuosity value leads to a lower the permeate
flux. The tortuosity also correlates with porosity [79].

Selectivity and Permeability are two of the most important properties of the membrane.
Selectivity is the ratio of the amount of water vapor to that of the other components in the humid
air passing through the membrane. Larger pore sizes lead to a smaller selectivity so that the purity
of permeate is reduced [7]. The water selectivity in recently used membranes for air dehumidifi-
cation ranges from 178~16300 [24]. In the liquid-to-air application, high water selectivity is pre-
ferred to prevent leakage and carryover of liquid desiccants.

The amount of water vapor permeated through the membrane depends on different condi-
tions of temperature and humidity at each side of the membrane. Permeance is the water vapor
transmission induced by the vapor pressure difference between two sides of the membrane. The
measured data of the vapor-to-vapor permeance of the semi-permeable membrane ranges from 1E-
7 to 1E-5 [87][88][89] [90]. The product of permeance and the thickness of the membrane is called

permeability. A membrane with high vapor permeability can make water vapor permeate faster,
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thus reducing the mass transfer area. The permeability can be measured via wet/dry cup method
according to ASTM E96 standard [86]. Vapor diffusion resistance (VDR) is the resistance of vapor
diffusion through membranes. VDR is essentially the reciprocal of membrane permeability, so the
membrane permeability decreases with the increase of VDR. The VDR can be tested by the dy-
namic moisture permeation cell (DMPC) method [91].

The membrane materials can be classified as organic (polymeric), inorganic (mental/ce-
ramic/zeolite), mixed matrix membrane (hybrid), and liquid membranes in air dehumidification.
The polymer membranes, such as polyvinylidene fluoride (PVDF), polytetrafluoroethylene
(PTFE), polypropylene (PP), and polyethylene (PE) films, are widely used in vapor seperation due
to their low cost, no defects, repeatability and good physical stability [24]. The zeolite membranes
with thermal and chemical stability are produced from a growth solution and porous support sheet
using in-situ and seeded methods. The mixed matrix membrane has better reproducibility, better
transmission performance and higher stability, as well as simpler manufacture and lower cost, by
mixing polymer and zeolite membranes [92][93][94][95]. The support liquid membrane is de-
signed to fix the solution in the porous support membrane by capillary force, so as to improve the
vapor transmission rate and selectivity [96][97][98][99][100][101][102][103]. Table 1.3 summa-
rizes the membrane material, thickness, pore size, porosity, VDR and thermal conductivity for

membranes used in MLDAD.

Table 1.3 Properties for membrane used in liquid-to-air membrane contactor.

Rescarch Membrane Thickness | Poresize | Porosity VDR Conductivity
Material (um) (um) (=) (s/m) (W/mK)
Bergero 2001 [54] 200 0.4 0.4-0.45 -
Hemingson 2005 - 2-15 0.45 215-329
Erb 2006~2009 b
[551[68][69] PP 500 <1 - 345 0.334
Mahmud 2009 [70][71] 224 <1 - 158
Fakharnezhad 2016 [72] 50 0.2 - -
Petukhov 2017[73] 35 0.2 0.45 -
Bergero 2011 [55] PP + PTFE 100+70 - - - -
Huang 2014 [57] PVDEF + silica gel 150 024" [ 035~04° - -
Zhang 2011 [104] PVDF + PVAL® 150 0.15 0.65 - 0.36
Zhang 2012 [105] PVDF 100 0.15° 0.65" - 0.17
Zhang 2014 [58] PVDF + PVAL 200 0.15° 0.65" - -
Bettahalli 2016 [63] PVDF - 0.39 - - -
Hydrophilic
Fakharnezhad 2016 [72] PVDF 300 0.1 - - -
Hout 2017 [66] PVDF 110 - 0.8 - 0.0608
Lin 2018 [60] PVDF + silica gel 100 - - - -
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Annadurai 2018 [62] PVDF 220 0.2 - - -
Isetti 1997 [53] 170 16 39° - 0.04
Moghaddam 2013 [56] GE ePTFE 265 - - 56 0.065
Abdel-Salam 2016 [59] GE membrane 300 - - 38 -
Meggers 2017 [74][75] Highly selective Pebax 1074 nonporous membrane
Chen 2018 [76] 100 0.2 0.6 - 0.17

Liu 2018 [77]

Nafion ionomer

* Tortuosity/porosity=39
® Guess value

¢ dense polyvinyl alcohol

1.2.3 MLDAD module — heat and mass exchanger

Module configuration: The MLDAD is a membrane-based heat and mass exchanger

(MHMX). MHMXs include two types of modules according to the existing studies and products:

flat-plate module and hollow-fiber module. Similar to the flat plate heat exchanger, flat-plate

MHMX uses semi-permeable membranes instead of metals to separate process air and liquid des-

iccant solution as shown in Figure 1.5 [5]. The flat-plate MHMX is used in most existing MILAD

studies because it has a simple structure, easy sealing, cleaning and replacing [110]. However, due

to the pressure of the solution side is significantly higher than that of the air side, structural support

(e.g., a plastic grid) for the membranes would be needed to reduce deformation of membranes

under large differential pressure across the membrane [5].

Airin
—>
—>
—>

=>

Figure 1.5 A schematic of a flat-plate MLDAD.
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The hollow-fiber MHMX is similar to the shell-tube heat exchanger but replacing the metal

tubes with membrane tubes as shown in Figure 1.6 [5]. It separates the air and the liquid desiccant

by tube-shaped semi-permeable membranes. Either stream flows inside the membrane tubes while

the other stream flows in the annulus between the outside of the membrane tubes and the inside of
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the shell. The number of membrane tubes can vary from 200 [114] to 12,000 [115] in one module
[5]. The hollow-fiber module does not require any additional supporting grid because the mem-
brane tubes have more strength than the membrane plates. Also, the hollow-fiber module has a
higher packing density than a flat-plate module, which is the total surface area per unit volume of
the module. A typical hollow-fiber module can have a packing density of 30,000 m*/m’[113]. The
higher the packing density is, the better the heat and mass transfer performance will be [28], and
the smaller the equipment size can be made [111][112]. However, one drawback of the hollow-
fiber module is that the liquid desiccant is unevenly distributed among the membrane tubes. This
uneven distribution will reduce the heat and mass transfer performance. The small diameter
membrane tubes could be blocked by particulates in the air and liquid desiccant. Also, the com-
plexity of installing internal-cooling system assemblies have limited the industrial application of

hollow fiber modules [111][112].

ﬁ Air out
I -
- /0'0"
Sol tl':>'D %:ﬁ t ®1®!®solution
olution in olution out /
® ® Membrane

i\Air
Airin {}
Figure 1.6 A schematic of a hollow-fiber MLDAD (reproduced by referring to [140]).

A new triple-bore hollow-fiber membrane contactor was designed by Bettahalli [63] to
dehumidify the indoor air. The dehumidifier was made of a single hollow fiber with three holes
inside. The solution flowed into three internal channels of the fiber. This design had a relatively
higher heat transfer area, and high mechanical stability compared with single-bore hollow fibers.

Meggers et al. developed another type of hollow fiber module [74][75]. The membrane
used is high water-permeability nonporous Pebax® membrane so that cross infection can be
completely eliminated. The air flows inside the plastic shell, and its flow direction is opposite to
the solution. Their experimental result indicated that 10 cm is the optimal length for the tube
because the absorption speed is five times faster in the first 10 centimeters of contact length.

Module flow pattern: There are several different flow patterns for a two-fluid exchanger,

including co-current, counter-flow, cross-flow, and counter-cross flow, as shown in Figure 1.7. It
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is well known that the heat and mass exchange efficiency of counter-flow is better than that of
cross flow, and the co-current is the worst type. However, counter-flow is not easy to apply due to
the difficulties in separating and sealing the two streams of fluids at the entrance and exit. Counter-
cross flow is usually used in MHMXSs, in which one stream enters from the upper right corner of
the exchanger and leave from the lower left corner, forming an ‘S’ shaped track line; and the other
stream flows left to the right horizontally. It is because the heat transfer and mass transfer co-occur
between the air and the solution in the energy exchanger, and coupled with each other. Thus, due
to the existence of heat of phase change and heat of solution dilution, the higher heat exchange
may lead to a worse mass exchange. Therefore, after considering the coupling of heat and mass,

the best flow form for MLDAD deserves attention.

= = o= =>
= = < o = = = =

Co-current flow Counter flow @ Cross flow @ Counter-cross flow

Figure 1.7 A schematic of flow patterns for air and solution in a heat and mass exchanger.

Internal cooling: In the process of liquid desiccant air dehumidification, the temperature

difference and the vapor pressure difference between air and liquid desiccant are the drives for the
heat and mass transfer. When the desiccant absorbs water vapor, the heat of condensation and
absorption will increase the temperature of the liquid desiccant. As the liquid desiccant tempera-
ture becomes higher, its EVP increases, resulting in the deterioration of the dehumidification per-
formance. To enlarge the water absorption capacity of the liquid desiccant, the internal cooling is
necessary to keep liquid desiccant at a nearly constant temperature during the dehumidification
process.

Abdel-Salam designed a three-fluid fluid internally-cooled MLDAD module, which in-
cludes a cooling water loop, a desiccant loop, and an air stream [59]. Seven cooling water tubes
made of Titanium were placed inside the solution channel to decrease the solution temperature.
The solution and air flowed in a counter-cross pattern, while the solution and cooling water were
in a counter-flow configuration. Annadurai et al. then designed an adjacent internally-cooled
MLDAD module [62]. Different from Abdel-Salam’s setting, the cooling water channel in this

experiment was placed parallel to the adjacent side of the solution layer. Huang studied a four-
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fluid adjacent internally-cooled MLDAD [119]. This module consisted of a processing air channel,
a solution channel, a falling water film, and a sweep air channel. The falling water film and the
sweep air flowed in a plastic-plate channel next to the cooling channels. The heat was carried away
by the sweep air and was cooled by evaporation of the falling water. Compared with the three-
fluid internally-cooled MLDAD module [120], which has cooling water tubes inside the solution
channel, this adjacent internally-cooled MLDAD had a smaller pressure drop of the cooling water.
Thus, it led to less pumping energy consumption.

Summary and comparison of the MLDAD modules: The characteristics of the dehumidi-

fication modules used MLDAD systems are summarized in Table 1.4. Accordingly, in the flat-
plate module, the length of the air channel is at the range of 200~400 mm, except for a few cases,
where the length is smaller than 100 or larger than 1000 mm. It is also very common to make the
length of the solution channel to 1/2 of the length of the air channel. Moreover, the numbers of
both the air channels and solution channels usually range from 10 to 15 approximately. The heights
(or the thickness) of a single solution channel and air channel are commonly less than 2 and 5 mm,
respectively. The length and thickness of the air channel are larger than that of the solution channel.
For the hollow-fiber module, the length of fibers usually ranges within 300~600 mm. The number
of fibers is from 200 to 5000 in different cases. Most of the packing density is around 500~800
m?*/m’. The packing density can be as high as 2000~3000 m*/m’. The length of the fibers is around
300~600 mm. For the longer fibers, the membrane deflection and fix are considered. The diameter

of the fiber is around 1 mm in most designs of membrane tubes.

Table 1.4 Summary of configurations of existing MLDAD modules.

Flow Channels
Rescarch Module Pattern At the solution side At the air side Remark

Isetti Numbebr. 1 A blower forces an

1997 Co-current Lep gth’: 300 mm air stream over the -

[53] Width: 50 mm LD channel

Height: 5 mm )

Erb, Number: 10 Number: 10 Metal screen +
2006~2009 Length: 300 mm Length: 600 mm Fiberglass screen
[55][68][69] Flat- Height: 1.7 mm Height: 4.9 mm

Bergero plate Number: 15 Number: 16

2011 Cross Length: 340 mm Length: 174 mm -

[55] Height: 1.2 mm Height: 2.5 mm
Chen & Bai Number: 21 Number: 21 . .

2016 Length: 230 mm Length: 410 mm Air channel barrier: PE

[64][65] Height: 4.3 mm Height: 7.73 mm sheet

Lin Number: 1 Number: 1 -
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2018
[60]

Bai
2018
[61]

Mahmud
2009 [70][71]

Length: 1000 mm
Width: 1000 mm
Height: 2 mm

Length: 1000 mm
Width: 1000 mm
Height: 2 mm

Number: 22
Length: 230 mm
Height: 4.3 mm

Number: 23
Length: 410 mm
Height: 7.7 mm

Number: 11
Length: 1800 mm
Height: 1.5 mm
Width: 280 mm

Number: 10
Length: 1800 mm
Height: 3.18 mm
Width: 280 mm

Solution: bottom to
top.

Moghaddam Number: 2 Number: 1 . S
2013 Length: 490 mm Length: 490 mm Channglsiﬂ:;wwth'
[56] Height: 0.8 mm Height: 5 mm )
Huan Number: 1 Number: 1
uang Length: 200 mm Length: 200 mm Channel inlet width: 4
2014 o o
[57] Height: 2 mm Height: 2 mm cm
Width: 100 mm Width: 100 mm
Abdel-Salam Counter- | Number: | Number: 2 Internally-cooled.
Cross Length: 470 mm Length: 470 mm : _
2016 o Lo Water tube: L x D=660
[59] Height: 4.2 mm Height: 5 mm mm x 2.362 mm
Width: 100 mm Width: 100 mm )

Huan Number: 1 Number: 1 Internally-cooled.
21(1)18g Length: 100 mm Length: 100 mm Water channel:
[119] Height: 1 mm Height: 2 mm Lx W x H: 100 mm x

Width: 100 mm Width: 100 mm 100 mm x 2 mm
Annadurai Number: 1 Number: 1 Internally-cooled.
s Length: 1100 mm Length: 1100 mm Metal screws were
2018 o Lo .
[62] Height: 5 mm Height: 5 mm used to avoid mem-
Width: 550 mm Width: 550 mm brane deflection.
Hout Number: 1
2017 Open air Le'ngtl.lz 1000 mm Ambient air Liquid des1ccgpt mem-
[66] system Width: 200 mm brane ceiling
Height: 10 mm
Number: 200 Number: 1
Fakharnezha Le_ngth: 320 mm Le_ngth: 320 mm -
2016 Co-current | Diameter: 0.8 mm Diameter: 50 mm
[72] Number: 1200 Number: 1
Length: 360 mm Length: 360 mm -
Diameter: 0.275 mm | Diameter: 25 mm
Bergero Number: 800 A blower forces an . .
2001 Length: 450 mm air stream over the PaCkm%ndsznS;ty =393
[54] Diameter: 0.6 mm LD channel. )
Zhan Hollo Number: 2900 Number: 1
& W Length: 350 mm Length: 350 mm Packing density =759
2012 fiber . . 2, 3
[105] C Diameter: 1.3 mm Width: 90 mm m/m’.
ross Height: 200 mm

Zhang Number: - Number: 1

2014 Length: 380 mm Length: 380 mm -

[58] Diameter: 1.1 mm

Chen Number: 5000 Number: 1 . .
2018 Height: 500 mm Length: 200 mm Packln%n(%j;lns;ty =832
[76] Diameter: 1.4 mm )

Zhang Number: 200 Number: 1 . .o
2011 Counter Length: 300 mm Length: 300 mm Packing density=750

[104]

Diameter: 1.2 mm

Diameter: 40 mm

m?/m’.
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Petukhov Number: 1200 Number: 1
2017 Length: 500 mm Length: 500 mm -
[73] Diameter: 0.24 mm
Bettahalli Number: 3
2016 Open air | Length: 580 mm Ambient air
[63] system Diameter: 3 mm )
Meggers 2017 Number: Number: 1
[74][75] Diameter: 1.4 mm Diameter: 3.5 mm )

* Number of channels
® Length refers to the distance along the direction of fluid flow

1.2.4 MLDAD performance

Table 1.5 summarizes the measured performance of the reviewed MLDAD systems, in-
cluding the operating conditions, NTU values, MRR, air-side effectiveness. The operating inlet
temperature of air and solution are around 30~35 °C and 20~25 °C for dehumidification and cool-
ing mode, respectively. The humidity ratio of inlet air ranges from 9 to 18g/kg. The flow rates of
air and solution in different tests are not the same. The most frequently used NTU value to perfor-
mance testing is about 3~4, and the Cr* (solution to air heat capacity ratio) can be taken from 1 to
12. The latent effectiveness of dehumidifiers generally ranges from 0.3 to 0.95 depending on dif-

ferent operating conditions, module designs, and types and concentrations of liquid desiccants.

Table 1.5 Dehumidification performances of MLDADs

Flow Operating condition Performance
Research . S * MMR Latent
pattern Air side Liquid side NTU/Cr (a/h) effectiveness
Isetti, Co-cur- T: 20 °C T: 20 °C
1997, ?efl‘tl w: 5.2 g/kg C: 42% LiCl - 51 -
[53] v: 2.7 m/s v: 3.42 kg/h
Bergero, T:25°C T:29°C
2001, Cross | w:10.5 g/kg C:42% LiCl - 180~380 0.52~0.65
[55] v: 30~80 m’/h v: 25,41 kg/h
T:24°C
C: 34.6% LiCl . 0.54-0.84
T:24°C
Moghaddm, | Counter- | T: 35 °C C: 25% LiCl NTU=3 - 0.23-0.75
’ Cross w: 17.3 g/kg T:24°C Cr¥=1~7
[56] - 30% LiCl - 0.37~0.78
T:24°C
C: 35.8% MgCl, j 0.5-0.86
1:30°C C: 43% CaCl, 0.06
. rh: 70% . - 2 -
Bettahalli, . v: 1~5 ml/min g/m°hPa
2017 ) fan/chiller off
[63] ;1;137%(; C: 43% CaCl, 0.22
. 0 . . - 2 -
fan off/chiller on | V° 5 ml/min g/m'hPa
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T:30°C

T:10~24.6 °C

e T0% C: 43% CaCl, ) 025 )
fan/chiller on v: 5 ml/min g/m“hPa
Huang, Counter- T:30°C T:25°C
2014, w: 19 g/kg C: 35% LiCl - 5~8.6 0.4~0.8
[57] 0SS 1 04~12kg/h | v 3~6ke/h
NTU=4~12
- 0.3~0.45
. . T: 20 °C Cr*=1.55 :
ChendBal | Cross. | 139 gc/kg C:39% CaCl, | NTU=4~12 ] 04005
’ flow ' v: 36~108 kg/h Cr+=3.1 s
[64][65]
NTU=6 - 0.31~0.44
Cr*=1.6~10.9 o
NTU=2
Bai, T 30 °C T:20°C Cr*=3~12.5 i 0.46~0.51
2018 Cross= 1 1. 70% C:39% Licl NTU— - 0.65~0.75
flow v: 438~1750 Cr*=3~12.5
[61] v: 438 kg/h —
kg/h NTU=8 ] 0.89-0.93
Cr*=3~12.5 Sl
T:20°C
C: 35% LiCl - 18000 0.2
v: 5 kg/h
Annadurai, Counter- T: 36 °C T: 28 °C
2018, cross | W25 gke C: 35% LiCl
[62] v: 5 kg/h v:5 }qg/h ) 32400 0.32
cooling water:
T:15°C
v: 15 kg/h
T: 35~40 °C T: 29 °C
Rh: 60~70% C: 62% KCO,H - 745~1390 |  0.4~0.43
v: 0.65~0.7 m/s v:3L/h
Chen, Cross- T:35°C T: 28.5°C
2018, fow | Rb:60% C: 49% KCO,H - 691 0.387
[76] v: 0.65 m/s v:3L/h
T: 35°C T: 28.1°C
Rh: 60% C: 36% KCO,H - 651 0.356
v: 0.65 m/s v:3L/h
Huang, C ?6382 fg: E: ig;CL'Cl
T0SS- : : o L1
2[(;17‘]" flow | Rh: 65% v: 250 L/h - 1320 0.335
v: 240 kg/h T: 25 °C water
Fakhamezhad, | . C: 98~99.9% 1\/{)0;1:1(1;81.
2016, v: 6 1/h TEG - - e
[72] flow v:0.54 Uh Module 2:
0.8~0.95
T: 24.2~25.3 °C
Abdel-Salam, | e | T2 349-35.3°C | €: 32.5% LiCl NTU=1.8
2016, _ ) i . 30~20 0.66~0.45
[59] Cross w: 17~18.7 g/k cooling water: Cr*=1.8

1.2.5 Heat and Mass Transfer Model for MLDAD

The modeling methods for MLDAD process can be roughly divided into two types: effec-

tiveness NTU (e-NTU) method and the finite element method. E-NTU approach is an analytical
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way to calculate the effectiveness of a component. The effectiveness is generally related to NTU
value, mass flow rate ratio, and capacity ratio. NTU is the calculated number of transfer units for
either heat or mass transfer, and it is related to the transfer resistance, transfer area, and fluid heat
capacity. The analytical solution of the sensible and latent effectiveness for a flat-plate membrane
module with all flow patterns have been developed in [56][125][126]. These correlations for the
heat transfer are based on the pure analogy for a flat-plate heat exchanger, and the mass transfer is
based on the analogy of the heat and mass transfer. Later, Zhang developed other correlations of
the sensible and latent effectiveness for both flat-plate and hollow-fiber membrane-based enthalpy
exchangers [127]. These solutions can be used for both air-to-air modules and air-to-liquid mod-
ules. However, the e-NTU method regards the module as a whole black box, so it can only solve
the problem of approximate effectiveness without studying the detailed profiles of temperature
and humidity inside the module. Thus, it is easy, time-saving, but inaccurate relatively.

The most popular numerical modeling for MLDAD module is the finite element method.
It discretizes the domain into finite segments and analyzes the heat and mass transport process for
each segment. Through multiple iterations, the unknown conditions of the entire domain can be
solved. The smaller the segments are, the more accurate the numerical results will be obtained. In
the finite element method, the governing equations of the heat or mass transfer depends on the
conservation of energy, that is, for every minimal control volume, the heat and mass difference
between the inlet and outlet of the fluid (either the air or the solution) is equal to the energy of heat
and mass absorbed from or transferred to the outside.

The heat and mass transfer coefficients are two major parameters during the energy
transport process. Generally, there are three ways to calculate them. The first one is using heat/
mass transfer coefficient equations, such as the typical Nusselt number and Sherwood number,
calculating the approximate coefficients. The second one uses directly measured overall heat and
mass transfer coefficients to calculate the NTU value. Another method uses the principle of mass,
momentum and heat conservation to calculate the values of Nu and Sh numbers under different
temperature and humidity conditions, thus, obtaining the transient heat and mass transfer coeffi-
cients of each control volume [129]. The last method is called microstructure-level analysis, uses
the physical properties of materials, driving forces, and membrane microstructural parameters at
to model the mass transfer. It combines Knudsen diffusion, molecular diffusion, and Poiseuille

flow to explain mass transport through the membrane [130][131]. The heat transfer coefficients
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are obtained from equations. To a conclusion, the finite difference method is more complicated
but accurate. It can provide detailed information about the temperature and humidity at different
locations inside the module. Table 1.6 summarizes commonly used governing equations for mem-

brane-based energy exchangers from the related literature.

1.3 Research objectives

The Heat and mass transfer model is the core component for the development of new
technology. It assists in the module design, operation simulation, and performance evaluation. A
good model can save a lot of time and investments in the experimental studies while specifying a
clear and accurate direction for the product design and development. Therefore, the thesis focuses
on the development of numerical models for the membrane-based liquid desiccant air dehumidifier
for both porous and nonporous membranes by using a microstructure-level analysis with the finite
element method. The developed model needs to be validated by the experimental data. Then the
validated model will be able to offer the guidance for optimizing the dimensions of the MLDAD
module, the materials, and characteristics of the membrane, the proper operating conditions under

various ambient conditions, through a series of parametric studies.

1.4 Chapter overview

In order to realize and explain the above objectives clearly, the thesis follows the
organization as shown below:

In Chapter 1, the background information along with an introduction and a state-of-the-art
literature review on both experimental and modeling researches for the MLDAD components are
presented. The objective of this research and the chapter overview of this thesis are summarized.

In Chapter 2, the research significance and the key contributions for the thesis are
highlighted. The research method is discussed to provide the general procedures of the research.

In Chapter 3, the system performance of an initial MLDAD prototype using ionic liquid
desiccant tested in the Oak Ridge National Laboratory is presented. The prototype design and

experimental setup, followed by the experimental data analysis and discussions are covered.
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In Chapter 4, two-dimensional heat and mass transfer models for both porous and non-
porous MLDAD module are presented. The finite-element method is applied in the MATLAB-
based program to solve the governing equations and the whole algorithm.

In Chapter 5, the heat and mass transfer models for porous and nonporous membranes are
validated. A comparison between the modeling results and the published experimental data from
the literature is used to validate the porous membrane-based model. Moreover, the performance
data from the MLDAD prototype in ORNL is for the validation of the nonporous membrane-based
model.

In Chapter 6, a performance analysis and parametric studies using the validated numerical
model are presented. The comparison studies include material selection including liquid desiccants
and membranes, the module design including module dimensions, membrane characteristics and
flow patterns, and the operating conditions including the temperature, humidity, and flow rate.

In Chapter 7, the major conclusions of this research are summarized, along with suggested

improvements and recommendations for future work.



Table 1.6 Summarizes of governing equations for commonly used modeling methods.

Method Module Heat Transfer Mass Transfer
Cross-flow Cross-flow
exp(—NTU%78R,) — 1 exp(—=NTULI®R,) — 1
Esencross = 1 — € NTU-922R (1.1 Elat,cross = 1L — € NTU_lgo_thsz (1.5)
1 lat 2
Counter-flow Counter-flow
_ 1—exp[-NTU(1 - Ry)] 1.2 _ 1—exp[=NTUj (1 = Ry)] (1.6)
e-NTU Flat—plate Esen,counter = 1— Rlexp[—NTU(l — Rl)] : €lat,counter = 1— Rzexp[—NTUlat(l _ Rz)] :
[125][126] | MLDAD | parallel-flow Parallel-flow
1— exp[-NTU(1 + R,)] 1 —exp[—NTU,,:(1 + R,)]
£ = (1.3) £ = (1.7)
sen,parallel 1+ R1 lat,parallel .1 + R2
. .
L= (macp'a)min (1.4) R, = m_mm (1.8)
(macpya)max max
Hollow-
[1;_7}]?138] fiber Esen = 1= Crett — Ce’2 (1.9) Elae = 1 — K1 Cre?t — K, Creh2 (1.10)
MLDAD
Solution side Solution side
dTp " * X dXsol
~Z—NTUp-H"- Ry (@} — wyf) e
Finite differ- =NTU - Ry(Tf = Tym) = 0 (1.11) | —(@pi — @ )NTUp, - Ry (1 + X)) (@] — @pr) = 0 (1.14)
Flat-plate | Air side Air side
ence method . dow*
CNTU [120] | MEDPAD dTy - Wy e N
ot 2NTU(Tf —T;) =0 (1.12) ot 2NTUp(0f — wpm) =0 (1.15)
Membrane side Membrane side
NTU(T! — T + NTU H* (0} — o (wp,i = wp )NTUp (@] = 0pm)
f 14 f vf
= NTUp (T;m - T;) (1.13) = NTUm,p(Csalt - Csalt,mem) (1.16)
Feed Feed
anl. thl . 6(1)1 2k1
mycp——+ ——=(T;; — Ts;) = 0 (1.17) 1y —— +—(py1 — ps1) = 0 (1.20)
Finite differ- Pt ox Hy I ot ox Hy Y s
ence method Sweep o7 o Sweep ; o
+ transfer co- ERV . f.0 i . 0wy 2 _
_Je — = 1.18 My ——+ —(Pw2 — Ps2) =0 (1.21)
efficients M2po 5, * H, (Tro = Tso) = 0 (1.18) 29y " Hy v P
[132] Membrane Membrane o : c
e O, Ty Tw  Tw (1.19) Tty = ~Dum = = D (1.22)
WTPW 9z ™ 9x? ™ Qy? ™ 9z2 ' z

IC
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2. RESEARCH SIGNIFICANCE AND METHOD

2.1 Research significance

Table 2.1 compared the previous researches in the literature. Accordingly, MLDAD has
been studied for more than 15 years since the first research on MLDAD. Till now the MLDAD
still stays at the early stage of research. The technology did not develop much in the first decade
due to the limitations of the characteristics such as easy-deformation and low permeability of the
selected membranes. The thin and flexible membranes made the systems leak and make the
lifespan of the system short. In recent years, the new membranes such as PVDF developed with
engineered microstructure offer much more robust modules for MLDAD.

Additionally, almost all of the existing research on the MLDAD used traditional halide salt
solutions. Although the use of the membrane can reduce the carryover and corrosion problem, the
corrosion to the supply and return solution piping and modules is still the big challenge for the
development of the MLDAD. No research can be found by using an ionic liquid as a liquid des-
iccant in MLDAD. With respect to the heat and mass transfer modeling from the existing literature,
few researchers use the microstructure-based model to describe the mechanism of heat and mass
transfer occurring through the membrane in MLDAD. This is very important for the membrane
materials, namely porous material.

Therefore, it is highly needed to address these challenges. Our ultimate goal of this research
is to design a cost-effective, energy-efficient, and environmentally friendly MLDAD system using
an ionic liquid desiccant to overcome the challenges. The ionic liquid as a liquid desiccant and the
membrane have been studied separately and integrally through both experiments and modeling
method for design, operation, and performance evaluation. In the study, we have developed an
MLDAD module with high dehumidification effectiveness theoretically. We then carried out the
design and performance test of the MLDAD prototype by using ionic liquid. The heat and mass
transfer models for both porous and nonporous membranes have developed to analyze and predict
the performance of the moisture removals of the system. The thesis focuses on the development
and validation of the models. Both the experimental data and the data from the existing literature
were used to validate the models. The models now enable to assist in the design, operation, and

prediction of the MLDAD system by using various liquid materials including both the traditional
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and synthesized ionic liquid. The guidelines of the system design and operation are given accord-

ing to the results of the parametric studies and sensitivity study by using the developed models.

Finally, the thesis offers the conclusion of the performance analysis and model developments, as

well as the outlook for the MLDAD technology in the future.

Compared with these researches in the past, as shown in Table 2.1, the unique significances

of our study are shown as follows:

1.

The experimental investigation on a flat-plate MLDAD prototype integrated the membrane
technology with the ionic liquid desiccant [EMIM][OACc] to eliminate the carryover and cor-
rosion issues.

Two types of membranes were studied: the porous membrane and the nonporous membrane.
We measured the vapor permeance of different membranes, including nonporous ionomer, po-
rous PP and PTFE membranes, under different operating conditions according to ASTM E-96
standard. The various cup methods were used to explore the applicability of different types of
membranes in MLDAD and the actual water vapor transfer. Also, the scanning electron mi-
croscope (SEM) images are obtained to study the microstructure of porous membranes.

The heat and mass transfer models developed are two-dimensional microstructure-based. The
model can not only study the impacts of the module dimensions, flow patterns, operating con-
ditions on dehumidification performance but also analyze the effect of membrane types and
physical properties on the dehumidification performance. The results can guide the develop-
ment of membrane materials used in MLDAD in future.

The heat and mass transfer models were used to compare the performance of the MLDAD
module using conventional liquid desiccant LiCl solution and the [EMIM][OAc] solution. An
interactive interface based on the graphical user interface (GUI) in MATLAB environment
developed can provide a clear and intuitive, convenient and accurate performance prediction

and analysis for the MLDAD module.



Table 2.1 Summary of works of existing MLDAD researches.
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Experiment Model development
Membrane H&M model Method for H&M coefficients
Research LDs Po- Non- o Calculated Conjugate Micro-
NTU FEM /measured method structure
fous | porous NTU Method etho method

Bergero, 2001 Licl J % % J J % %
[54]
Zhang, 2002&11
[127][128] - x x v * x x X
[legaln]g’ 2006 NaCl J x x x X X i
Erb, 2006~2009
[551[681[69] MgCl, v x x v ~ X X
Mahmud, 2009

’ X X X X X
[70][71] MgCl v X
Huang, et al. .
2012 [129] Licl v % % v % v x
Moghaddam, .
2013 [56] LiCl N X N N v X X
Huang, 2014 LiCl J % x J X v X
[57]
Zhang, 2014 [58] LiCl N X N/ N/ X X
Chen & Bai,
2016 [64][65] CaCl, v x v x % X X
Abdel-Salam, .
2016 [59] LiCl v X X v v X X
Fakharnezha,
2016 [72] TEG v * * * X X X
Bettahalli, 2016 CaCl, J % % % % % %
[63]
Petukhov, 2017 TEG J % % % % % %
[73]
Meggers,2017 Alkoxylated
[74][75] siloxane x v x x X X X
Lin, 2018 [60] LiCl i N/ N/ X X
Bai, 2018 [61] LiCl i N/ N/ X X
Huang, 2018 .
[119] LiCl i X X v, J X X
Annadurai, 2018 LiCl J % % J % % %
[62]
Chen, 2018 [76] KCOOH i X X N X X X

TR ILD:

Xiaoli Liu, 2018 [Emim][OAC] N N X N N X i




25

2.2 Research method

The research method is illustrated as follows. The design and performance testing of the
first MLDAD prototype were carried out by the researchers of Dr. Xiaobing Liu and Joseph
Warner, our research partners in Oak Ridge National Laboratory (ORNL). In this experiment, the
nonporous ionomer provided by Xergy and [EMIM][OAc] aqueous solution was selected as the
membrane material and liquid desiccant, respectively.

Then, in order to guide the improvement of the dehumidification performance of the
prototype, two-dimensional heat and mass transfer models were developed. The models integrated
the microstructures of the membrane materials, the flow patterns of air and solution streams, the
module dimensions, and the operating conditions of air and solution. According to the types of the
membrane used in the MLDAD module, different mechanisms of water vapor transfer were em-
ployed: the pore-flow diffusion for porous membranes, and the solution-diffusion for nonporous
membranes. The water vapor transfer coefficient for the porous membrane was calculated by
Knudson diffusion mechanism, molecular diffusion mechanism, and poises flow mechanism. The
water vapor transfer coefficient for the nonporous membrane was obtained by the direct measure-
ment conducted in ORNL by the author, Dr. Xiaobing Liu, and Lishi Wang. The test was followed
by the instructions from ASTM E-96 standard, using the wet-cup method, dry-cup method, in-
versed wet-cup method, and the liquid-desiccant-cup method. In order to further observe the dif-
ference of microstructures of different membranes, SEM images were obtained in ORNL.

After the models were developed, the experimental data given in the literature was used to
validate the model using porous membranes. The experimental data from our first preliminary test
was used to validate the model using nonporous membranes. The validated model can be used to
analyze the heat and mass transfer effectiveness of different flow patterns, different kinds of mem-
brane materials, different liquid desiccant materials under different operating conditions and mod-

ule specifications. It provides guidance and suggestions for the improvement of the MLDAD.
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3. EXPERIMENTAL PERFORMANCE ANALYSIS OF A MLDAD MOD-
ULE

This section provides detailed information for the performance testing of an initial
MLDAD prototype in the Oak Ridge National Laboratory (ORNL). The mass transfer coefficient,
the permeance of the membranes studied were measured in indoor chambers in ORNL (shown in
Appendix B). The following sections cover on the experiment setup and the experimental data

analysis and discussions of the MLDAD prototype using ionic liquid desiccant.

3.1 Experiment setup

An experimental apparatus was set up in an artificial climate chamber in ORNL to charac-
terize the performance of a small-scale MLDAD prototype by using ionic liquid. The MLDAD
module is made of four layers of air plates and three layers of ILD plates. The ILD plates and air

plates are separated by the membrane in a sandwich configuration, as illustrated in Figure 3.1.

Solution out
Length
Airplate N
~ Depth
Airin
i\ 7 Air out
i i Liquid plate
Solution in Membrane Gasket quid p

Figure 3.1 The structure of the small-scale MLDAD Prototype.

The module is a crossflow exchanger, so the direction of the air stream and the ILD flow
are perpendicular. The height, length, and depth of the module are 3.75 in, 6 in, and 7.25 in, re-
spectively. The membrane used in the module has a specific surface area of 261 in® and a thickness
0f 0.001 in. In this study, the aqueous solution of an ionic liquid — [EMIM][OAc] — is used as the
liquid desiccant. It has high thermal stability and low or no corrosion to metals [31]. Moreover, it
does not have a crystallization problem. The membrane used in the prototype is a variant similar

to Nafion® PFSA.
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Figure 3.2 shows the testing apparatus for the MLDAD prototype. An Omega WT4401-D
wind tunnel was connected to the air plates to provide the processing air for the air dehumidifier.
The air pressure, temperature, and relative humidity at the inlet and outlet of the MLDAD were
measured. A data acquisition system was used to collect and save data from all sensors during each

test. The measurement devices and corresponding accuracies are shown in Table 3.1.

Data Acquisition
System

Air Pressure
; ) \ Sensor
Circulation 4 \ >0
Pump for ILD ¥ = Temperature and &

\ RH Sensor

Figure 3.2 The experimental apparatus for testing a small-scale MLDAD prototype [77].

Table 3.1 The measurement devices and corresponding accuracies.

Target parameters Measurement devices Corresponding accuracies Range
Temperature Vaisala HMT330 +045F -4~ +104 F
Relative humidity Vaisala HMT330 + (1.0 + 0.008 X reading) % 0-95%
Differential air pressure Omega PX02K1-16A5T 0.25% 0-32in. Hg
Scale Torbal AG4000 0.01 gram 4,000 grams

Three groups of tests under different operating conditions are conducted, including two
dehumidification tests and one regeneration test. Table 3.2 summarizes the operating conditions
of the tests. For each test, the temperature and relative humidity of the air was maintained at a pre-
defined condition by adjusting the temperature and relative humidity setpoint of the climate cham-
ber. The air flow rate can be adjusted by regulating the wind tunnel’s variable speed fan. The ILD
was circulated through the prototype at a fixed flow rate. A solution tank and a circulation pump
were used to circulate ILD through the prototype. An electric heater was installed in the solution

tank to control the temperature of the ILD solution. The actual ILD flow rate was reduced to about
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0.3 L/min, and the air flow rate was kept below about 3 CFM to prevent leakage from the mem-
brane to the air stream. To determine the air flow rate at a low fan speed, a flow rate measurement
was first taken at a sufficiently high flow rate. The affinity law was then used to determine the
flow rate at lower speeds based on the measured pressure difference. For the dehumidification test,
the initial temperature of the ILD was at the ambient temperature; but the ILD was warmed up to
a prescribed temperature before the regeneration test. Once the prescribed test conditions were
reached, the system was allowed to run while the temperature and relative humidity of the inlet
and outlet air were measured. The weight of the solution tank was measured throught each test to
determine the change in the weight of the ILD solution during the test. A sample of the ILD solu-
tion was also taken before and after each test and was measured to determine the concentration
using a correlation between the concentration and density of the ILD solution. This correlation was

derived from the measured densities of the aqueous solution of [EMIM][OAc] at various mass

fractions.
Table 3.2. Operating conditions of MLDAD prototype
Mode Tair,in [OC] Thair,in [%] mair,in [CFM] Tsol,in [OC] Csol,in [%] msol,in [L/min]
Dehumidification 28+0.5 53+1 3 25 90 0.3
chumiditicatio 2805 80+3 1.5 25 90 0.3
Regeneration 35+0.5 14~19 1.5~3 40 70 0.3

3.2 Performance indicators

According to the related literature, the most frequently used indicators for evaluating the
performance of a dehumidifier include latent, sensible and total effectiveness, which are expressed
with Equations 3.1-3.3, respectively. Latent effectiveness (&4, ) is the ratio between the actual and
maximum possible mass transfer rates in mass exchangers. Sensible effectiveness (&g,,,) is the ratio
between the actual and maximum possible heat transfer rates in heat exchangers. Moreover, the
total effectiveness (&, ) is the ratio between the actual and maximum possible energy (enthalpy)
transfer rates in energy exchangers. For a dehumidifier, the change of air conditions is worthier of
note compared with the change of solution conditions. Therefore, the air side effectiveness has

been widely used in evaluate the performance of dehumidifiers.

Wair,in — Wair,out
Elat = 3.1
Wair,in — Wsol,in
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Tair,in - Tair,out
Eoon == - (3.2)
air,in — Isol,in
*
_ Esen t glatH
gtOt - - .. (3'3)

1+ H*

where, T is the temperature and w is the humidity ratio referring to the moisture content in
the air (i.e., kg of water vapor in each kg of dry air). For the liqui