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Seawater desalination method can be largely divided into evaporation- and membrane-
based techniques. From decades ago, the global installation capacity of reverse-osmosis
membrane-based seawater desalination (SWRO) started outgrowing that of the
evaporative desalination plant due to its higher energy efficiency and it became the
mainstream technology in the 20th century. However, small-scale SWRO facilities
installed on South Korean islands are not competitive compared to the thermally driven
evaporation method as their specific energy consumption (SEC) values are highly
ranging in 9 — 19 kWh - m~3 and there have been frequent maintenance events.

By taking the advantages of direct utilization of renewable and thermal energy, air gap
membrane distillation (AGMD) is investigated in this study as an improved approach.

From the preliminary experimental study, it was found that the lower air-gap pressure



of AGMD helps to increase its water productivity. However, most of the heat and mass
transfer models in AGMD used the constant atmospheric pressure for the air gap.
Therefore, new models considering the pressure effect of the air gap is needed. Since
maintaining a vacuum pressure in the gap requires additional energy, a vacuum
technique consuming less energy is also needed. In addition to controlling the total
pressure of the gap, condensation augmentation on the cooling surface on one side of
the gap is critical since the vapor flux is dependent on the vapor pressure in the gap. As
the preliminary experimental study showed that the dropwise condensation mode
dominates the condensation of AGMD, the effect of gap size between the condensation
surface and hydrophobic membrane is needed to be investigated.

Therefore, this research was performed with the following objectives: (i) experimental
investigation and mass transfer model development for vacuum applied AGMD (V-
AGMD), (ii) development of a wave-powered desalination system using V-AGMD,
(iii) experimental investigation of condensation in AGMD, and (iv) development of
condensation enhancement technology for AGMD.

From the modeling and experimental research, this study made the following major
research outcomes and observations.

First, a straightforward mass transfer model was developed by using the concept of
Kinetic Theory of Evaporation and temperature fraction value between the fluid
temperatures of feed and coolant, based on the AGMD experimental results. This
model was evaluated experimentally and showed an excellent prediction of water flux
in various air-gap pressures without measuring each temperature of the interface of the

feed-membrane-air-cooling surface-coolant. Second, considering that the air gap of



AGMD can be operated in a vacuum state using wave power, a novel wave-powered
AGMD desalination device was proposed and evaluated for the island’s dwellers.
Third, during the whole AGMD tests, only dropwise condensation (DWC) modes were
observed on the stainless-steel condensing wall. Therefore, experiments were
conducted to understand the physical pattern of DWC from nucleation to departure.
After testing under various temperature and humidity conditions, it was confirmed that
the average size of the water droplets followed the power law for each case. Fourth, as
the periodic cleaning of the condensate wall of AGMD could improve the production
of condensate, an experimental study was subsequently performed for the condensation
augmentation using an electrohydrodynamic (EHD) method. By both cleaning
periodically and applying 2.5 kV and 5.0 kV fields on the condensing surface in a
thermos-hygrostat chamber, the water production rate was increased by 32% and 88%,
respectively.

This study concluded that the performance of an AGMD desalination system can be
improved by applying a vacuum or an EHD device in its air gap. Therefore, pilot-scale
experiments will be conducted as future studies to evaluate the commercial viability of

the improved system.



HEAT AND MASS TRANSFER ANALYSIS AND PERFORMANCE
IMPROVEMENT FOR AIR GAP MEMBRANE DISTILLATION

by

Gyeong Sung Kim

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2022

Advisory Committee:
Professor Reinhard K. Radermacher, Chair
Professor Kenneth Yu, Dean’s Representative
Professor Jungho Kim
Professor Peter Sandborn
Professor Bao Yang
Research Professor Yunho Hwang



© Copyright by
Gyeong Sung Kim
2022



Acknowledgements

It should be exciting but also stressful for everyone to step out of a job in the 40s and
take on a new challenge. For me, it seemed like an opportunity that would never come
again in my lifetime, so when it came, | didn't hesitate even though | wasn't ready for
anything. Eventually, there were many things unprepared when | stepped into the
doctoral program and joined the CEEE. However, fortunately, there were so many good
people at the CEEE, and they generously helped me. So, finally, | was able to convey
my gratitude through a couple of wording in this thesis.

| would like to thank Dr. Reinhard Radermacher for his quiet but sincere advice while
| had difficulties adapting to the coursework and research after graduating from my
master’s degree study a long time. His guidance on the researcher’s attitude, how to
look at the faced problems from the perspective of a researcher, and advice on time
management will be a great guidance in my future.

I would also like to express my sincere thanks to Professor Yunho Hwang, my practical
research advisor. Thanks to the opportunity to discuss ideas that emerged during the
study at any time, | had the opportunity to submit several research proposals. This
allowed me to win a prize in a competition hosted by the Department of Energy and be
selected for a fellowship with financial support from a LINK foundation. Thanks to
these opportunities, | could fully enjoy various research experiences and gain an

analytical mindset.



A special thanks to Jan Muehlbauer, who I always felt was a colleague and friend rather
than a laboratory manager. He is eager to teach students and always emphasizes
learning best in laboratory practices.

| am very thankful to Dr. Tao Cao and Nicole Kirkner for their great support in winning
a solar-thermal desalination prize. We made happy memories that will never be
forgotten. Great thanks to my colleague students, Ellery, Cheng-Yi, Joe, Nehemiah,
Jangho, Hanlong, Zhenyuan, and Lei. Thanks to Mary for always helping me get every
administrative works done fast, even when | gave her a short notice. Special thanks to
Kyung-Hoon Shin for letting me use his digital camera for a core experiment of my
thesis.

| would like to thank my parents and parents-in-law for their willingness to support me
in my challenge from far away from my home country, Korea.

Lastly, | would like to express my gratitude more than anyone to my beloved wife,
Hyerin, who silently shared my stress and supported me by my side, and my lovely
son, Dohyoung, who gives me strength just by looking.

I would also like to acknowledge the Graduate School, the Link Foundation, and my

company, Korea Water Resources Corporation, for their financial support.



Table of Contents

ACKNOWIEAGEMENTS......cuviiieiiee e e e re e e e sreeee s ii
TaDIE OF CONTENTS....c.eiiiiiiie ettt re e b neenreas 1\
LISt OF TADIES ...ttt vii
TS o) T TN =T USSR viii
LiSt OF ADDIEVIALIONS .....ccvviiiiiiieiie e XV
Chapter 1: INTrOQUCTION ... 1
1.1 BACKGIOUNG ...ttt bbb 1
1.2 Seawater deSaliNAtION. .........c.cviiiiiie e 2
1.2.1 The role of seawater desalination ............cccccerereienininienieee e 2
1.2.2 Seawater desalination teChNOIOGIES .........c.covrieiiiiniiiicc 4

1.3 Motivation and ODJECTIVES...........coiiiiiiiiie s 7
1.3.1 MOTIVALION ..ottt bbb 7
1.3.2 ODJECLIVES ..ottt st 14
Chapter 2: Literature Review of Membrane Distillation ............cccocoeiiiiiiiininne 17
2.1 GeNeral PEISPECLIVE. .......oiiiiieeiteiti ettt 17
2.2 Configurations and CharaCteristiCS..........ccveivieiieiieiieie e 18
2.3 Performance COMPAriSON .........cccvveieiieie et 21
2.4 Benefits and HMItatioNS .........coveiieieiieieee e 24
241 BENETIES 1 24
2.4.2 LIMITALIONS ..ttt st 25

2.5 MD applications iN INAUSEIY........ccccoiiieiicie e 26
2.5.1 URIAPUIE WALEK .......eovieie ettt 26
2.5.2 Dairy products and fOOd ProCESSING .......coververieriererenieieiierie e 28
2.5.3 Desalination and wastewater treatment ..........cc.coveverieieienene e 29
Chapter 3: Air Gap Membrane Distillation .............ccccoviiiiiiieiiici e 31
3.1 Literature review on AGMD appliCations ............ccccvevieiiieiiieiiii e 31
3L SHIUCTUIE ...ttt ettt et earb e e nbeeanbeeareeennae s 35
B0 0 - T IR od 1 o SR 35

3 1.2 MEMDIANE ...ttt 37



TN R AN o T T oISt U o o OSSR 40

3.1.4 Condensing Wall..........coviiiiieii e 41
3.1.5 Co0laNt SECHION. .....cueiiiieieiie e et 42
3.2 Theory of heat and mass transfer in AGMD...........ccccovvvviininninienieneee e 43
3.2.1 Mass transfer in AGIMD.........ccccuiiiiiiiieieie s 44
3.2.2 Heat transfer i AGMD ..o s 51
3.3 Performance improvement OPPOItUNILY ........ccooeririririnieieiee e 55
Chapter 4: Vacuum-Applied AGMD .........ccoooiiiiiieee e 57
4.1 Vacuum-applied desalination technologies ...........ccccccevveveiieiicie e, 59
4.2 Experimental investigation for vacuum-applied AGMD..........c.cccccoevveieenene. 59
4.2.1 EXPEriMENT AESIGN ..coveivieiieieieeite sttt 59

T B 1] F U PTOPR PRSP 63
4.3.3 Uncertainty analySiS.........ccoeiveiiiiieiieie e 64
4.3 4 TESETESUITS ..ot 65
4.3.5 ANAIYSIS. ...ttt 68
4.4. Application of the Kinetic Theory of Gases ..........cccovreiininienenenene e 69
4.4.1 Approach based on the Kinetic Theory of Gases (KTG)..........cccecvevveenene. 71
4.4.2 Estimation of air gap teMpPerature..........ccceeveveeieieese e 79
4.4.3 Mass transfer analysis based on the KTG.........cccooiiiiiiiiiii i 83
4.4.4 The effect on the air-gap size IN AGMD ..., 85
4.4.5 Heat transfer analysiS.........ccocveiiieieeie e 90
4.5 Wave-powered AGMD desalination for coastal residents............cc.ccccevevveenee. 91
4.5.1 SYStEmM deSCIIPLION .....veiiieiieie et 92
4.5.2 Performance evalUation ............ccooeiieriiieneene e 97
Chapter 5: Condensation 0f MOISt All.......cccocvveiiiiiiieiece e 101
5.1 Literature review on condensation on a cooling surface ..........ccccccevvvviiieennen. 102
5.1.1 Filmwise condensation (FWEC) ..o 103
5.1.2 Dropwise condensation (DWC) ........cccuieriierenenisisieeeie e 104
5.1.3 Droplet growth dynamic in DWC..........ccccoveiieiiie i 106
5.2 Condensation formation on a condensing surface in an AGMD module........ 107
5.3 Experimental investigation on droplet growth on a cooling surface .............. 108

\Y



5.3.1 Experimental design and SEtUP ......cccvevveieiieii e 109

5.3.2 Performance evaluation as a constant temperature and humidity chamber

........................................................................................................................... 112
5.3.3 Experiment and 0DSErVAtIoN .............cceoeiiieriiiiinieieee e 114

5.4 Droplet growth pattern analysiS..........cccvveiviieiiieii e 116
5.4.1 Droplet image ProCeSSING .......ccuveveiieereeieseesieesieseeseeseeseesreesreseessaeseens 116
5.4.2 Analysis of droplet growth characteristics............ccoovveieieneniiiiiiins 117
Chapter 6: Condensation Enhancement in DWC...........cccooiiiiieienencccnc e 123
6.1 Literature review of condensation enhancement techniques ............c.cccceeve.. 124
6.1.1 PaSSIVE tECHNIGUES .......ccveeiiiiieiie et 125
6.1.2 ACHIVE tECHNIQUES .....eeieeiieeeteci e 127

6.2 Analysis of periodic-Wipe effeCt..........ccoiieiiiiniie e 129
6.3 Review of the application of a self-fluttering material ...............cccccceeveinennnns 130
6.3.1 Design of a self-fluttering material ................cccocevviiiiie i, 132
6.3.2 Simulation of self-Wiper MOtIONS............cccoiiiiiiiiiincce s 133

6.4 Review of electrohydrodynamic (EHD) application ..........ccccceevviiniicnnnnnee. 136
6.4.1 Theory Of EHD effeCt .......c.ccoveiiiiice e 137
6.4.2 Experimental investigation for an EHD application.............c.ccccceveveennnne 138

6.6 EHD device design for AGMD.........ccooiiiiiiiieeeee e 144
Chapter 7: CONCIUSIONS .......cooiiiiiiic e 145
7.1 Heat and mass transfer model development for AGMD in sub- and atmospheric
ST U= PRSP RPR 145
7.2 Development of a novel wave-powered AGMD desalination system............ 149
7.3 Experimental investigation of condensation for AGMD ...........ccccoecevieneennnns 149
7.4 Development of condensation enhancement technology for AGMD.............. 150
Chapter 8: Major CONtriDULIONS .........cciviiiiiiieeic e 153
Chapter 9: FULUIE WOTK ......c.ooiiiiiii e s 160
R C =T =] T SR 163

Vi



List of Tables

Table 1. Capacities and specific energy consumptions of RO desalination systems for
salty groundwater treatment in small islands in South Korea.............ccccccovevieiiecinnne, 9
Table 2. Maintenance events (2008-2009) of according to the type of applied
membrane of desalination facilities in small islands in South Korea (Park et al.,
DOLL). oot e 10
Table 3. Comparison of different configurations of MD (Alkhudbhiri et al., 2012;
Alklaibi and Lior, 2004; Bandini et al., 1997; Francis et al., 2014; Lawson and Lloyd,
1997; Manickam et al., 2007; Tomaszewska, 2014; Yarlagadda et al. 2009)............ 22

Table 4. Cases of AGMD applications for commercialization or experimental study

Table 5. Characteristics of mass transfer mechanism and vapor flux of porous media
according to the Knudsen number (Luo and Lior, 2016)..........ccccovvverenerencsenienenn 50
Table 6. Uncertainties for the measured Values. .............cccoviiiiniiieiiiesc s 65
Table 7. Exponent of the power-law for the four cases of the moist-air DWC. ...... 122
Table 8. Surface processing technologies for a condensate increase (Kim et al.,
707 OO 127

Table 9. Input properties of air and SOlid. ..........cccevviiiviieiiie e 135

vii



List of Figures

Figure 1. Top 20 big cities’ straight distance from the seashore (Kim et al., 2021).... 2
Figure 2. Worldwide desalination capacity in terms of applied technology (Villacorte
BL AL, 2005). 1iiiiiiiice et a et e e e e re e e 3

Figure 3. The principle of desalination: water and salt do not separate spontaneously,

and energy i alWays FEQUITEA. .........ccuviieiieie et 4
Figure 4. Classification of seawater desalination technologies. ............ccccoeevvevierinnee. 5
Figure 5. Number of Maintenance Events per Unit (Park et al., 2011). .................... 11

Figure 6. The small-scale desalination and water supply system in (image source:
Google Earth): (a) Bian-do (residents: 300; capacity: 80 m3-day™) and (b) Duri-do
(residents: 70; capacity: 30 m3-day™), SOUth KOI€a. .........ccovvveveveveeeereirereceeee e 13
Figure 7. Representative configuration of membrane distillation: (a) direct-contact
membrane distillation (DCMD); (b) sweep-gas membrane distillation (SGMD); (c)
air-gap membrane distillation (AGMD); (d) vacuum membrane distillation (VMD).19
Figure 8. An example of the ultrapure water process (image source:
WWW.OVIVOWRELET.COM). ...utititiiieieeseestete sttt sttt bttt sb bbb 27

Figure 9. AGMD systems or modules for on-site application:(a) Scarab Development

Figure 10. Structure of air-gap membrane distillation (AGMD) system which is
composed of five sections: Feed solution, membrane, air gap, condensing wall, and

COONANT SBCLIONS. ., 35

viii



Figure 11. Water fluxes of different types of MDs according to the feed solution
temperature: water flux increases along with the temperature increase of the feed
SONUTION. ..ttt 36
Figure 12. Concept image of the Liquid Entry Pressure (LEP). .........cccccevviieinennnne 37
Figure 13. Flat-sheet AGMD membrane: (a) hydrophobic characteristics, and (b)
two-layer composition: membrane film and SUPPOIt. .........ccocveieiie i 38
Figure 14. Effect of air gap size on flux at different feed temperature (Khalifa et al.,
2015). cvoeveeee e e es et et s e ettt e et ettt e et 40
Figure 15. Condensate generation rate increases as the temperature difference
between the dew point (Tsa) and the cooling surface (Ts) becomes greater (Kim et al.,
2021). cooeveeeeee e ettt ettt e et en e 41
Figure 16. Effect of coolant temperature on flux at different coolant flow rate
(Khalifa et al., 2015). ....ccuiiieiiee e sre e 42
Figure 17. Schematic for the heat and mass transfer inside the AGMD module (Dong
BE AL, 2021). oottt ettt e e er e 44
Figure 18. Henry Darcy’s fountain (Darcy, 1856).........cccceoiiriiiiininiiiineieisienns 45
Figure 19. The mass transfer resistance analog across a membrane based on the
DG et 48
Figure 20. The resistance analog of heat transfer in AGMD ..........c.cccccceveveiieieennns 55
Figure 21. Schematic diagram of the test set-up for verifying the heat and mass

transfer model of the vacuum applied AGMD. ........ccccoveiiiiiiccie e 60



Figure 22. AGMD module design for the experiment: (a) cross-sectional view in a
vertical direction, (b) bottom case of the feed side, (c) feed-side part, and (d)
condenser part and cO0lING SUMTACE. ........ccceiveiiiie e 61
Figure 23. Commercial MD membrane: (a) Millipore's flat-sheet MD membrane
(diameter: 142 mm); (b) image of MD pores (image source: emdmillipore.com). .... 62

Figure 24. Vapor flux according to the feed water temperature and the air-gap

pressure with the fixed coolant temperature, 10.4 °C, and air-gap size, 3.2 mm). ..... 66

Figure 25. Vapor flux according to the feed water temperature and the air-gap size

with the fixed coolant temperature, 10.4 °C, and air-gap pressure, 101 kPa).............. 67

Figure 26. Vapor flux as a function of the saturated vapor pressure difference

(Apsat, fw — cw = psat, fw — psat, cw) at the temperatures of the feed and the
COOTANT WALET. ...ttt bbb 69
Figure 27. Key values of AGMD for the modeling of heat and mass transfer. ......... 70
Figure 28. Concept of evaporation and condensation process through free water
SUITAICE. ..t 75
Figure 29. Imaginary concept of the liquid-air interface of the air-gap membrane
AISTHHALION. ...t 77
Figure 30. Concept of evaporation and condensation process through hydrophobic
MEMIDIANE. ..ot bbbttt nb bbbt 78
Figure 31. Two walls at different temperatures and a temperature profile................ 80

Figure 32. Factors that determine the temperature inside the air gap of an AGMD.. 82



Figure 33. Constant coefficient of distillation of AGMD under the operation in

atmospheric and sub-atmospheric pressures of the air gap when a=0.26 in Equation

Figure 34. Comparison of the predicted and the measured vapor fluxes with 3.2 mm

of the air-gap size and 10.4 °C of the fixed coolant temperature..........c.c.cccecvevveruenen. 84

Figure 35. Figure 36. Vapor flux according to the H-K and the air-gap size. ........... 86
Figure 36. Change of mole fraction ratio according to the gap-size with constant
operating temperatures (Tfw = 60 °C; Tcw = 10.4 °C)..ocvvvvvveiieiiie e, 88
Figure 37. Vapor flux as a function of the air-gap size (6ag, § = 0.26) and feed
(Tfw) and converged temperatures (Tag *) of the air gap. .......c.cceeeverereicncsennenn 89
Figure 38. Change of temperature difference of the inlet and outlet coolant water
according to the vapor flux (Test condition: Pag — 60,80,101 kPa; Tfw — 64 °C

; Tew — 6.4,14.5°C; §ag — 4.5,9.0 MM).ccviiiiiiiiccceee e 90
Figure 39. Concept of a wave-powered AGMD desalination system (University of
Maryland Invention Disclosure PS-2019-125). ........cccvvieiiiiieiieie e 92
Figure 40. Key processes of wave-powered desalination to produce fresh water from
FEEA SEAWALET . ...ttt 94
Figure 41. The concept of the wave-powered desalination system consisting of two
different densities bodies (p1>p2): (a) Atmospheric pressure status of the air-gap
when the upper and the lower body are closest; (b) Sub-atmospheric condition of the
air-gap due to the volume expansion caused of the density difference; (c) Mooring

SYSEEM OF WAVOWALET . .....c..oiiiiciie ettt 95

Xi



Figure 42. WavoWater’s (a) water production capacity according to the operation
temperature (TDS) and air-gap pressure (Pag), and (b) required wave power
according to the operation temperature (TDS)........ccevvveveiieerieeie e 98
Figure 43. Comparison between (a) a conventional desalination system and (b)
WAVOWBLET . ...ttt nne e 100
Figure 44. For the condensation process, it is known that it generally occurs in two
ways (image source: Bergman et al., 2011): (a) dropwise condensation (DWC) and
(b) filmwise condensation (FWC). ...t s 102
Figure 45. Condensate generation rate with according to the temperature difference
between the temperatures of the saturation (Tsat) and cooling surface (T's) (Kim et

AL, 2021). 1ovooeooeeee oo ee e e 104

Figure 46. DWC mode on a cooling surface (4 °C, stainless steel plate) with 50 °C of

feed water temperature during the AGMD teStS. .......ccceiiiiriiiiiiieee e 108
Figure 47. Schematic diagram of the test setup for the observation of dropwise
(07010 [T a 1= 1 o o PSSR 110
Figure 48. A view of the test setup composed of a temperature and humidity chamber
and a video camera for the condensate droplets observation.............c.ccoccoceverinnnne. 111
Figure 49. The performance test results of the temperature and humidity chamber to
maintain a constant temperature and relative humidity of the air..............cccccoeenenne. 113
Figure 50. A circular droplet image obtained from the temperature and humidity
(010 00 < USSR 114

Figure 51. Post-processing procedure for measuring and counting droplets........... 116

xii



Figure 52. (a) Image of droplets on the cooling surface, (b) Droplet detection by
IMAGING PIOCESS. .vvvveiveetrereesieesteatesseesteeseesteesteassesseesseaseesteesseassesseesseassesseenseaneesneesses 117
Figure 53. four-stage transient process of dropwise condensation. ......................... 118
Figure 54. Condensate droplet growth pattern according to the time and it's
distinguished regimes (Case I:Tair = 39.9 °C, RH 55.3%, Tcw, in = 11.5 °C)..... 120
Figure 55. Two regimes were distinguished for all four different air-conditions
(Casel: Tair = 40.0°C, RH 60.0%, ATsub = 25.2°C; Case2: Tair = 39.9°C, RH
55.3%, ATsub = 17.2°C; Case3: Tair = 30.5°C, RH 99.7%, ATsub = 12.9°C;
Case4: Tair = 43.5°C, RH 30.0%, ATsub = 16.5°C). cccocvvvvvviiiieniee e 121
Figure 56. Volume change of the DWC droplets on a cooling surface (Case I: Tair =
39.9 °C, RH 55.3%,Tcw, in = 11.5°C). oo 122
Figure 57. Reduction of the airflow path of a heat exchanger due to the condensate
on the cooling surface (provided by E. Klien, CEEE). .........ccccooviiiiniiiiiiiee 123

Figure 58. Estimation of condensate productivity by a mean of physical regular

wiping of a cooling surface based on the periodic time interval (Tair 39.9 °C, RH

55.3%0, ATSUD 17.2 %C) ooovveeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeese e eee e 130

Figure 59. Self-moving materials for: (a) cleaning truck tires and (b) enhancing heat
TrANSTEr OF HXS. ..o 132
Figure 60. A self-wiper installed AGMD system: (a) conceptual design image; (b)
picture description of the working principle of the self-wiper motion caused by humid
AN FIOW. . s 133

Figure 61. Self-sweeping device model for simulation. ............ccccoevveiiiieiiiiins 134

Xiii



Figure 62. Simulation result (a) Fluttering motions and (b) displacement of the tip of
a fluttering element in an air flow channel. ..., 136
Figure 63. Conceptual image of the motion of water molecules and ionized particles
by an EHD device (modified the original image: Fylladitakis et al, 2014).............. 138
Figure 64. Schematic diagram of the test setup for the condensation enhancement
USING EHD TEVICE. ..ottt sre e 139
Figure 65. Condensate cleaning test by EHD corona wind: (a) before high voltage

input; (b) an instantaneous change by the corona wind induced by 5 kV voltage input.

Figure 66. Condensate production rate according to the applied voltage of EHD
every 720 seconds repeatedIY. .......c.cciiieieee e 141
Figure 67. Vapor nozzle effect of EHD: (a) water droplets were concentrated where
the tip of the EHD needle pointed, (b) where the tip of the EHD needle points, the
growth rate of water droplets is incomparable with other water droplets................. 142
Figure 68. Temperature differences between the temperatures of the inlet and outlet
of the coolant in the AGMD module according to the EHD input voltage (0, 2.5, 5,
AN 7.5 KV ). ee et e e s s s s st et es e ee s et e et 143
Figure 69. An AGMD module installed a high-voltage condensation enhancement
ABVICE. .ttt bbbt bbbt 144
Figure 70. The ways to use the EHD device for condensation enhancement as (a) a

droplet wiper and (b) @ vapor N0Zzle. ...........ccoveviiiiii e 162

Xiv



AGMD

BWRO

EHD

FO

FWC

Gr

List of Abbreviations

area

air gap membrane distillation

brackish water reverse osmosis

mass concentration

membrane characteristics

heat capacity

diameter

collision diameter of the diffusion

molecules

diffusion coefficient

direct contact membrane distillation

dropwise condensation
Electrodialysis
electrohydrodynamic
Flowmeter

forward osmosis
filmwise condensation

Grashof number

heat transfer coefficient

enthalpy

XV

[mg-L ]

kg K
[m]
[m]

[ s71]

[-]
[W-m2- K]

[Ikg™]



HP

HPWH

]AGMD

Jm

Kn
KTG

LEP

MD
MED
MF
MSF
MVC

MVR

Hygrometer

latent heat of vaporization

heat pump

heat pump for water heating

mass flux through an AGMD membrane
mass flux through water surface
thermal conductivity

Boltzmann constant (=1.38 x 107%)
permeability (or mass transfer coefficient)
of membrane;

Knudsen number

Kinetic Theory of Gases

liquid entry pressure

mass

mass flow rate

molecular weight

membrane distillation

multi-effect distillation
microfiltration

multi-stage flash distillation
mechanical vapor compression

mechanical vapor recompression

XVi

[Ikg™]

[kgm®s?]

[kgm®s?]

W-m1t-K1

[9-K7]
[kg -m

Pa™1]

[Pa]
[ka]
[kg-s™]

[g-mol?]

-2,

-1,



NCG
NF

Nu

PE
PGMD
PP

Pr
PTFE
PTO

PVDF

Apsat, fw—cw

q"f,con

(D)
RH
RO

SEC

non-condensable gas
nanofiltration
Nusselt number
partial pressure

total pressure

total air-gap pressure

Polyethylene

permeate gap membrane distillation
polypropylene

Prandtl number

polytetrafluoroethylene

power take-off

polyvinylidene fluoride

saturated vapor pressure difference between
the feed and cooling water

convective heat flux over the thermal feed
side

radius

thermal resistance

average diameter of droplet

relative humidity

reverse 0Smosis

specific energy consumption

Xvii

[kPa]
[kPa]

[kPa]

[-]

[kPa]

[W-m™]

[um]

K- w™]

[rm]

[kWh - m™3]



SGMD sweeping gas membrane distillation

STEC specific thermal energy consumption
SWRO seawater reverse 0Smosis
T time [s]
T temperature [K]
Tag representative temperature of an air gap [K]
TC thermocouple
TDS total dissolved solids [mg - L]
TS total solids
AT Temperature difference [K]
ATry—cw temperature difference between the feed and [K]
the coolant
q" heat flux [W-m?]
U overall heat transfer coefficient [W-m2.K"]
UF ultrafiltration
UPW ultrapure water

V-AGMD vacuum-applied AGMD

VMD vacuum membrane distillation

VP vacuum pump

WavoWater a novel wave-powered desalination system
WEC wave energy converter

ZLDD zero liquid discharge desalination

Xviii



Greek symbol

Bo

Subscript
ag
air

ave

pore geometry coefficient
thickness

air-gap size

membrane porosity
activity of the solvent
dynamic viscosity of water
exponent of a power-law
density

condensation coefficient
evaporation coefficient

liquid surface tension

pore tortuosity of membrane

mean free path of molecule

air gap
air
average

condensation

XiX

[-]
[m]
[m]
[-]

[kg -m™"571]
[-]
[kg - m™3]

[-]

[N-m™]
[-]

[wm]



con

cond

Ccw

max

out

sat

surf

vac

Vis

vr

convection

condensate

cold water in the coolant stream side
droplet

evaporation

feed (or feed side)

feed water

inlet

liquid

liquid reflected from interface
membrane

maximum

outlet

permeate (or permeate side);
membrane pore

condenser surface

saturated

surface

vapor

vacuum

viscous flow

vapor reflected from interface

XX



Chapter 1: Introduction

1.1 Background

The importance of seawater desalination technology has been emphasized to solve the
global problem of water shortage. For example, California’s water supply has been in
poor condition for years, with significant declines in precipitation and hot air
temperatures (Lund et al., 2018). The state declared a drought emergency, so the
residents even should prepare buckets in their showers for water reuse. The Cape Town
water shortage in South Africa became famous after the “Day Zero” announcement, a
shorthand reference for the day they could not supply water due to the drought and the
lowest water levels of major dams near the city (Shepherd, 2019). Furthermore,
conventional water sources such as surface water and groundwater may not deal with
the gap between the demand of fresh water and its supply due to population growth,

urbanization and industrialization, and current water consumption patterns.

Approximately 13% of the world population dwells in 33 megacities with more than
ten million people, and interestingly 12 cities among them border the seashores (Kim
et al., 2021), as shown in Figure 1. In line with this urban-growth trend, steady growth
of desalination plants has been reported during the last 20 years. Around 150 countries
have been operating over 18 thousand desalination plants to supply fresh water,

approximately 32 billion cubic meters annually (World Bank, 2019). Despite the rapid
1



quantitative increase in these desalination facilities, the construction demand may
continuously increase to fulfill the world water consumption. Therefore, the seawater
desalination method to lower operating and installation costs and increase energy

efficiency can solve the water shortage problem and contribute to a stable water supply.
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Figure 1. Top 20 big cities’ straight distance from the seashore (Kim et al., 2021)

1.2 Seawater desalination

1.2.1 The role of seawater desalination

Seawater desalination may be regarded as an alternative water resource for coastal
cities and industries. A seawater desalination facility has the advantage of being able
to secure water resources within a short period as it does not require large-scale civil

works, such as dam construction and burial of long pipelines. In addition, purified water



can be continuously provided without damaging the freshwater ecosystem on land by
suppressing a large amount of surface water intake. Furthermore, it is not affected by

rainfall in the water source area.

As seawater desalination plants have been continuously constructed (Figure 2), it has
increasingly become a viable option to bridge the water supply-demand gaps.
According to a report from World Bank (2019), over eighteen-thousand desalination
plants were reported to be in operation in over 150 countries in 2018, supplying fresh
water to over 300 million residents with the production rate of 87 million cubic meters

each day. Thus, the desalination market is huge and will keep on growing.
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Figure 2. Worldwide desalination capacity in terms of applied technology (Villacorte et al.,

2015).



1.2.2 Seawater desalination technologies

In order to produce fresh water from aqueous solutions such as seawater, brackish
water, and mineral water, an appropriate separation process must be devised and
applied. All relevant separation processes follow the principle that water and salt do

not separate by themselves without any energy input (Figure 3).

Aqueous Solution
(e.g. Seawater, Brackish Water, Mine Water)

v
Eneray Desalination
9y Technology
Fresh Water —>» Brine

Figure 3. The principle of desalination: water and salt do not separate spontaneously, and

energy is always required.

Desalination technologies can be classified according to two criteria: (1) the type of
separation process adopted and (2) the type of energy used. Considering the type of
separation process, there are two fundamentally different options for removing salt
from seawater according to the type of desalination technology in Figure 3: with or

without evaporation (i.e., phase change).

The energy required to desalinate seawater can be provided in the form of thermal,
mechanical, or electrical energy, as shown in Figure 4. The techniques that require

evaporation are a thermally driven process, whereas the desalination methods without
4



evaporation mainly apply a semi-permeable membrane (Figure 4). The representative
thermally-driven desalination techniques are multi-stage flash distillation (MSF),
multi-effect distillation (MED), and mechanical vapor compression (MVC) (or
mechanical vapor recompression, MVR). The desalination technology applied reverse
osmosis (RO) or electrodialysis (ED) may be classified as a membrane-based
desalination system. Membrane-based desalination facilities can be distinguished from
thermally-driven desalination since they adopt a membrane that allows water to be
separated while passing seawater through a semi-permeable membrane without phase
change of water. Membrane distillation (MD) and forward osmosis (FO) are hybrid
desalination techniques that apply a heating process for a membrane system. In these
hybrid systems, fresh water is finally separated by consuming thermal energy for phase

change.

Thermal Energy - Phase Change

—[ Multi-stage flash distillation (MSF) }

—[ Multi-effect distillation (MED) J
Thermal

Process

—[ Mechanical vapor compression (MVC) ]

Membrane distillation (MD)

Desalination —

I Forward osmosis (FO)

Membrane
Filtration

—[ Reverse osmosis (RO) : Mechanical Energy J

—[ Electrodialysis (ED) : Electrical Energy ]

Figure 4. Classification of seawater desalination technologies.



As mentioned earlier, the system for separating water-salt through a phase change
process, such as MSF, MED, and MVC (or MVR), has thermal processes, including
evaporation steps. Meanwhile, the driving forces of membrane-based desalination are
various. For SWRO, high hydraulic pressure above 50 or 60 bars is required to
overcome the osmotic pressure between its feed and permeate sides. In MD, the vapor
pressure difference between the feed and the permeate side of a hydrophobic membrane
promotes water vapor flux as a driving force, and the water molecules move from the
higher vapor pressure side to the lower through the membrane pores. Thus, the feed
saline water of MD is heated to generate notable vapor flux, and the vapor is condensed
to collect fresh water. Since the separation process occurs across a membrane due to
the phase change process by heat, it can be classified both as a membrane-based and
thermally driven process. FO desalination can reject salt through only natural osmotic
pressure by moving water molecules from the feed saline with low osmaotic pressure to
the high-concentrated draw solution (DS). The water absorbed from the feed is
separated from the DS by an additional process, such as heating. ED is a process in
which a direct current is applied to remove salt using a membrane that selectively
passes through positive and negative ions. This method is mainly used for the

desalination of brackish water rather than seawater.

A freezing method can be considered other than the desalination techniques in Figure
4. The process of the freezing desalination system can be divided into a vacuum-flash
and a refrigerant-use process. A certain amount of water is evaporated through a flash

process under vacuum pressure in a vacuum flash. The latent heat of evaporation is



absorbed from the surroundings so it can freeze only water. On the other hand, the
refrigerant method separates ice after cooling and freezing by evaporating a refrigerant

such as butane or 1,2-Dichlorotetrafluoroethane (R-114, C2Cl2Fa).

1.3 Motivation and objectives

1.3.1 Motivation

The biggest problem with desalination facilities is that they require huge amounts of
energy and have low economic competitiveness. For example, RO is a method of
extracting fresh water by applying a pressure greater than the osmotic pressure, which
increases in the range of 60 to 80 kPa for every 1000 mg-1"* of salinity, to the brine side.
Therefore, the higher the salinity of the raw water, the more energy is required for
desalination. Usually, a pressure in the range of 500 to 600 kPa is applied to operate

SWRO.

However, in the case of a small island far from the land, it is not easy to supply adequate
energy to run the desalination plant. For this reason, remote islands mainly use diesel
generators to provide energy for SWRO facilities. Moreover, SWRO systems with a
small capacity show much higher specific energy consumption (SEC, kWh - m=3) than
large-capacity plants and break down frequently, which results in increased

maintenance costs.



These issues also apply to small islands in Korea, and research and improvement are
needed. There are a lot of small islands around the Korean Peninsula that take a few
hours to arrive by boat. According to a report from Korea Water Resources Corporation
(K-water), the company operates a hundred and two small-scale desalination facilities
with 9,242 m3-day™ of capacity in total as of 2018 to supply drinking water to over
fourteen-thousand dwellers in small islands in South Korea (A internal operation report

produced by K-water).

The actual energy consumption of the site was investigated targeting small-scale
desalination facilities operated by K-water in the underdeveloped coastal islands in
Korea, and eight islands were selected as shown in Table 1. Currently, seawater
desalination facilities installed on these eight islands are based on RO. The range of the
salinity of seawater near the Korean Peninsula is from 1.7 to 3.4 % (KNORI, 2015),
and it is lower than the world average of 3.5 %. In particular, the Yellow Sea (or West
Sea) has a low salinity range of 1.7 — 3.2% due to large outflows of freshwater from
China and the Korean Peninsula and not active mixing with the seawater in the outskirt
(KNORI, 2015; Park et al., 2011). Despite using the salty groundwater of the islands
located in Yellow Sea as feed solution, the SECs of small-scale desalination facilities
are in the range of approximate 9-20 kWh-m™ as shown in Table 1, and these values
are far beyond those of large SWRO plants showing between 3.5 and 4.5 kWh-m™ (Kim
and Hong, 2018; Voutchkov, 2018). Moreover, the energy source for all of these is

diesel, a fossil fuel.



Table 1. Capacities and specific energy consumptions of RO desalination systems for salty

groundwater treatment in small islands in South Korea.

Island Capacity  Installation Year  Specific Energy Consumption
[m3-day] [kWh-m?]

2014 2015 Average
Hwatae-do (Hwatae) 100 2004 16.46 16.76 16.61
Hwatae-do (Woljeon) 30 2004 9.65 11.21 10.43
Jabong-do 30 2005 19.43 8.73 14.08
Daedura-do (Daedu) 50 2004 11.27 9.02 10.14
Daedura-do (Seonchang) 20 2004 7.42 14.15 10.79
Hit-do 30 2005 11.21 14.05 12.63
Yeoja-do 60 2002 9.60 9.27 9.43
Bu-do 10 2005 14.11 11.02 12.57

In addition to the issues of high energy consumption and reliance on diesel generators,
frequent breakdowns are becoming an obstacle to the supply of water using
desalination devices to islands. Park et al. (2011) performed failure analysis on
seventy-nine RO desalination facilities in the islands of the southwest coast of Korea
as shown in Table 2. The total dissolved solids (TDS) of the RO feed solutions ranges
from 1,000 mg-L? to 30,000 mg-L?, and SWRO membrane is applied for the salty
ground water having more than 10,000 mg-L™* of TDS while brackish water reverse
osmosis (BWROQO) membrane for the less. Frequent failures were observed in feed
intake, RO, and water supply equipment, which are mainly operated by rotating

machinery or high-pressure operation.



Table 2. Maintenance events (2008-2009) of according to the type of applied membrane of

desalination facilities in small islands in South Korea (Park et al., 2011).

Type Intake Pre- RO  Chemical Water Control Electric Others Total

Treatment Dosing  Supply System  Facility

SWRO 29.3% 6.8% 21.6% 1.5% 21.6% 2.7% 5.6% 10.9% 338

BWRO 24.7% 8.8% 22.0% 1.1% 19.8%  3.8% 2.7% 17.0% 182

Moreover, as the salinity increases, it can be clearly seen in Figure 5 that the number
of maintenance cases per unit supply increases. The high salinity concentration in the
feed solution means high operating pressure of the RO facility. Therefore, it can be
seen that the higher the operating pressure, the more frequent the maintenance events.
In addition, one of the major difficulties in operating a small-capacity RO desalination
facilities in the small islands, with the breakdown events, is that salts are frequently
detected above the level in the produced water. These shutdown and failures in the
quality of produced water are caused by geographically unfavorable conditions of
access and the lack of professional operation and maintenance in spite of the need for

frequent inspection and maintenance of equipment operated at high hydraulic pressure.
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Figure 5. Number of Maintenance Events per Unit (Park et al., 2011).

Globally, RO desalination units are considered as an easy-to-access alternative to
islands' drinking water supply systems. However, due to frequent failures of small RO
desalination facilities as discussed above, it is needed to approach in different ways to
guarantee the reliability of water supply in remote islands while considering the
surrounding environment. In particular, it is necessary to develop a desalination
technology operated at low pressure since the higher the hydraulic pressure, the greater
the number of failure events. From this point of view, the MD desalination method can
be a good alternative. Furthermore, MD is claimed to be a truly cost-effective
separation process when using alternative energy sources or wastewater (Mericq et al.,

2011; Hausmann et al., 2012).

11



The inhabitants of the small islands live mainly in waterfront. Considering this living
environment, it will be possible to devise an MD desalination facility using wave
power. Moreover, there is a mountainous area in the center of the island, and much of
the island is unoccupied (Figure 6). Therefore, MD desalination using solar heat may
be considered. Above all, as shown in Figure 6, the small-scale RO desalination plants
in islands are separated from each other, making maintenance more difficult. To
alleviate these conditions, vertical seawater desalination facilities (Kim et al., 2021)

may be applied.
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Figure 6. The small-scale desalination and water supply system in (image source: Google
Earth): (a) Bian-do (residents: 300; capacity: 80 m*-day™) and (b) Duri-do (residents: 70;

capacity: 30 m*-day™), South Korea.
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In addition, to solve the problem of water shortage due to global population growth,
rapid industrialization and climate change, it is required to secure technology that can
reuse by-products (concentrated water, wastewater) generated from industrial water
production facilities such as seawater desalination. Consequently, as the increase in
marine salinity due to the release of highly concentrated water into the ocean has
emerged as a major issue, interest in developing technology for treatment and recycling
of concentrated water is increasing. As a technology for recycling concentrated water
and turning concentrated waste into resources, the MD method has recently been in the

spotlight.

However, in the case of MD desalination, the SEC value is much higher than that of
RO, so it is still difficult to fully apply MD to a commercial desalination system. In
order to overcome this technical limitation, it will be possible to increase the production
of MD without additional consumption of fossil fuels by utilizing the vacuum pressure
that can be generated naturally. In addition, the MD process involves the condensation
process of water vapor, and it can be an excellent strategy to incorporate a technology

that can improve the condensation process.

1.3.2 Objectives

1.3.2.1 Heat and mass transfer model development for V-AGMD based on
experimental investigation
Most AGMD-related studies have considered heat and mass transfer of the air gap

under the atmospheric pressure. Therefore, validation of existing models for heat and
14



mass transfer in the process of AGMD operated under sub-atmospheric pressure was
insufficient. Furthermore, it is technically challenging to define the pressure and
temperature profiles from the liquid-air interfacial of the feed-side to the cooling
surface of the condenser. Hence, in this study, the vapor flux is investigated as a
function of only the temperatures of the feed solution and the coolant, the air-gap
pressure, and the gap-size based on experiments. With the experimental analysis,
mathematical models for heat and mass transfer of the vacuum applied AGMD is

reviewed.

1.3.2.2 Development of a wave-powered desalination system using V-AGMD

For coastal towns and islanders facing water scarcity, standalone wave-powered
desalination systems are gaining momentum. A model evaluation of a buoy-type
desalination device equipped with a V-AGMD designed to utilize free renewable

energy in the form of waves provide a method for supplying water to isolated areas.

1.3.2.3 Experimental investigation of condensation phenomenon in AGMD

In the AGMD process, the final amount of produced water is determined by the
condensation process of water vapor coming from the membrane. Therefore, it can be
considered that the improvement of the condensing capacity leads to the increase of the
system's efficiency. For this reason, the condensation phenomenon in the AGMD
process is investigated first. Then, an analysis is performed to understand the
condensation process of AGMD from the formation of condensed water droplets to the

final runoff stage.
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1.3.2.4 Development of condensation enhancement technology for AGMD

If condensate occurs on the cooling surface of fins, pipes, ducts, etc. in the air
conditioning system, it is difficult to remove it by the airflow alone, and the condensate
gradually increases and eventually covers the entire surface. Moreover, the condensate
on the surface of the heat exchanger reduces the air passage area, causing poor airflow
and high pressure drop. Similarly, for thermally driven desalination plants,
performance degradation due to condensate accumulation is fully expected. Therefore,
research is needed to prevent these undesirable effects and increase the performance
efficiency of the vapor condenser in thermally driven desalination systems. Based on
the analysis results of the condensation pattern, a couple of methods are suggested for

improving the condensation process of AGMD.
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Chapter 2: Literature Review of Membrane Distillation

Since the membrane distillation (MD) method can desalinate seawater by using a low-
temperature heat source, it can be combined with waste heat or renewable energy to
provide a feasible and optimal solution to the alternative water supply systems. These
characteristics of MD can be beneficial for supplying drinking water to areas where
power transmission facilities are not easy to install, such as isolated areas or islands
away from land. Therefore, in the current chapter, I first investigate the general
perspectives of the MD systems. Then, representative configurations of the MD and
the characteristics of each are discussed. Moreover, performance parameters are
explored through a literature survey focused on energy efficiency and performance
characteristics. Due to the characteristics of MD, compared to other desalination
methods, technological advantages and weaknesses are clearly displayed. Therefore,
the benefits and limitations of MD are also discussed in this chapter. In addition,

industrial fields to which MD is applied are also mentioned.

2.1 General perspective

MD is a thermally-driven distillation process that uses a hydrophobic membrane to
maintain a liquid-vapor interface and separate water molecules from saline water in a
vapor phase through micro-size pores. In MD, the liquid feed is in direct contact with

one of the membrane sides and does not penetrate inside the pores due to the

17



hydrophobic nature of the membrane. In addition, since the surface tension of the liquid
in contact with the hydrophobic membrane blocks penetration into the pores, it does
not operate at high pressure to overcome osmotic pressure as in the RO desalination

process.

The driving force of the transfer of vapor-phase molecules through the membrane pores
is known as the vapor pressure difference across the membrane (Khalifa et al., 2015).
Thus, the vapor pressure of the feed side is always greater than that of the permeate
side, and the feed solution is heated to create notable vapor flux and increase the
purified water quantity. Furthermore, the aqueous solution is not necessarily heated up
to the boiling point of water to vaporize. Therefore, MDs can be operated by low-
temperature waste heat or renewable energy, which is why it draws attention
(Alkhudhiri et al., 2012). Membrane distillation is still a growing technology in
separation and purification processes, but it needs further exploration to become a
mature technology that can be applied to more industrial processes, including seawater

desalination.

2.2 Configurations and characteristics

For effective water separation from saline water, four configurations of MD have been
proposed representatively (Figure 7): direct contact (DCMD), air gap (AGMD),

vacuum (VMD), and sweeping gas (SGMD). Most studies on MD dealt with vapor
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fluxes or distilled water productivities, considering the thermal efficiencies of these

configurations.
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Figure 7. Representative configuration of membrane distillation: (a) direct-contact
membrane distillation (DCMD); (b) sweep-gas membrane distillation (SGMD); (c) air-gap

membrane distillation (AGMD); (d) vacuum membrane distillation (VMD).

19



For DCMD, evaporation takes place at the surface of the feed-side membrane, and the
vapor instantaneously moves to the permeate side, where cold fluid flows, by the vapor
pressure difference between the interfaces of the feed and permeate. In this method, a
cold liquid stream condenses the feed's incoming vapors directly. Due to the
temperature difference of both sides facing a thin membrane in between, heat transfer
aggressively occurs. Thus, the thermal efficiency of DCMD is the lowest among the
four configurations, while it has the advantage of eliminating the need for a separate

condenser.

In VMD, vacuum is applied at the permeate side to enhance the water vaporization at
the feed-membrane surface. The heat loss and the mass transfer resistances are reduced
due to the vacuum on the permeate side. The vapors are taken outside the module and
condensed in the external condenser. The major disadvantage of this process is the
probability of pore wetting as feed saline water can penetrate the pores. Moreover, it
requires an additional energy consumption for a vacuum pump operation and an

external condenser.

For SGMD, an inert gas is used to sweep the water vapor at the permeate side and carry
it to an external condenser to condense where the condensation occurs. A gas stream is
made to sweep the membrane on the permeate side, thereby collecting the incoming
vapors from the membrane. This saturated gas stream is condensed at the external

condenser outside the module. Thus, the operational cost of the system is also increased

20



due to the external condensation system. This configuration is known to help remove

volatile compounds from an aqueous feed solution (Walton et al., 2004).

AGMD has an air gap between a membrane and an internal condenser. The stagnant
air gap is introduced between the condensing surface and the membrane surface on the
permeate side. The main advantage of the air gap is to reduce heat loss by conduction
compared to DCMD, but at the same time, it offers additional resistance to the

incoming vapors.

2.3 Performance comparison

As summarized in Table 3, VMD shows the lowest heat losses and higher fluxes than
other MD configurations, illustrated in Figure 7. The heat loss from conduction in the
VMD process can be neglected compared to different configurations due to the
permeate side's vacuum condition (Khayet and Matsuura, 2011). However, additional
electric power is needed to operate a vacuum pump and create the vacuum pressure on

the membrane permeate side.
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Table 3. Comparison of different configurations of MD (Alkhudhiri et al., 2012; Alklaibi and
Lior, 2004; Bandini et al., 1997; Francis et al., 2014; Lawson and Lloyd, 1997; Manickam et

al., 2007; Tomaszewska, 2014; Yarlagadda et al. 2009).

DCMD VMD AGMD SGMD
Feed water 5~81 5~74 5~80 40~70
temp. [°C]
Desirable High Effective evenat High Optimum
temp. for temperature is low temperature  temperature is temperature is
feed water desirable desirable desirable
Permeate ~129 ~571 ~28 ~21
flux
[kg-m2h]
Advantage Simplest MD Lowest Lower Low mass
configuration conduction heat  conduction heat  transfer
losses, higher losses resistance
fluxes than Useful for
AGMD and removing
SGMD volatile
compounds
Limitation Lowest heat High-grade High mass External
efficiency, less vacuum is not transfer condenser is
than 10 °C of suitable due to resistance required
cold water isnot  the liquid entry
suitable pressure (LEP)
Design Reduction in hot  Vacuum-side Air gap size Velocity and
consideration feed temp. and pressure temp. of the
cooling costs sweep gas
Energy 3.6 1.1 - -
requirement
[kWh-kg]
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A natural vacuum can be applied to the MD system to reduce the electric power
consumption of the vacuum pump in the MD process. For example, a barometric-water
column was proposed for the solar-thermal-multistage MD desalination system by Kim
et al. (2021). The concept is to connect the barometric water column's vacuum pocket
to the MD modules' permeate side to maintain sub-atmospheric pressure and minimize

the vacuum pump operation.

Unlike the VMD system, which should constantly maintain a vacuum pressure and
deliver the produced water vapor to an external condenser, the AGMD system has an
air layer between the internal condensation surface and the membrane, making it easy
to apply natural vacuum. To evaluate the vacuum applied AGMD process and predict

the water generation rates, reliable models based on experimental data are critical.

Hsu et al. (2002) that for the case of an air gap size of 5 mm, an eight-fold reduction in
the flux was measured compared to the DCMD process under the same operating
conditions. In terms of the heat transfer in MD, AGMD and VMD show high thermal
energy efficiencies as the conductivity of the gap between the membrane and the
condensing surface is relatively low. At the same time, DCMD loses heat through the
membrane due to the direct contact of the hot and cold sides (Fan and Peng, 2012).
Therefore, AGMD and VMD are evaluated as thermally efficient desalination

technologies among the four configurations (Summers and Lienhard V, 2013).
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2.4 Benefits and limitations

Kiss and Readi (2018) summarized the benefits and limitations of MD as below:

2.4.1 Benefits

(1) Low operating temperatures (up to a maximum of 100 °C)

(2) Low-grade heat such as solar energy, geothermal and waste heat can be used.

(3) High rates of rejection (99-100%) for non-volatile components (salts, colloids).

(4) MD can work with high solute concentrations in the feed, or even with near
saturated solutions (unlike RO).

(5) Reduced vapor spaces compared to conventional distillation processes (MSF,
MED).

(6) Compact overall process, requiring less space. Thus MD can be applied at smaller
scale as compared to MSF, MED and MVC technologies.

(7) Lower hydraulic pressure than used in pressure driven membrane processes, such
as reverse osmosis. MD can be conveniently operated at near atmospheric pressure.
(8) Reduced demanding requirements on the mechanical properties of the membrane.
(9) Less membrane fouling due to the reduced chemical interaction between membrane
and process solution

(10) Low sensitivity to concentration polarization.

(11) Performance not limited by high osmotic pressure or concentration polarization.
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(12) Less complex and much cheaper in terms of construction and installation (due to
the use of lower working pressures and temperatures), allowing a full level of
automation.

(13) Unlike pressure-driven membrane processes, MD does not require a specific pre-
treatment of the supply mix or additives (e.g. acids or antiscalants) as the membranes

are less sensitive to concentration polarization or membrane pollution.

2.4.2 Limitations

(1) Not proving any energy savings as compared to competing distillation technologies
(even when waste heat is used).

(2) Lower process flux than other commercialized separation processes.

(3) Permeate flux decay due to the concentration and temperature polarization effects,
membrane fouling and scaling, and total or partial pore wetting.

(4) Risk of pore wetting (although only vapor must be present inside the pores).

(5) Uncertain energy and economic costs for each MD configuration and application.
MD is usually cost competitive only when waste heat is available.

(6) Membranes modules fabricated especially for MD are not commercially available
for large scale applications.

(7) Limited providers of membrane distillation technology.
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2.5 MD applications in industry

2.5.1 Ultrapure water

Ultrapure water (UPW) is used in wafer and chip production and is used for cleaning
over 100 times during production (Xzero AB). Therefore, micro-electronics industries,
such as semiconductor factories, require a large amount of water to produce UPW for
fabrication. For example, it has been reported that more than 6 m? of high purity water
is consumed to manufacture one 200-millimeter wafer (Wiesler, 2003; Liu and Martin,
2006). Hence, the chip manufacturers generate a corresponding amount of wastewater.
This wastewater includes acids, spent solvents, waste oils, and metals. Therefore, direct
discharge of the wastewater from semiconductor factories into a water body is
generally regulated by water quality control authorities unless they are pretreated to
meet international and local standards. For this issue, many different technologies are
applied to treat wastewater and are composed of mechanical (e.g., reverse osmosis,
micro-filtration) and thermal (i.e., heating and cooling) processes. Consequently, the

process is highly complex (Figure 8).
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Figure 8. An example of the ultrapure water process (image source: www.ovivowater.com).

However, there is still a need for a cost-efficient system with enhanced water purity.
To solve this difficulty, Liu and Martin (2006) proposed an MD-based rinse-water
recycling system as it can deliver high-purity water even with highly fluctuating
feedstock quality. They also investigated the feasibility of MD as a complementary or
replacement technology for water purification processes in thermal cogeneration
plants. They compared the energy consumption and costs between the applications of
MD and RO for generating UPW in the thermal plants and resulted in MD technology
features similar energy consumption levels and higher specific costs compared to RO.
Considering some technical issues involved in membrane fouling, pressurization limits,
and operation and maintenance costs, Noor et al. (2020) proposed MD application for

the wastewater treatment in a UPW industry sector and performed an economic
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analysis of the industrial-scale MD system with the assumption of using waste heat of

power plant.

2.5.2 Dairy products and food processing

As the concentration of milk increases, the osmotic pressure and concentration
polarization becomes increased, so the maximum concentration of milk using the
reverse osmosis membrane is around 20 % of total solids (TS), which is far from the
50 % of TS that can be achieved during spray drying (Moejes et al., 2015). Therefore,
Chlubek and Tomaszewska examined concentrating method using DCMD for a milk
whey process in 1987. The whey feed stream, in which lactose and minerals were
mainly left, was tested on a Teflon flat sheet membrane, and they showed that MD
could be a feasible process for dairy industries. Hausmann et al. (2011, 2013, and 2014)
explored the integration of DCMD to concentrate skimmed milk, whole milk, whey
and lactose solutions in a dairy process, including fouling mechanisms, heat recovery,
and determination of operating parameter settings and configurations that led to optimal
performance. Moreover, the authors compared the performance of MD with that of RO

in a dairy system.

For food industry, many flavor substances are volatile. Thus, food processing
temperature needs to be kept below their saturation vapor pressure to avoid loss of
flavor (Alves and Coelhoso, 2006). Orange juice, grape juice, apple juice, and raw cane
sugar syrup can be concentrated by MD applications (Alves and Coelhoso, 2006;

Rektor et al., 2006; Gunko et al., 2006; Nene et al., 2002).
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Fane et al. (2006) examined an MD-applied bioreactor for treating fermented water.
Four different configurations (i.e. DCMD, VMD, SGMD, and AGMD) were installed
in the bioreactor. And then, they compared the MD-applied bioreactor to other
membrane processes, such as microfiltration (MF), ultrafiltration (UF), and
nanofiltration (NF), and reported MDs showed more effective in removing metabolic

organic with less energy consumption.

2.5.3 Desalination and wastewater treatment

MD membrane and process development has been performed a lot in desalination and
concentration treatment. In principle, the process rejection of non-volatile dissolved
compounds is theoretically 100%. Therefore, it is possible to produce high quality pure
water as the product can be fully demineralized. Winter et al. (2011) installed spiral
wound permeate gap membrane distillation (PGMD) modules, which in an
enhancement of AGMD by an additional non-permeable foil inside the air gap. A
commercialized PGMD module has 5-14 m? effective membrane area and
manufactured by Fraunhofer ISE. They tested a PGMD-based solar desalination system
and showed the output rate between 10 and 25 kg - A~ with more than 130 modules.

The thermal SEC of the PGMD desalination facility was 130-207 kWh - m =3,

Solar energy and combined membrane distillation have been studied and the feasibility
of solar powered MDs where 60-80% of the energy is recovered has been demonstrated
(Macedonio et al., 2007; Hogan et al., 1991). Alquraish et al. (2021) also built and

tested a prototype of a solar PGMD plant in Kairouan City, Tunisia. The plant installed
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solar photovoltaic panels and solar thermal collectors as a system for desalination of
brackish water, providing both electrical and thermal energy from solar energy. The
average daily production during the experiment in August 2020 was about 15.92 L -

m~2 of average production per day.

Membrane distillation may also be integrated with RO or mechanical vapor
compression (MVC) processes to increase the water recovery in the desalination plants
(Mericq et al., 2010; Macedonio et al., 2007; Drioli et al., 1999; Swaminathan et al.,
2016) by treating the brine. Mericq et al. (2010) tested RO-VMD hybrid desalination
system to reduce volume of a brine discharged into the sea, and showed that high
recovery ratio (89% in their study) could be obtained, corresponding to a brine volume.
Swaminathan et al. (2016) proposed and simulated that the MVVC-MD hybrid system
can reduce water costs by approximately 6% compared to a standalone MVC system.
Moreover, they claimed that the conductive gap configuration of MD provides the
greatest savings for a variety of operating conditions, assuming the same specific

capital cost for these configurations, followed by AGMD and PGMD.
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Chapter 3: Air Gap Membrane Distillation

As illustrated in the previous chapter, MD can be classified in four representative types:
DCMD, AGMD, SGMD, and VMD. Considering the environment of islands and
isolated areas, AGMD, which is easy to maintain and highly likely to promote
convenience of installation through modularization among the four configurations, is

reviewed in this chapter.

The application of AGMD in commercial desalination and lab-scale test are
investigated with literature survey. Then, the structure of AGMD is reviewed with its
characteristics and specifications, such as wettability, thicknesses, pore sizes, and
materials. Moreover, relevant theory and mathematical models for the comprehension
of the MD process are reviewed. Its sub-section relates several works of practical
applicability concerning heat and mass transfer with an air gap between the evaporation

and condensation sides.

3.1 Literature review on AGMD applications

In 1988, the first flat plate air gap membrane distillation system was developed by
Svenska Utvecklings AB in Sweden (Alklaibi and Lior., 2004), and many studies
including empirical tests and commercial applications have been conducted since then

(Table 4 and Figure 9). Memstill (Table 4b and Figure 9b) technology emerged around
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2006, starting with development by the research and technology organization TNO
(Dutch Organization for Applied Scientific Research). Table 4 and Figure 9e show the
SMADES desalination system. There are the 1 m3 seawater tank, the 3 m3 heat storage,
titanium heat exchanger (silver box in front), and four MD modules. The MEDIRAS
project built and demonstrated an AGMD seawater desalination system (Figure 10f) in
a small island (Pantelleria) in Italy that the nominal production is 5 m3day*
(www.mediras.eu; Schwantes et al., 2013). This two-loop system was installed at an 8
MW diesel power plant, and the range of the feed TDS was reported as 35,000-37,000
ppm. The heat for the system was provided with 80 % from the waste heat of the coolant
of the engines and 20 % from the solar heat using solar collectors. Fraunhofer Inistitute
installed a solar-thermal-driven AGMD plant (Figure 10g) in Amarika, Namibia. The
plant is consisted of a solar flat-plate collector (FPC) with 232 m? of area and 12
AGMD modules with a total membrane area of 168 m?, producing 2.08 m*-day*of fresh

water at a specific thermal energy consumption (STEC) of 171 kWh-m™ (Ma, 2019).

These AGMD technologies show significant advantages over traditional desalination
technologies such as MSF and MED, which include: (1) Low energy consumption; (2)
Simple configuration based on prefabricated modules; (3) Low total cost price; (4)
Very high probability of salt separation factors; (5) Less corrosion and easy

maintenance; and (6) Small installation space.
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Table 4. Cases of AGMD applications for commercialization or experimental study

Manufacturer Capacity Heat Source Notes
or Project
€)] Scarab 10 cascading Exhausted heat - Location: Idb&cken Cogeneration
Development  stages, each from power plant Facility (Nykoping), Sweden
AB (Sweden) stage contains - 1 mm air gap, 2.3 m? membrane
around 30 area, 9 channels
modules - Water flux: 1-2 m3-day*
(0) Memistill, 1-2 m3-day* Waste steam Desalination cost: below 0.5
TNO USD'm®
(Netherlands)
(© Scarab Total membrane  Solar thermal - Maximum water flux: 7 L-m%h
Development  area: 500 m? - Location: Plataforma Solar de
AB (Sweden) Almeria (PSA), Spain
(d) Aquastill 10 mé-day? - - Location: Saudi Arabia (2020)
(Netherlands)
(e) SMADES 0.12 méday!  Solar thermal 2 to 11 L-day™® per unit STC area
(Morocco) (FPC) STEC: 200-300 kWh-m®
() MEDIRAS 5 m3-day! 20 % solar 12 AGMD modules (120 m? total)
(Pantelleria, collectors (40 m?) +
Italy) 80 % waste heat

(diesel power plant)

(9)  Fraunhofer 5 m3-day! Solar thermal -12 AGMD modules (168 m?
(Germany) (FPC) total), STEC: 171 kWh'm

- Location: Amarika, Namibia

(h) Memsys Feed flow: Thermal (waste 2.11-3.36 L'm?h? (15-22 wt%
60L-h? heat) salt of feed solution)

(a): Camacho et al., 2013; (b): Hanemaaijer et al., 2006; (c): Guillén-Burrieza et al. 2011; (d):
www.aquastill.nl; (e): Banat et al., 2007; (f): www.mediras.eu; (g) Schwantes et al., 2013; (h)

WWW.memsys.eu.
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5

b IR

Figure 9. AGMD systems or modules for on-site application:(a) Scarab Development
AB; (b) Memstill, TNO; (c) Scarab Development AB; (d) Aquastill; (€) SMADES; (f) MEDIRAS; (g)

Fraunhofer; (h) Memsys.
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3.1 Structure

A general AGMD system can broadly be divided into five sections: hot feed solution

section, membrane, air gap, condensing wall, and coolant section (Figure 10).

|

Feed solution

l

Air gap Coolant

Membrane Condensing wall

Figure 10. Structure of air-gap membrane distillation (AGMD) system which is composed of

five sections: Feed solution, membrane, air gap, condensing wall, and coolant sections.

3.1.1 Feed section

The feed section is the part of the AGMD module to supply aqueous solution, such as
seawater and brackish, that needs to be treated. Some water is separated from the feed
solution by evaporation at the interface of the feed and the membrane. Therefore, the

salinity of the outlet is always higher than that of the inlet of the feed.

The distillation rate per unit area, which is also known as “vapor flux” of the system,

is dependent on the vapor pressure difference between the feed and the air of the gap
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(Khayet and Matsuura, 2011). For MD including AGMD, the greater vapor pressure

difference of the feed and permeate sides facing membrane in between, the larger vapor

flux as shown in Figure 11. Thus, to enhance the AGMD’s performance, the feed is

heated by an external device, such as a heater, a heat exchanger, and a mixer.
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Figure 11. Water fluxes of different types of MDs according to the feed solution temperature:

water flux increases along with the temperature increase of the feed solution.

In the MD process, the feed saline water contacts one side of the membrane without

penetrating through its pores due to the surface tension. Thus, the operating pressure

difference between the feed and permeate sides should not exceed the liquid entry

pressure (LEP), which can be calculated with the Young-Laplace equation (Lawson

and Lloyd, 1997):
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LEP = Pliq — Py = _(ﬁpaliqcose)/rmax 1)

where S, is a pore geometry coefficient (8, = 1 for cylindrical poresand 0 < g, < 1
for non-cylindrical pores) (Garcia-Payo et al., 2000), ay;, is the liquid surface tension
[N - m~1], 6 is the contact angle measured on the liquid side, where the liquid-vapor

interface meets the membrane surface, and r,,,, is the maximum pore size [um] of the

membrane (Figure 12).

Feed solution

7
Membrane M

Air

Figure 12. Concept image of the Liquid Entry Pressure (LEP).

3.1.2 Membrane

The AGMD membrane is hydrophobic (Figure 13a) and acts as a physical barrier to
the feed solute and the air, and should be sufficiently porous and hydrophobic in nature.
Thus, the membrane divides the feed section and the air section: on one side, it faces

the feed, while it is in contact with the moist air on the other side. It affects the overall
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vapor flux of the system as the permeability is decided according to the membrane

characteristics.

The MD membranes are consisted of two parts (Figure 13b): a membrane film and
support layer. Some common materials used in MD are hydrophobic
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), polypropylene (PP),

polyethylene (PE), polycarbonate, and cyclodextrin (Shahu and Thombre, 2019;

Yarlagadda et al., 2009).

“Membrane film
layer

.-';};-/

(@) (b)
Figure 13. Flat-sheet AGMD membrane: (&) hydrophobic characteristics, and (b) two-layer

composition: membrane film and support.

The upper limit pore size of MD membrane is considered to be around 1 (Cai and Guo,
2017; El-Bourawi et al., 2006) or 0.5~0.6 um (Wang et al., 2009) to ensure the pressure
at the interface of a membrane and a feed solution can be maintained lower than LEP

to avoid the penetration of salty water through the hydrophobic membrane pores. As
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wetting of membrane is undesirable and represents a failure of the operation, it is
critical to estimate a suitable LEP while designing the system to avoid its occurrence
(Warsinger et al., 2017). Generally, membranes with small pore size and narrow pore
size distribution, cylindrical pore geometry, low surface energy, high contact angle,

and high roughness show higher LEP.

The reduction of the maximum membrane pore size, 1,45, in Equation (1) can be an
effective way to increase LEP and to prevent the feed solution from penetrating through
the dry membrane pores. However, for same material membranes and structures, bigger
pore size membrane shows lower density and higher porosity, and it agrees with that
higher membrane porosity results in more vapor flux (Palacio et al., 1999; He et al.,

2011).

When considering the thermal efficiency and performance of water production, the
desirable properties of the MD membrane are low thermal conductivity, high vapor
permeability with good contamination rejection, high resistance to fouling, and
durability (Alklaibi and Lior, 2004; Shahu and Thombre, 2019; Cai and Guo, 2017).
The durability can include mechanical, thermal, chemical stabilities. The mechanical
strength of the membrane should be high enough to prevent surface damage, breakage,
and cracking. Furthermore, low surface energy to keep high hydrophobicity is also

desired (Khayet and Matsuura, 2011).
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3.1.3 Air-gap section

The size of the air gap is one of the most critical factors to decide the permeate flux

and thermal efficiency of the AGMD process. The influence of air gap size at different

feed temperatures is presented in Figure 14. Reducing the air gap size means increasing

mass transfer by reducing the vapor diffusion path length within the air gap

compartment.
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Figure 14. Effect of air gap size on flux at different feed temperature (Khalifa et al., 2015).

Khalifa et al. (2015) showed the permeate flux increased by about 131% and 100%

when the air-gap size decreased from 7 to 3 mm at different feed temperatures of 40

and 80 °C, respectively.
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3.1.4 Condensing wall

The water vapor in the air gap of an AGMD module becomes liquid on a cooling
surface, and it is finally considered as produced fresh water. With this mechanism,
when the water vapor of ambient air contacts a surface cooler than the dew point, it
turns into condensate. Therefore, the cooling surface temperature should be lower than

the dew point of the air in the gap.

The temperature of the condensing surface of AGMD is one of the important factors
that determine the yield. For example, Kim et al. (2021) showed through literature
research that the amount of condensed water increases as the difference between the
dew point temperature and the temperature of the surface where condensation occurs

is greater (Figure 15).
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Figure 15. Condensate generation rate increases as the temperature difference between the

dew point (Tsa) and the cooling surface (Ts) becomes greater (Kim et al., 2021).
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3.1.5 Coolant section

The temperature of the cooling surface mentioned above in the AGMD module is
determined by the temperature of the coolant. Thus, the fresh water production rate (or
the vapor flux) decreases with increasing coolant temperature. Bahar et al., (2015)
reported that the decrease in the permeate flow rate when the coolant temperature rises
IS due to a decrease in the transmembrane driving force responsible for permeation.
Moreover, they showed the effect of the coolant flow rate on flux was relatively

negligible (Figure 16).
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Figure 16. Effect of coolant temperature on flux at different coolant flow rate (Khalifa et al.,

2015).
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3.2 Theory of heat and mass transfer in AGMD

In AGMD, the thermal energy is transferred to the permeate side in the forms of latent
and sensible heat and is mostly released during the condensation. Therefore, heat and
mass transfer in AGMD are interconnected and lead to a complex relationship. A
generalized theoretical model for heat and mass transfer of AGMD systems considers
that heat and mass transfer take place simultaneously inside the AGMD module: it
involves convective heat transfer from hot saline water to the membrane surface,
evaporation at the membrane pores' entrance liquid-gas interface, conductive heat
transfer via the membrane material, transportation of water vapor through the
membrane pores, water vapor diffusion across the moist air in the gap between the
membrane and condensing wall, conductive heat transfer from the membrane surface
facing the air to the condensing plate, latent heat release of water vapor during being
condensed at the cooling wall, water vapor condensation and vapor removal from the
moist air of the gap, and another convective heat transfer from the condensing plate to
the cold liquid (Jonsson et al., 1985). Figure 17 shows a schematic for the heat and

mass transfer inside the AGMD module.
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Figure 17. Schematic for the heat and mass transfer inside the AGMD module (Dong et al.,

2021).

3.2.1 Mass transfer in AGMD

3.2.1.1 Background

Numerous models were used to describe the mass transfer of vapor through
hydrophobic membranes in MD processes. Many studies on the MD process describe
mass transfer based on Darcy’s Law (Darcy, 1856). Darcy’s Law (Equation 2) was first
proposed experimentally by French hydraulic engineer Henry Darcy (1803-1858) to

determine the water flow rate through the sands of a fountain (Figure 18).

dh
dm = _Kp E (2)
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where g, is the water flow rate per unit area (= Q/A) through a porous media, K, is

the media's permeability (or hydraulic conductivity), and h and [ are the media’s

hydraulic head and depth, respectively.
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Figure 18. Henry Darcy’s fountain (Darcy, 1856).

Then, Darcy's law has been widely accepted for a fluid flow analysis of incompressible

viscous laminar flow in porous media with minor porosity by being refined (Damak et
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al., 2004). For the gradient of the hydraulic head of Equation 3, the vapor pressure
difference between the feed and the permeate sides may be applied for the MD process

as below (Luo and Lior, 2016):

Jm = m(pf,m - pp,m) (3)

Jm is the vapor flux ([kg - m~2 - s~1]) of the MD process, K,, is the permeability (or
mass transfer coefficient, [kg - m~2 - s=* - Pa™*]) of the membrane, and p; ., and p,,
are the vapor pressures ([Pa]) of the feed and permeate side of the membrane,
respectively. The permeability of the membrane, K,,, is a function of the membrane

structure, configuration, and operating conditions (Khayet and Matsuura, 2011).

The vapor pressure of the feed solution, pf, can be calculated by (Luo and Lior, 2016):

Df =Dy € (4)

where p,, is vapor pressure of pure solvent ([Pa]), and € is activity (dimensionless) of
the solvent depending on its salinity. The vapor pressure of pure water, p,, can be

calculated from the Antoine equation (Equation 5) (Lawson and Lloyd, 1997):

3816.44 )

Py = €Xp (231964 — m

Q)
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where T is the temperature in degrees K. Since, the vapor pressure depends
exponentially on temperature, a small rise in temperature of the feed can lead to

significant rise in vapor flux in Equation 4.

Most current mass-transfer models in MD have been developed based upon Equation
3 that the vapor pressure difference between the two sides of a membrane is regarded
as its driving force. Moreover, it should be noted that, at the hydrophobic surface of the
MD membrane, the surface tension forces prevent liquid solutions from entering its
pore, and liquid-vapor interfaces are formed at the feed side of the membrane pores.
Considering this characteristic of MD, most mass transfer models of the MD processes
are based on the dusty-gas model (DGM) (Lawson and Lloyd, 1997) formulated by
Evans and Mason and discussed in detail by Mason and Malinauskas (1983). This
model applies the kinetic theory of gases to the gaseous components and the porous
media (or “dust”) (Webb, 1996). In other words, the matrix of a porous medium appears
to be one component of the gas mixture, but is assumed to be an arrangement of dust
particles fixed in space (Mason and Malinauskas, 1983). An electric circuit analogue
can be used to describe the transport mechanism of the gas molecule through
hydrophobic membranes, as shown in Figure 19 (Luo and Lior, 2016), and each

diffusion model can be characterized as:

(1) Knudsen diffusion (or free-molecule): it is dominated by molecule-wall collisions;
(2) Advective flow (or viscous flow): it is dominated by molecule-molecule collisions

and known as Poiseuille model;
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(3) Continuum (or ordinary diffusion): it is due to concentration gradients,

temperature gradients, or external forces, which is dominated by molecular diffusion.

Knudsen diffusion Molecular diffusion

—O A0 A0

Water molecules in ——» —\Water molecules out

AW

Viscous flow

Figure 19. The mass transfer resistance analog across a membrane based on the DGM.

The mass transfer model begins with the comparison between the mean free path (1)
of the gas and the mean pore size (d,), and the permeability (K,,) is characterized

(Equation 6) as the three recognized types of mass transfer mechanisms to decide the

permeability.
K, = A 6

where 4, is the mean free path of a molecule, and d is the mean pore diameter (= 2r;,)

of the membrane. The mean free path is the distance that a molecule travels between

collisions and may be calculated from kinetic theory (Lawson and Lloyd, 1997):
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1 = kgT @)
m_\/fnPdg

where kg is the Boltzmann constant (= 1.380649 x 10723[m? - kg s 2-K '] or[] -
K~1]), T is absolute temperature of molecules [K], P is the average total pressure [Pa]

within the membrane pores, and d.. is the collision diameter of the diffusion molecules

[m].

When membrane pore size is smaller than the vapor free path (K,, >1), the mass transfer
mechanism is characterized as Knudsen diffusion: molecule-to-wall collisions
dominate and the continuum approach does not hold. Moreover, it allows the free flow
of molecules. For the case of K,,<0.01, the mass transfer is known as the slip flow field:
pores are bigger than the vapor free path, and the ordinary molecular diffusion model
represents the diffusion of the vapor flux through stationary air driven by the
concentration gradient across the membrane. When 0.01< K,, <1, the slip flow field is
the transition area: the viscous flow model (Poiseuille flow) represents the convective
flux across the membrane, driven by the total pressure gradient. This mechanism
dominates the case when one side of the membrane has lower pressure than the other

side and air is not present (Luo and Lior, 2016).

The vapor flux (J,,,) for each case is summarized in Table 5:
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Table 5. Characteristics of mass transfer mechanism and vapor flux of porous media

according to the Knudsen number (Luo and Lior, 2016).

Mechanism K, Characteristic Im
Knudsen K,>1 Free flow of 2¢ T, 8M, (8)
=% |Tp7  APm
diffusion molecules 376m | TR mave
Molecular  K,,<0.01 Slip flow EPmDya M, Ap 9)
R . R T pa6m RTm,ave m
diffusion field
Transition  0.01< K, Transition -1 (10)
2em, | 8M,
diffusion <1 flow field 376 |TRTy qve

+Cmmﬂ M, yl
T pa 6771 RTm,ave

“Apm

where & is membrane porosity [-], T —membrane tortuosity [-], r, —average pore radius
[m], &,, — membrane thickness [m], M,, — molecular weight of vapor [kg - mol™*], R -
ideal gas constant [J - mol™* - K™, Ty, ave —average temperature of the membrane [K],
Pr.m — Vapor pressure at the membrane feed-side surface [Pa], ps ., — vapor pressure
at the membrane permeate-side surface [Pa], P, ,, — total pressure at the membrane

permeate-side surface [Pa]. Ap,, is the vapor pressure difference between the feed-
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(pfm) and permeate-side (py,.,) membrane surfaces [Pa], and D,_, is diffusion

coefficient [m? - s71].

3.2.2 Heat transfer in AGMD

A large quantity of heat is consumed to vaporize the water molecules at the interface
of the membrane and feed solution. When water is evaporated from the feed side of
MD, it takes away part of the energy of the feed solution. Moreover, the temperature
of the permeate side is maintained lower than that of the feed. Therefore, it is reasonable
to assume that the temperature drop occurs at the interface where the membrane is in

contact with the saline water, according to the zeroth and first laws of thermodynamics.

3.2.2.1 Heat transfer through the thermal feed side boundary layer

Convective heat transfer in the feed side could be calculated by the following equation:

q"f,con = hfW(TfW - Tf.m) (11)

where q"f ¢, is the convective heat flux [W -m™*] over the thermal feed side
boundary layer, Ty, is the bulk temperature [K] of hot feed solution, Tf,, is the
temperature [K] of evaporating surface at the membrane surface and hy, is the

convective heat transfer coefficient [W - m=2 - K71].
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3.2.2.2 Heat transfer across the membrane by conduction and latent heat of evaporation
A temperature difference across the membrane plays a role as a driving force for
thermal conduction across the membrane (Schofield, 1989). At the same time, water at
the liquid/vapor interface turns to the vapor phase and moves into the permeate.
Therefore, conductive and evaporative heat transfers are occurred through a membrane,

and it can be calculated as (Khayet and Matsuura, 2011; Shahu and Thombre, 2019):
n Km
qQm= a (Tf,m - Tp.m) + ) hfg (12)

where K,, is the thermal conductivity [W - m™- K~1] of the membrane, &,, is the
membrane thickness [m], T,, ,,, is the surface temperature [K] of the membrane at the
air side, J,,, is the permeate flux [kg - m=2 - s~'], and h, is the latent heat [k/ - kg~']

of evaporation.

3.2.2.3 Heat transfer through the air gap by conduction and latent heat of evaporation
Conductive and evaporative heat transfer across the air gap could be estimated using

the following equation (Khayet and Matsuura, 2011; Shahu and Thombre, 2019):

K
q"ag = ﬁ (Tp,m - Tcond) +)m- hfg (13)

where K, is the thermal conductivity [W - m~1- K~1] of the air gap, 8ag Is the air gap

size [m], and T,,4 IS the temperature [K] of the condensate film surface next to the air
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gap. Free convection heat transfer between two vertical plates is also used to describe
the heat transfer phenomenon in the air gap region. Therefore, heat transfer process can

be described as follows:

5. \011
Nu = c(Pr- Gr)"™ <%> (14)
m

where Nu, Pr and Gr are Nusselt, Prandtl and Grashof numbers, ¢ and n are
characteristic constants of the modular design and liquid flow regime (c = 0.07 and n
=0.33 at 10° < Gr < 107 while c =0.2 and n = 0.25 at 10* < Gr < 10°), L,,, is the

membrane length [m].
3.2.2.4 Heat transfer through the condensate

Heat transfer by convection at the cooling surface could be determined as follows

(Khayet and Matsuura, 2011; Shahu and Thombre, 2019):

q"c,surf = hc,cond (Tc,cond - Tc.surf) (15)

where he conq is the heat transfer coefficient [W - m~2 - K~'] for the condensate film
on a vertical condensing wall and T, is the surface temperature [K] of the

condenser at the air side.
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The following equation has been proposed to estimate the heat transfer coefficient,
h¢ cona, Tor the condensate film on a vertical wall (Kimura et al., 1987; Guijt et al.,

1999; Banat and Simandl, 1999):

0.25

3
L _ 2\/5 (Kc,cond) ) (pcond)z g hf.g (16)
c,cond 3 u-L- (pr - Tc,cond)

where K. conq is the thermal conductivity [W - m~* - K~'] of the condensate film,
Pcona 1S the condensate density [kg - m™3], g is gravity acceleration [m - s72], u is the
dynamic viscosity [kg-m~'-s~'], L is the membrane length [m], and T, is the

temperature [K] of the product water at the bottom of the vertical condenser.

3.2.2.5 Heat transfer model

In AGMD, the heat transfer in a module may be considered as two paths: one is the
latent heat of evaporation and condensation associated with the vapor flux, and the
other is the sensible heat conduction through the materials from the feed stream to the
coolant stream including the membrane, the humid air of the air gap, the condensate on
the cooling surface, and the cooling plate of the condenser. The driving force of the
heat transfer is the temperature difference between the feed solution and the coolant

(Tfw — Tew). The resistance of the heat transfer of the feed stream (1/hg,,), the
membrane (1/H,,), the air gap (R,g4), the condensate on the cooling surface (R.), the

cooling plate (R,), and the coolant stream (1/R,,) can be considered in series as shown
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in Equation 17 (Luo and Lior, 2016) and depicted in Figure 20 to analyze the resistance

of the heat transfer.

q,, _ wa - Tcw
-1 1 1 (17)
=+ 7—+Rgg + Re + Ry + 55—
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Figure 20. The resistance analog of heat transfer in AGMD

3.3 Performance improvement opportunity

AGMD is a desalination device characterized by simultaneous evaporation and
condensation in an air gap of a few mm. It has already been sufficiently investigated
that the critical operating parameters such as feed and coolant temperature and air gap
size are essential determinants of yields. However, due to the characteristics of AGMD

operating at atmospheric pressure, how the pressure change of the air gap affects the
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system performance has not been sufficiently studied. In addition, since the condensing
capacity is directly related to the freshwater production capacity of AGMD, a study to
strengthen the condensing capacity is also required. Before studying the performance
improvement of AGMD through pressure change and condensation enhancement, it is
necessary to develop a model that can be applied to the pressure change of the air gap,

unlike the currently used heat and mass transfer model.
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Chapter 4: Vacuum-Applied AGMD

Non-condensable gas trapped within the air gap of an AGMD module can only exit
through the condensing interface at a rate that it is dissolved in water. Therefore, there
may be a substantial partial pressure of non-condensable gas within the air gap of the
AGMD. As a result, the condensation heat and mass transfer rate can be decreased due
to the non-condensable gas (Faghri and Zhang, 2006; Bergman et al., 2011). The partial
pressure of non-condensable gas in the gap between the membrane and the cooling
surface of the AGMD process can be reduced by deaeration, either by externally
degassing the feed and/permeate (Schofield, 1989), or by reducing the total pressure of

the gap.

The mass transfer of the AGMD assumes that the distilled water vapors are diffusing
through membrane pores and an air gap before reaching a cold surface where the
relatively hotter water vapor condenses. At the same time, thermal energy is transferred
to the permeate side as a form of latent and sensible heat. Since heat and mass transfer
occur simultaneously from the feed saline water through the membrane, air film, and
condensation wall in a narrow space, the modeling of the heat and mass transfer in an
AGMD process is complicated, including the difficulty of the measurement of each
interface. Moreover, since the change in total pressure of the air gap can affect the
values of other parameters, more complex heat and mass transfer models than the

existing ones can be required.
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Moreover, the average pore size is commonly used in current models including the
DGM, and since the mass transfer mechanism is pore size dependent, the wide
distribution of pore sizes can lead to significant errors (Khayet et al., 2004). For
example, when the pore size is 2 pm, the mass transfer mechanism would be based on
Knudsen diffusion, molecular diffusion, or transition diffusion as shown in Table 5.
However, since the pore size of the fabricated membrane is not maintained uniformly,
the predicted values of water flux according to the mass transfer model may appear

differently from the experimental results (Dong et al., 2021).

Thus, this chapter proposes a method using the kinetic theory of evaporation and
diffusion models that is a more straightforward approach than the existing models.
Moreover, detailed experiments were conducted to provide better understanding of the
factors influencing the vacuum-applied AGMD process. Theoretical models of heat
and mass transfer inside the AGMD module was used to validate against the

experimental findings.

At the last section of this chapter, a vacuum-applied AGMD system combined with
different renewable energy sources is discussed in detail as novel concepts. This new
approach shows high feasibility of coupling a AGMD system with different form of a

renewable energy.
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4.1 Vacuum-applied desalination technologies

Fast evaporation, even at much lower than 100 °C, is achieved by reducing the pressure
in thermally driven desalination system, leading to a reduction in boiling point of
seawater. In other words, sub-atmospheric pressure can lower the saturated vapor
pressure of the feed solution in the space where the evaporation process takes place:
even at the same temperature, evaporation occurs more rapidly in vacuum than in
atmospheric pressure. Therefore, vacuum can be applied in a thermally driven
desalination system to reduce the amount of heat energy that needs to be added to feed
saline water to maintain the temperature in an acceptable range of the system.
Moreover, in practice, only a small amount of electricity is consumed to continuously

remove the vapors generated in the system and maintain a vacuum (Wang et al., 2015).

4.2 Experimental investigation for vacuum-applied AGMD

4.2.1 Experiment design

A schematic diagram of the test setup for verifying the heat and mass transfer model of
vacuum applied AGMD is shown in Figure 21. The experimental facility has two
separate flow circuits: the circuit of the condenser consisting of a cooling surface and
a water chiller that recirculates cooled water, and the circuit of the feeder consisting of

a water heater and an AGMD membrane module.
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Figure 21. Schematic diagram of the test set-up for verifying the heat and mass transfer

model of the vacuum applied AGMD.

The AGMD module shown in Figure 22 consists of two parts: (1) the feed that water
vapor comes out through the hydrophobic membrane and (2) the condenser that the

vapor coming from the feed is condensed on the cold wall.
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Figure 22. AGMD module design for the experiment: (a) cross-sectional view in a vertical
direction, (b) bottom case of the feed side, (c) feed-side part, and (d) condenser part and

cooling surface.

A flat sheet hydrophobic membrane manufactured by Millipore was used for the test

(Figure 23). Its main characteristics, as specified by the manufacturer, are as follows:
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(1) material is polytetrafluoroethylene (PTFE) polymer;
(2) pore size of the membrane is 0.22 um;

(3) thickness is 150 pum;

(4) porosity is 85 %;

(5) diameter is 142 mm.

A

(@) (b)
Figure 23. Commercial MD membrane: (a) Millipore's flat-sheet MD membrane (diameter:

142 mm); (b) image of MD pores (image source: emdmillipore.com).

The effective area of membrane area was 6.561 x 1073 m?2. Tap water was used in
feed water to study the heat and mass transfer mechanisms to delay the concentration
polarization of an aqueous solution (Martinez-Diez and VVazquez-Gonzalez, 1999). The
feed water temperature was measured constantly at the inlet and at the outlet of the
membrane module with an accuracy of = 0.025 °C. FLUKE’s RTD probes were

installed and connected to Nation Instruments’ data acquisition (DAQ) hardware. The
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air pressure of the chamber was measured by Setra’s pressure transducer, and the

measurable range of it was 500 — 1000 mbar with a precision of + 0.02%.

The cooling surface of the condenser inside the module was a flat-plane circular wall
made of stainless. It is needed to avoid the water bridge effect between the stainless-
steel mesh on the membrane side and the condensing wall. Therefore, the minimum
air-gap size for the test was decided to be 3.2 mm for the following reasons:

(i) Tsuruta et al. (1991) showed that the maximum radius of condensate droplet on the
stainless-steel surface was around 1.8 mm.

(ii) a simple observation test for a water bridge phenomenon between the two surfaces
was performed using water at ambient temperature. It resulted in no more water-bridge

effect at a bigger than 3 mm gap size.

A diverter flap controlled by a stepping motor was installed to collect the produced

water at the dish only for the measuring period.

4.3.2 Test

The investigation was conducted using different air gap sizes of 3.2, 6.4, and 9.6 mm
at variable feed temperatures and pressures ranging from 40 to 80 °C and from 59 to
101 kPa, respectively. The vapor flux was investigated with three different air-gap
pressures (59, 80, and 101 kPa). The sub-atmospheric pressures were controlled by a

vacuum pump (JB Industries CFM Vacuum Pump) connected directly to the acrylic

63



vacuum chamber. The flow rate of the feed and coolant was 10.9 x 107® m3-s* and

16.7 x 107 m*-s™%, respectively.

The produced water coming out the AGMD module was collected at the water dish for
every 80 minutes. The quantity of the evaporated and condensed water at the free water
surface of the dish was ignored. Citizen CX301, of which the readability is 0.1 mg with

+1 mg of the accuracy, was used to measure the weight of condensate.

4.3.3 Uncertainty analysis

Based on the NIST technical note 1297, uncertainties were calculated for all measured

values, such as temperature, pressure, dimensions, and flow rate, by Equation 18:

’ Y
Uy = Zi(a_xi) U? (18)

where X; and Y represent measured and calculated variables respectively. Uy and Uy

are the measured and calculated uncertainties, respectively.

Table 6 shows the results of the calculated uncertainties due to the measurements. The
dominant sources of uncertainties were variations of the temperatures in the feed and
cooling channels, mostly due to the uncertainties of RTDs and thermocouples. The
DAQ temperature module controlled the feed temperature within a range 0.1 °C

within the setpoint temperature. In contrast, the cold inlet temperature for the condenser
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varied £0.5 °C around the setpoint value by the chiller itself. The uncertainty associated
with the measurement of time was not considered in this thesis since the flap diverter
was automatically operated every 4,800 seconds (or 80 minutes) based on the clock of

the desktop computer.

Table 6. Uncertainties for the measured values.

Temperature Pressure Flowrate Weight Dimension

+0.025 [°C] +0.02 % +1.0 % +1 [mg] 14 [pm]

4.3.4 Test results

In this section, the impacts of the AGMD operating and design parameters on the
system flux are presented. The influences of feed temperature, coolant temperature, and

air gap size and pressure on the permeate flux were considered.

4.3.4.1 Effect of feed temperature and air-gap pressure on permeate flux

The vapor flux (J4gup) of AGMD was investigated with the air-gap pressures (P,4:
101, 80, and 59 kPa), three different feed temperatures (T, : 40, 50, and 60 °C), and

10.4 °C of the fixed temperature of the coolant.

Figure 24 shows the effect of feed temperature and air-gap pressure on the permeate
flux at different coolant temperatures. Increasing the feed temperature led to

exponential rise in the permeate flux. The maximum percentage increment in flux was
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about 198% when feed temperature increased from 40 °C to 60 °C at 101 kPa of the
air-gap pressure and 10.4 °C of the coolant temperature with 3.2 mm of the air-gap size.
Moreover, it shows the impact of air gap pressure on permeate flux at different feed
temperatures. In all three air-gap pressures, the higher feed temperature showed the
higher vapor flux. In addition, more fresh water was produced per unit time at a
relatively low air-gap pressure. A maximum of 32.9 % drop in permeate flux was
observed when air gap pressure increased from 59 to 101 kPa, at feed temperature of

60 °C.
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Figure 24. Vapor flux according to the feed water temperature and the air-gap pressure with

the fixed coolant temperature, 10.4 °C, and air-gap size, 3.2 mm).
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4.3.4.2 Effect of air-gap size on permeate flux

Another important parameter in AGMD operation is the air gap size. The influence of
air gap size at different feed temperatures is presented in Figure 25. Decreasing the air
gap size from 9.6 mm to 3.2 mm at different feed inlet temperatures resulted in
significant rise in permeate flux, particularly at higher feed temperatures. Figure 25
shows about 89 % rise in the fresh water production at 40 °C feed temperature with
reducing the air gap size from 9.6 mm to 3.2 mm while about 37 % increase in the

permeate flux for feed temperature of 60 °C.
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Figure 25. Vapor flux according to the feed water temperature and the air-gap size with the

fixed coolant temperature, 10.4 °C, and air-gap pressure, 101 kPa).
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4.3.5 Analysis

For the diffusion regime through the membrane used in the experiment, the Knudsen
number may be regarded as 0.5 considering the membrane pore size (d,, = 0.22um)
and the mean free path value of water vapor (4,, = 0.11um) estimated by Al-Obidni
et al. (2008). As existing mass transfer models are reviewed in Chapter 3, this Knudsen
number value means the transition region between the Knudsen and molecular
diffusions. In other words, it can be regarded that the water vapor molecules collide
with each other and diffuse through the air film. Consequently, moreover, the vapor
flux can be estimated by Equation 10 in Chapter 3. However, as previously described,
it is worth taking a more straightforward approach since there are still unknowns to

interpret the existing models if possible.

Each vapor-flux result in Figure 24 and 25 were analyzed as a function of the saturated
vapor pressure difference (Apsqae, rw—cw) between the feed (pgq. rv) and cooling water
(Psat,cw) 10 examine the validity of Equation 3 when each vapor pressure term is
replaced by the saturated vapor pressure of feed (psq sw) and cooling water (psqar cw),
respectively. As a result of this trial, Figure 26 shows a strong linear relationship
between the saturated vapor pressure difference, Apsq fw—cw, and the vapor flux,
Jacmp- However, the membrane permeability (K,,,) of Equation 3 differs from each case
and tends to increase as the air-gap pressure becomes lower. Therefore, more reviews
were performed in the following section to find a certain consistency even in different

air-gap pressures.
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Figure 26. Vapor flux as a function of the saturated vapor pressure difference

(APsat, fw—cw = Psat,fw — Psat,cw) at the temperatures of the feed and the coolant water.

4.4. Application of the Kinetic Theory of Gases

Due to the technical limitation in measuring the temperature of the membrane surface
directly, it was assumed that the surface temperature of both sides of the membrane did
not differ from the feed temperature (T¢,,, = Tf,,) and the air temperature of the air gap
(Tp,m = Tqg), respectively. Similarly, it was also assumed that the vapor pressures on
both sides of the membrane were equal to the saturated vapor pressures at the
temperatures of the feed side (psm =~ Drw,sac) @and the air gap (Ppm = Pag,sat )

respectively. Engineering Equation Solver (EES) (Klein, 2019) was used to estimate
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the unknown properties, such as vapor pressure, dew point, density, and so on. The
atmospheric pressure was considered to be 101.325 [kPa], and the air in the gap was

considered as saturated condition (RH=100%).

As existing heat and mass transfer models were described in the previous chapter, the
critical values in Figure 10 should be measured or estimated to predict the system's
vapor flux and heat transfer efficiency. However, to get the unknown values in Figure
27 is technically demanding and requires time and effort (Luo and Lior, 2016; Santoro
etal., 2019), and Lawson and Lloyd (1997) roughly estimated that the (T¢y,m — Tagm)
was about 0.1 °C at low flux and did not exceed 0.5 °C at high flux. Therefore, the
experimental results were collected and analyzed to develop heat and mass transfer

models using easily measurable values, such as the feed and coolant temperatures (Tf,,,,

T,w) and the pressure (F,4) and size (J,4) of the air gap.

Air gap (844)

Coolant
(Tew)

Feed
(TfWJ wa)

Condensate

Membrane Cold wall

Figure 27. Key values of AGMD for the modeling of heat and mass transfer.
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First, it was assumed that the vapor flux of AGMD can be determined by the following

four parameters (Equations 19 and 20):

Jagmp = f(Awa—cwr Pag' 6ag’ Cin) (19)

or

Jacmp = f(Apsat,fw—cw: Pag' 5ag' Cin) (20)

where ATy,,_.,, is the temperature difference between the feed and the coolant, P,  —
total air-gap pressure, &, — the air-gap size, C,, — the characteristics of the membrane
such as the porosity, tortuosity, thickness, pore size, and material. Moreover, ATy,

can be replaced with the saturated vapor pressure difference at each temperature of the

feed and coolant.

4.4.1 Approach based on the Kinetic Theory of Gases (KTG)

It may be worth considering an approach of the statistical thermodynamics for the
phase-change process at the water-air interface since AGMD is a series of processes of
evaporation, movement, and condensation of water molecules. The evaporation and
condensation investigation at the water-air interface has long been performed by
empirical studies to understand the interfacial phase-change phenomena. Among many

approaches for the phase-change study at the liquid-air interface (Rahimi and Ward,
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2005), the Kinetic Theory of Gases (KTG) (Knudsen, 1950; Gerasimov and Yurin,
2018) may be a suitable candidate to analyze the mass transfer of the AGMD at any

total air pressure from atmospheric to sub-atmospheric pressures.

While Darcy’s experiment (Figure 19) dealt with liquid phase in a porous media, Stefan
(1873) and Schrage (1953) suggested the rate of mass transfer between a gas and a
liquid using a vaporization coefficient that was defined by Mache (1910) and Schrage

(1953).

Hertz (1882) conducted evaporation experiments and was first to state the maximum
number (d,) of molecules striking unit area of a liquid surface per unit time in

evaporation (Equation 21):

&, = =N, Gy (21)

where N,, is the number of molecules of gas per unit volume, and c,, is the mean
molecular speed. ¢, can be computed from the Maxwell-Boltzmann probability

distribution function (Equation 22):

N| W

m _mci
P(c,)dc,, = 4m <2k T) (e 2"BTs> cidc,, (22)
B'ts

where T; is the temperature of the liquid surface in K, kg is Boltzmann constant

((1.3806513 + 0.0000025) x 10716[J - K~1]). m is the mass of the molecule.
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Then,

Cm zf CmP(Cm)de
0

(23)

2

3
m \z2 [® _MCin
=4 <2kBTs) j;) c3 (e ZkBTs> c2dc,,

and

o _mch 1 2kpT\? 1 /2kgT,\>
fo c3, (e B >cmdcm 2F(Z)( - >, (24)

where T is the gamma function.

Therefore,

1
= ()’ (25)
mm
From the ideal gas laws,
Ds
N,
™ T, (26)

where p; is the saturation pressure corresponding to the liquid surface temperature (7).
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Considering Equations (21 — 26), the mass flux, J,,, [g - cm™2 - s71], is defined by:

m 1/2
=mdb. =P |—— 27
I = M, S(ZEkBTS) (27)

Introducing the concept, attributed to Knudsen (1915), that only a fraction, o,,, (the
evaporation coefficient, Equation 28) (Wyllie, 1949), of the molecules crossing a plane
adjacent to the liquid surface comes from the liquid, Equation 27 can be rewritten for

evaporation as Equation 29:

Practical rate of evaporation

= 28

%v = Theoretical rate of evaporation (28)
m \1/2

s e () .

]m O-ev N anBTS ( )

where /% is the mass flux of water vapor escaped from the liquid surface due to
evaporation, and the positive sign of the total vapor flux means water vapors evaporated

from the surface.

Similarly, condensation happens at the water-air interface as long as the adjacent air

contains water molecules. Therefore, the condensation can be defined as Equation 30:
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m )1/2

— 30
2rtkgT, (30)

Jm = Gcondpv(

where J,, is the mass flux of water vapor condensed at the liquid surface due to
condensation, o.,,4 IS the condensation coefficient, B, and T, is the pressure and

temperature of vapor, respectively, in the adjacent air.

Considering Equations 29 and 30, the evaporation and condensation at a water-air
interface may be described as Figure 28 shows. The water molecules in the vapor phase
move to the interface and hit the surface. Some of them may be bounced, and the others
may enter the liquid side. In the same way, the water molecules in the liquid can move

to the interface, and some of which escapes from the liquid, and its phase changes to

vapor.
_ Evaporation
my, Tyr e
O O O — Original phase
_7\ ,?1 =~~~ Final phase
/ :’r — — Reflection
Air side / ) O Water molecule
(vapor phase) ! /!
¢ Liquid-air interface
Liquid side \ \
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\
N N
O O O
me my miy
Condensation

Figure 28. Concept of evaporation and condensation process through free water surface.
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After this concept was proposed as the Hertz-Knudsen (H-K) Equation, many studies
continued since then. According to the H-K Equation (Equation 31), the fraction of
vapor molecules that get condensed upon striking the water surface is called a
condensation coefficient (o,,,4). FOr the reverse case, the evaporation coefficient (o,,,)
refers to the fraction of liquid molecules converted to vapor upon striking the liquid-

vapor interface (Gerasimov and Yurin, 2018).

=]t —J- = m Ps — ﬁ
]m—]m ]m 27TkB (Gev\/Ts O-cond\/?v> (31)

For the coefficients of evaporation and condensation, many researchers considered

them as same values (0., = d.ona = o) (Mozurkewich, 1986; Barnes, 1986; Hotyst et

al., 2013). Thus, Equation 31 can be rewritten as Equation 32 and 33:

o= m G(z?s B pv> (32)
2tk \/TS \/Fv

]m=£<ps - pv) where €= o o (33)

\/Ts \/Fv 21kp

Since ¢ is a constant value, it can be regarded that the value of the total vapor flux of
evaporation, /,,, is dependent on the vapor pressures and temperatures of the liquid and
gas sides.
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Similarly, in a microscopic view of the AGMD process, each pore has a liquid-air
interface at the feed side, and evaporated water molecules moves into the air in the pore
(Figure 29). The distillation process through the hydrophobic membrane may be
regarded as the interfacial evaporation and condensation in the kinetic theory of

evaporation.

Membrane

Liquid-air interface
® o
[ ]
® " @
Air side

Membrane

Figure 29. Imaginary concept of the liquid-air interface of the air-gap membrane distillation.

Some of the water molecules moving toward the interface from the air or already
escaped from the liquid can succeed in penetrating the pores of the membrane (Figure
30). In this process, the membrane may be regarded as a resistance to evaporation and
condensation. Thus, it is obvious that the evaporation coefficient of the membrane
(Oepm ) is smaller than that of the free water surface (o, < 0e,), and the
condensation coefficient of the membrane (o.,,4) IS also smaller than that of the free

water surface (0conam < Gcona)-
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Figure 30. Concept of evaporation and condensation process through hydrophobic

membrane.

Accordingly, Equation 33 can be rewritten as Equation 34, after taking into account

evaporation at the membrane surface of the AGMD.

pfw,m _ pag,m ) (34)

Jnomo =
AGMD \/wa,m \/Tag,m

where J46up is the total vapor flux through the membrane pores of AGMD, Ty, , is
the temperature at the feed side of the membrane, and py,, ,, is the saturated vapor
pressure corresponding to Try m - Tagm and pegm is the temperature and vapor

pressure at the air side of the membrane, respectively. Therefore, the positive sign of

the total vapor flux, /,;mp, Means water vapors evaporated from the feed solution come
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out through the porous media. Otherwise, the dehumidification of the air is dominant,

and vapor in the air is condensed into the saline water.

Since the air gap is not filled with bulk wet steam but kept saturated with water vapors
coming from the feed (Hitsov et al., 2017), the vapor pressure at the membrane surface
of the air-side can be regarded as saturated vapor pressure. Therefore, Equation 35 can

be rewritten as:

Psat (wa,m) _ Psat (Tag,m)) (35)

Jacmp = 5(
\/ wa,m \ Tag,m
where psat(Trwm) and psqr(Tagm) IS saturation pressure corresponding to the

temperature, Tr,, , and T, g m, respectively.

4.4.2 Estimation of air gap temperature

Reminding that each saturation vapor pressure in Equation 35 is a function of
temperature as mentioned in Equation 5 (Antoine equation), it can be regarded that the
total vapor flux of the AGMD process is driven by the temperature difference of both
sides facing thin-membrane in between. In other words, since the inside of the air gap
is filled with saturated air, once the air temperature becomes same value to that of the
feed of AGMD, the rate of evaporation and condensation is under equilibrium, and the
vapor flux would be zero. Accordingly, measuring the temperature on both sides of the

membrane can predict the expected vapor flux of the AGMD.
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In the microscopic view, the partial vapor pressure and temperature of the air inside the
air gap change depending on the instantaneous intensity of the vapor flux ejected from
the membrane and the position inside the gap, and it is difficult to depict the profile of
the partial pressure and temperature. Nevertheless, as discussed in the previous section,
since the temperature difference between the feed and air-gap side can be regarded as
the main driving force that determines the vapor flow rate of the AGMD, there is a
representative saturated-air temperature of the gap. Once the representative
temperature (T,,4) of the air is determined, the saturated vapor pressure (pg,) is also
automatically determined according to Antoine Equation (Equation 5), and these

properties can be estimated in some way.

Before estimating T, a solid wall can be considered first instead of a membrane, as
shown in Figure 31. The temperature of the air between two walls of different
temperatures without any disturbance can be considered as average of the temperature

values of the two walls.

a=20 a=1
€+
Th
T,
Hot wall Cold wall

Figure 31. Two walls at different temperatures and a temperature profile
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In Figure 31, the temperature profile between the two walls can be expected to change
linearly as the temperature difference. Moreover, the average temperature of the air can

be defined by Equation 36:

T, + T,
avg = hz - (36)

This average temperature value at which the temperature of the air between the two
walls converges at the point located at a=0.5 in the temperature profile in Figure 31.

Therefore, Equation 36 can be rewritten as Equation 37:

Tavg = Th - a(Th - TC) (a = 05) (37)

A representative temperature (T,,) of the air in the gap of the AGMD may be estimated
in the same way with the method of in Figure 32 and Equation 37. Unlike Figure 31, in
Figure 32, the solid wall on the feed water side was replaced with a water vapor
permeable membrane. Therefore, in addition to heat transfer due to the temperature
difference between the two walls, the thermal energy of water vapor that evaporates
from the feed and passes through the pores of the membrane is added to the inside of

the air gap.
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Figure 32. Factors that determine the temperature inside the air gap of an AGMD.

Accordingly, the temperature (T,,) inside the air gap can be expressed as follows

(Equation 38), and it would be reasonable to assume that the range of a value is 0 < a

<0.5.

Tiy =T — a(Ty, —T.) (0 < a < 0.5) (38)

Since measuring the membrane surface temperature is a technically difficult task, it can
simply be assumed that the surface temperature of both sides of the membrane is equal
to the temperature of the feed and the air, respectively. Therefore, with this assumption,

Equation 35 may be written as:

Psat (wa) _ Psat (Tag)> (39)

]AGMD = S( \/m \/ﬁ*g
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4.4.3 Mass transfer analysis based on the KTG

The above-described experimental results in Figure 26 were used to verify whether
Equations 38 and 39 are valid. The temperature fraction, a, in Equation 38 was found
with a high R-squared regression value through the numerical substitution method. As
a result, it showed the most increased best linear regression for all experimental values
in Figure 26 is when the temperature fraction a = 0.26, as Figure 33 shows. This result
also indicates that the coefficient of distillation (&) has a constant value, unlike the
existing mass transfer models in which the permeability (K,,,) in Equation 3 changes

according to the operating temperature and pressure.
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Air-gap pressure, P,
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Figure 33. Constant coefficient of distillation of AGMD under the operation in atmospheric

and sub-atmospheric pressures of the air gap when a=0.26 in Equation 38.
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To build the confidence in this analysis result, the expected vapor flux under different
pressure conditions (70 and 89 kPa) using Equations 38 and 39 and the experimental
value were compared. For this, the same values of the temperature fraction (a) in
Equation 38 and coefficient of distillation (&) in Equation 39 to the previous result were
applied. As shown in Figure 34, the vapor flux of AGMD applied vacuum pressure was
successfully predicted using this approach without including measurements of the

temperature at each interface in Figure 28 or multi-step mass transfer models.
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Figure 34. Comparison of the predicted and the measured vapor fluxes with 3.2 mm of the

air-gap size and 10.4 °C of the fixed coolant temperature.
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4.4.4 The effect on the air-gap size in AGMD

The air gap size affects the vapor flux directly. Lawson and Lloyd (1997) mentioned
that the flux declines linearly with 1/5,,. Banat and Simandl (1998) reported that
reducing the air gap would increase the flux product due to the increase of the
temperature gradient in the gap. Hence, it is necessary to consider the change of water

flux according to the size of the air gap within the current approach based on the KTG.

To observe the effect of change in air-gap size, each water flux was measured after
increasing the size from 3.2 to 6.4 and 9.6 mm under three different pressures (59, 80,
and 101 kPa in absolute). Each measured flux was displayed in a scatter plot (Figure
35) following the reviewed KTG model. As a result, each point was arranged linearly
according to the size of each gap, and the effect on the vapor flux according to the
increase of the gap size was clearly shown. To reflect the effect of the air-gap size in
the current proposed model, attention was paid to the slope of each trend line in Figure
35. The change in the coefficient of distillation, &, is more significant for the size
change from 3.2mm to 6.4mm (AS;_,) than the size increase from 6.4mm to 9.6mm

(AS,_3) despite the constant size change (Ad,, = 3.2mm).
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Figure 35. Figure 36. Vapor flux according to the H-K and the air-gap size.

According to previous studies (Jonsson et al., 1985; Alkhudhiri et al., 2012), water
vapor escaping from the porous medium of the AGMD diffuses and travels through the
air gaps before reaching the cooling surface. In addition, these researchers reported that
these mass transfer operations in the gaps occurred due to the concentration differences

(or gradient) of water molecules in the gas mixtures.

To analyze these diffusion phenomena of the water vapor in a gap mathematically,
water vapor was called as component A and the other gases as component B.
Considering this binary gas-phase diffusion of component A in a simple diffusion tube,
Fick’s law for the flux of molecule A can be expressed as (Geankoplis, 2003; Bird et

al., 2002):
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dxs, (1 —x4)N,
dz DsC

(40)

where N, is the mole flux of A in z direction [g-mol-m=2-s71], Dsp - the
molecular diffusivity of A in B [m? - s71], C - the total concentration [g - mol - m™3],

x4 - the mole fraction of A.

At constant temperature and pressure, the total concentration C (=P/RT) and D, can
be considered to be constant and the concentration profile may be expressed as

(Geankoplis, 2003; Bird et al., 2002):

(a1 — X42)
Nayl,=p. = D
el = Pae G “
where x5 is the mole fraction of B and (xg) ;n:
(8)m = (X2 — Xp1) _ (a1 — X42)
BA T In(xpy/x51) In (ﬂ) (42)
— Xa1

Moreover, D,5C may be simplified with the following expressions (Jonsson et al.,

1985):

D,sC = 63 %1075 /T;g (43)
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Based on Equations 41 through 43, the mole fraction ratio, ¢ (= (x41 — X42)/(X5) 1m),
was calculated to investigate the relationship with the gap size of AGMD in
atmospheric and sub-atmospheric pressures (Figure 36). The mole fraction value
increases linearly as the length of the diffusion path in the air gap becomes longer.
Moreover, the lower the air pressure, the more significant the difference of the mole

fraction value along the length.
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Figure 36. Change of mole fraction ratio according to the gap-size with constant operating

temperatures (Tr,, = 60 °C; T, = 10.4 °C).

As a result of analyzing experiment data, the diffusion tendency of water vapor from

the membrane to the condensing surface shows that the water flux is determined
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according to the power law of the reciprocal of length, as Figure 37 shows. Therefore,

the final mass transfer model may be described as Equation 44.
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Figure 37. Vapor flux as a function of the air-gap size (644, f = 0.26) and feed (T%,,) and
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converged temperatures (T,,) of the air gap.
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4.4.5 Heat transfer analysis

Thus, the correlation between the water flux and the cooling water temperature change
was investigated under various test conditions ( P,g— 60,80,101kPa; Tg, —
64 °C; Ty — 6.4,14.5 °C; 8,4 — 4.5,9.0 mm). Figure 38 shows how Jgup is related to
q". The heat flux delivered to the condenser of the AGMD is mainly governed by the
latent heat absorbed during the condensation, and the sensible heat transfer from the
feed to the coolant is negligible. Therefore, heat transfer of the AGMD process can be

estimated by Equation 45.
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Figure 38. Change of temperature difference of the inlet and outlet coolant water according
to the vapor flux (Test condition: F,;, — 60,80,101 kPa; Tf,, — 64 °C; Ty, —

6.4,14.5 °C; 845 — 4.5,9.0 mm),
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4.5 Wave-powered AGMD desalination for coastal residents

As shown in Chapter 1, stable water supply to small islands is a challenge that needs to
be solved to realize water welfare for all. In the case of small-scale RO, which is
currently mainly used in islands, the SEC value is very high, 9-19 kWh-m~3, as
mentioned above and it must be accompanied by a stable electricity supply. For this
issue, it may be possible to find a way to solve the drinking water supply problem by
actively utilizing the abundant resources of the small islands. For example, people can
see waves around islands 24 hours a day, all year round. Moreover, as can be seen in
Figure 6, dwellers live on a part of the coastline, and most of the island is an unused
space with abundant sunlight during daytime. Therefore, it may be considered a method
to supply water to islanders by using desalination facilities utilizing wave power, solar-

photovoltaic or -thermal systems.

In this section, the vacuum-applied AGMD system studied above is proposed as a novel

desalination device using wave power among many other renewable energy options

and its performance is evaluated.
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4.5.1 System description

A sub-atmospheric pressure at the permeate side of MD can be provided by the density
difference between two bodies of a buoy system, as shown in Figure 40. The density
of the lower body is greater than that of the upper body, and the difference is enough
to expand the air gap between them by gravity. Furthermore, the air-gap pressure of
this floating system can be changeable according to the sinusoidal motions of sea
waves.

The driving energy of the proposed seawater desalination system (WavoWater) is a sea
wave that conducts heaving motions of a cylindrical bodies, and the energy is converted
to electricity by a wave energy converter (WEC) and creates vacuum in the gap of two

bodies (Figure 39).

s Upper body (p,) e,
| Check valve
Air gap {} —
R Lower body (p;) _
J Flexible sealing

Seawater

Figure 39. Concept of a wave-powered AGMD desalination system (University of Maryland

Invention Disclosure PS-2019-125).
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The mechanical energy of wave motions is converted to electric power by a power take-
off (PTO) device to provide electricity for the heat pump (HP) operation. Then, the
hydrothermal energy of seawater is collected by the HP to heat up the draw solution
(DS), which always maintain higher concentration than the surrounding seawater body.
The DS creates a natural osmotic pressure between two solutions, so that water
molecules of the seawater can penetrate the forward osmosis (FO) membrane and move
to the DS. Then, water vapor flux is created from the DS to the air gap by the vapor
pressure difference between two sides of the membrane-distillation (MD) membrane.
The MD membrane is hydrophobic so that only water vapor is allowed to pass through
the MD membrane pores from the feed to the permeate side. Finally, the vapor in the
air gap is condensed and collected after contacting the cooling surface provided by the
HP system. The latent heat recovered during the condensation is reused for heating the
DS. This working process is designed to be continuously operated as long as the
electrical power is supplied enough by the sea wave motions, and it can be described
that WavoWater consists of five key processes to produce freshwater from the sea water

(Figure 40):

(1) Converting sea-wave energy to electric power for the HP operation using the
power take-off (PTO) inside the WavoWater;

(2) Absorbing hydrothermal energy from the sea and heating DS using the HP;

(3) Generating water vapor flux through the hydrophobic membrane by evaporation
process;

(4) Condensing water vapor in the air gap;
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(5) Transporting water molecules from the sea to the DS by the natural osmotic

phenomenon.
Condensation ]
Fresh water - T Hydrophobic
: membrane
Heat : A
recovery i Vapor i Evaporation
' H
Power take-off _ Heat pump _ Draw solution
(PTO) Electric (HP) Heat (DS)
power Absorbing Higher salinity than
Converting sea- hydrothermal seawater and
wave energy to energy and maintaining the
electric power recovering latent temperature around
heat 40-70 °C
Mechanical ‘ Hydrothermal ‘ Water ‘ Osmosis
energy i energy molecules i phenomenon
Sea e .| Forward osmosis
(FO) membrane

Figure 40. Key processes of wave-powered desalination to produce fresh water from feed

seawater.

To secure the feasibility of the process of Figure 40, WavoWater was designed as a
cylindrical feature and divided into upper (the outside hollow cylinder) and lower (the
inside cylinder) bodies (Figure 41a). There is a space between the upper and the lower
bodies, and this gap is filled with moist air. Therefore, the water of the DS is vaporized
as long as the vapor pressure of it is higher than that of the gap between the MD
membrane and the upper body (i.e. the bottom of Mechanical Room 1) (Figure 41b).
The size of the air gap increases or decreases according to the interaction between two
bodies. The stoppers determine the minimum and maximum clearance of the air gap.

There is a pipe connecting the air gap and the atmosphere, and the check valve attached
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the pipe can allow the air flow from the gap to the atmosphere only when the gap
pressure turns to be compressed. Thus, at the minimum clearance, the gap pressure can
be assumed as slightly greater than or similar to the atmospheric pressure (P1, Figure
41a) — it depends on the volume change rate, the pipe diameter, and the weight of the
check valve. Otherwise, sub-atmospheric pressure is created due to the check valve

during the air volume is in-creasing (P, Figure 41b).

R ] Desalination system (WavoWater)

Upper body (m;, p;) S

Seawater (pg,,)

(@)

Mechanical room 1: WEC and economizer of HP

i1<]

Condenser of HP

Draw solution

Evaporator of HP

Seawater (pp)
(b) (9)
Figure 41. The concept of the wave-powered desalination system consisting of two different
densities bodies (p,>p,): (a) Atmospheric pressure status of the air-gap when the upper and
the lower body are closest; (b) Sub-atmospheric condition of the air-gap due to the volume

expansion caused of the density difference; (c) Mooring system of WavoWater.
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Therefore, the lowest absolute pressure of the gap is created when the lower body hit
the stoppers and the gap size is in maximum. The density of the lower body is designed
to be higher than those of the upper body and seawater. Thus, the lower body tends to
sink while the whole system (WavoWater) is floating, and the relatively different
heaving motions of two bodies provide the gap-size and pressure changes without an
electric-power source. For the system design, Mechanical Room 1 and 2 of the upper
body have mechanical devices, such as a power take-off (PTO), parts of a HP including
condensing surface (the economizer and evaporator of the HP). The lower body

contains the DS, a condenser of the HP for heating, and the MD and FO membranes.

The role of the HP is to heat the high concentration solution in the system after
recovering the latent heat of the condensate and absorbing the thermal energy of
seawater. Therefore, commercial HP water heating (HPWH) systems can be applied.
Like the air-conditioning systems, the HPWH uses a vapor-compression refrigeration
cycle to deliver the heat absorbed from a low-temperature source to a high-temperature
reservoir. According to a literature review (Arpagaus et al., 2016), the high-temperature
reservoir of present HP technol technologies can maintain from about 35 to 125 °C.
Considering the heat recovery from the distilled vapor and seawater thermal energy,
the good heating performance using two heat sources at different temperature levels is

critical to the WavoWater.
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4.5.2 Performance evaluation

To assure the reliability of grid-independent desalination technologies as alternative
water supply systems, water production capacity should be considered as one of the
most critical factors. Therefore, the water production capacity [kg - day~'] of the
proposed system using wave power were evaluated according to the operation

temperature of DS (Tps) and change of the air-gap pressure (P,,) of WavoWater as

shown in Figure 42. The wave-created vacuum system clearly shows that the higher
and operation temperature and vacuum level, the higher the water output per unit
system. In particular, it shows that when the heating temperature is low, the system
capacity value of the system decreases gradually as the operating pressure decreases
(Figure 42a).

The wave energy consumed to produce pure water per unit mass is depicted in Figure
42Db. It can be seen that the required wave energy increases as the operating setting
temperature of DS increases. This result can be explained as the reason that the HP has
a higher COP as the temperature level of the high-temperature reservoir of the HP

system is lower.
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Figure 42. WavoWater'’s (a) water production capacity according to the operation

temperature (Tps) and air-gap pressure (F,g), and (b) required wave power according to the

operation temperature (Tp).

Figure 43 describes a conventional desalination system and WavoWater with all energy

and material streams, such as seawater, fresh water, and brine. General desalination
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plants except for zero liquid discharge desalination (ZLDD) discharge brine into the
sea after separating fresh water from feed seawater (Figure 43a). As reported by
previous studies (Kaplan et al., 2017; Terrados and Ros, 1992), the discharged high-
concentrated solution may cause environmental issues and disturb the ecosystem
equilibrium. Thus, a ZLDD system combined with a solar pond or evaporator is applied
to minimize environmental impacts even though it requires more initial and operating
costs. Otherwise, the WavoWater can skip the brine discharge since FO is applied. Only
water molecules can pass through a FO membrane by a natural osmotic phenomenon
and be separated by the heat released from a heat pump. Therefore, it can produce fresh

water without generating concentrated brine (Figure 43b).
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Figure 43. Comparison between (a) a conventional desalination system and (b) WavoWater.

100



Chapter 5: Condensation of Moist Air

In the AGMD system, the product water is condensed on a cold surface in the air gap
and discharged to the outside. This condensation lowers the water vapor pressure of the
moist air in the air gap, and the lowered water vapor pressure increases the driving
force across the membrane. Eventually, the condensation can be considered as one of
the determinants that induce the permeate flux of AGMD. Therefore, understanding the
condensation on the cold surface of moist air may provide important clues to improve

the performance of the AGMD system.

Since Schmidt et al. (1930) reported their discovery that DWC showed a much higher
heat transfer coefficient than FWC, considerable efforts have been made to understand
the DWC characteristics (Rose and Glicksman, 1973). Most previous studies on DWC
can be broadly classified into two categories: heat transfer and droplet dynamics,
including formation and distribution. This chapter pays greater attention to the droplet
dynamics rather than heat transfer due to the aim of enhancing water productivity in
the AGMD process. Therefore, this chapter discusses condensation phenomenon on
surfaces based on the literature. Then, the observation of condensation phenomenon of
AGMD was carried out and an experimental study on a similar condensation pattern

was conducted.
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5.1 Literature review on condensation on a cooling surface

A condensation process is required for thermally-driven HVAC systems in buildings,
atmospheric water harvesting, and seawater desalination systems, including AGMD.
The application of such a condensing process may have different perspectives
depending on the main interest, such as the phase change from the gas to the liquid, the
amount of the recovered latent heat (i.e. mass quantity of condensed water), or
condensate dynamics on a cooling surface. However, understanding these condensation
phenomena is still a big challenge. Nevertheless, one of the conditions for condensation
to occur is that the surface temperature, T, is lower than the saturated vapor
temperature, T,.. Moreover, in engineering, condensation process can be classified
into two classes: one is dropwise condensation (DWC) and the other is filmwise

condensation (FWC) (Figure 44).

(@ (b)

Figure 44. For the condensation process, it is known that it generally occurs in two ways

(image source: Bergman et al., 2011): (a) dropwise condensation (DWC) and (b) filmwise

condensation (FWC).
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5.1.1 Filmwise condensation (FWC)

The dominant form of FWC is where a film of condensate covers the entire surface of
a cooling surface and, under the action of gravity, the film flows continuously over the
surface (Bergman et al., 2011). The film originates at the top of the plate and flows
downward. The thickness of the film depends on several factors: condensation rate,
viscosity of the condensate and whether the surface is horizontal or vertical, etc. Vapor
is condensed out of the film and heat is transferred by conduction through the film to
the metal surface below. Therefore, condensate film plays a role of resistance to heat

transfer from moist air to a cooling surface.

Advection can be negligible, and the surface heat flux may be expressed as (Bergman

etal., 2011):

q" = hy(Tsar — Ts) (46)

The local convection coefficient (h,) is:

hy =— (47)

where k; is the thermal conductivity [W -m™1-K~1], §, is the condensate film

thickness [m].
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In the case of a thermally driven desalination system or power plant that condenses
bulk steam, the heat flux of the condensing surface is almost similar to the latent heat
of evaporation released per unit surface area and time. Therefore, the magnitude of the
heat flux can be regarded to be proportional to the amount of condensate. In this regard,
Kim et al. (2021) showed that the production of condensed water generated from the
dehumidification facility in a greenhouse changes linearly at a temperature difference

of 15 to 25 K through literature survey (Figure 45).
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Figure 45. Condensate generation rate with according to the temperature difference between

the temperatures of the saturation (7,,.) and cooling surface (7;) (Kim et al., 2021).

5.1.2 Dropwise condensation (DWC)
Water is condensed and forms droplets on a window glass in winter or cold HX metal

surface. This condensation follows certain own rules depending on several influencing

factors, such as the properties of moist air and the temperature and condition of the
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condensing surface. The properties of the moist air in contact with the condensing
surface can be defined as total atmospheric pressure, partial water vapor pressure (or
humidity), air temperature, and airflow rate in contacting with the surface. Cooling
surface conditions that affect dew generation include temperature, wettability, shape
and slope of the condensing surface. In addition, there may be many other factors that

affect the nucleation and growth of droplets during condensation.

Condensation, in which condensate droplets form throughout the cooling surface, is
called dropwise condensation (DWC). The DWC mode can be observed early in the
condensation process as small droplets start to form at nuclei sites, and grow due to
continuous condensation. Then, coalescence between adjacent droplets significantly
increases the size and volume of the droplets. When the condensed droplet reaches a
critical size at which the gravity force overcomes the surface tension force, it starts to
move in the direction of gravity along the condensing surface. This series of

condensation processes from formation to release is a typical characteristic of DWC.

Schmidt et al. (1930) experimentally showed that the heat transfer coefficient in DWC
mode is much higher than that of FWC, and since then, many researchers have made
considerable efforts to understand the mechanism of DWC and take advantage of it.
However, maintaining DWC in industrial applications is often difficult although it is

desirable.
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5.1.3 Droplet growth dynamic in DWC

It is known that the growth pattern of condensate droplets of moist air on cold surfaces
follows a power law and can be divided into two regimes, each of which is
distinguished by a different exponential value (u4, u,) as Equation 48 (Viovy et al.,

1988; Castillo et al., 2015).

(rq) ~ th (48)

where (ry) is the average radius of droplets, t is time, and y; is the growth law
exponent of each regime. Especially, the power of the first regime is generally smaller
than that of the second (e. g. u; < u,) according to previous experimental research (Lo

et al., 2014, Castillo et al., 2015; Kajiya et al., 2016).

In addition to the two-growth regimes following the power law, Meakin (1992)
reported the four growing stages of droplets on a hydrophobic cooling surface. He
simulated each step emphasizing the coalescence process based on the power law of
Equation 29. Macner et al. (2014) investigated how wettability affects the time
progression of condensation through alteration of the physics involved in coalescence
and how the presence of a frequent and periodic removal mechanism working on the
surface alters the drop populations. Their results showed that it takes less time to reach
the maximum number density when the contact angle decreases due to the differences

in perimeter availability for coalescence and differences in the physics of coalescence.
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5.2 Condensation formation on a condensing surface in an AGMD module

As already mentioned in the previous chapters, AGMD is a process of producing high
quality water by condensing the saturated vapor, which is coming from the interface of
the feed solution and a hydrophobic membrane, at the internal cooling surface. For the
condensing wall, commercial or lab-scale AGMD modules typically employ stainless
steel considering the cost and the exposure to the corrosive environment (Woldemariam
etal., 2017; Garcia-Payo et al., 2000). It was reported that stainless steel plates operate
in a dropwise condensation (DWC) mode with the dry-saturated (Stylianou and Rose,
1980; Hoeing et al., 2020) or unsaturated water vapor pressure cases. Moreover,
McQuiston found that dropwise condensation (DWC) was promoted on aluminum,
copper-nickel, and copper surfaces (McQuiston, 1980). Similarly, in the AGMD
process, condensation occurs on a stainless-steel surface placed in moist air maintained
at or below dry saturated vapor pressure. Therefore, the condensing surface of the
AGMD is expected to operate in DWC mode other than FWC. In fact, in the AGMD

experiment, it was observed the DWC mode was maintained as shown in Figure 46.

107



Figure 46. DWC mode on a cooling surface (4 %, stainless steel plate) with 50 °C of feed

water temperature during the AGMD tests.

Thus, understanding the patterns of condensate droplet formation in various humidity
and temperature conditions may provide hints to improve the water productivity of the
AGMD having a DWC mode. The following section discusses the experimental

equipment design, methodology, and results for the DWC and its dynamics.

5.3 Experimental investigation on droplet growth on a cooling surface

During the whole tests of the AGMD, only a dropwise condensation (DWC) mode
was observed on the stainless-steel condensing wall. Thus, another test facility was

built to understand the physical pattern of the DWC from nucleation and departure.
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5.3.1 Experimental design and setup

Small-scale experiments were designed to examine DWC’s characteristics according
to the change of air temperature and humidity. The experimental setup for droplet
observation tests is depicted in Figure 47. The humid air chamber is a 1.0m x 0.6m x
0.6m acrylic box covered by insulation materials. To provide natural convection mode,
no fan was installed. The humidity was controlled by the hydrophobic membrane
module which can generate water vapor according to the water temperature and flow
rate inside the module: The vapor flux becomes increased by the higher temperature
and flow rate of the circulated water. Hence, the inlet water temperature of the
membrane module was measured constantly with an accuracy of + 0.025 °C. FLUKE’s
RTD probe and connected to Nation Instruments’ data acquisition (DAQ) hardware.
The water is heated up by a 3M’s polyimide film heater in the hot water tank, and its
flow rate is controlled and set in constant values manually by a globe valve and a taper-
tube flow meter. The same type of flat sheet hydrophobic membrane described in

Chapter 4 was used.

109



‘ Chamber

window
(] Power
o g _® - controller
Camera = & Ir
85 heater A
QO w
Membrane

9J st |
—

—q c;,— -
Chiller Heater
| Pump

Figure 47. Schematic diagram of the test setup for the observation of dropwise condensation.

The air pressure of the chamber was measured by Setra’s pressure transducer, which
has £0.02 % of precision. The air heater and membrane humidifier were controlled
through the LabView controller in order to maintain constant temperature and humidity
based on the measured values from room temperature and humidity sensors. Inside the
chamber, a ring-shaped light was used to obtain a distinguishable picture and measure
the size of the condensate droplets that formed on the condensing surface. The lamp
was installed along the circumference of the circular observation window as the center
to provide uniform illumination and avoid reflected light spots when a video camera

records condensate droplet on a vertical cooling surface through the window (Figure
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48). Moreover, the cooling surface to observe DWC was prepared with a copper plate
covered by black-colored polyethylene terephthalate (PET). The images were taken
with a digital camera (CANON EOS 600D) with EF-S 18-55mm lens. The camera was
placed on a fixed tripod to ensure a constant focal length from the lens to the surface.
Real-time videos were taken using the camera and recorded at the main computer at

the same time.

Figure 48. A view of the test setup composed of a temperature and humidity chamber and a

video camera for the condensate droplets observation.
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5.3.2 Performance evaluation as a constant temperature and humidity chamber

Since changes in relative humidity have a great effect on the size and creation rate of
droplets, it is extremely critical to maintain constant temperature and humidity in order
to obtain reliable data on the growth of water droplets in a specific environment (Kim
et al., 2021; Haque et al., 2018). Therefore, before conducting a full-scale observation
experiment for DWC, a performance test was performed to check whether a constant
temperature and humidity can be maintained in the chamber. The temperature range
and the RH range of the performance test were 25-48 °C, 40-99 %, respectively. After
reaching and stabilizing at specific points of moist air properties, the chamber
temperature and RH were maintained within £0.5 °C and £2 % of the set values,

respectively, as shown in Figure 49.
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Figure 49. The performance test results of the temperature and humidity chamber to

maintain a constant temperature and relative humidity of the air.
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During the performance test, the condensate droplets on the cooling surface in the
chamber were observed to check their circular shapes and the light reflection for
measurement (Figure 50). Droplets smaller than 100 um were blurred due to optical

limitations, so droplets larger than 100 um in size were selectively measured.

Figure 50. A circular droplet image obtained from the temperature and humidity chamber.

5.3.3 Experiment and observation

The distribution and growth of condensate droplets are monitored a part of the surface
at different relative humidities and temperatures. The recorded files were captured

every 10 seconds to analyze droplet formation and distribution.

Each DWC experiment is performed at a specified air temperature, RH, and coolant

water temperature. The condenser surface temperature (T,.) was assumed as the mean
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temperature of the inlet (T, ;,) and outlet (T, o) chilled water temperatures of the
condenser (T, = 0.5T,, i + 0.5T¢y, oue). The cooling water temperature was measured
in real-time and controlled by the chiller, and the temperature data was collected every
second by the DAQ system. After confirming the test chamber's constant air properties
and coolant temperature, the condensing wall was swiped under the sealing status by a

rubber wiper to remove all droplets and clean the test surface before recording.

After preparing the initial condition, DWC experiments were performed at four cases
in order to investigate the physical pattern of DWC in various situations (Case I: Ty,
39.9 °C, RH: 55.3%, Ty, in: 11.5 °C; Case II: Ty;-: 40.0 °C, RH: 60.4%, Ty in: 4.3 °C;
Case IllI: Tg;-: 30.5 °C, RH: 99.7%, T¢yy in: 17.3 °C; Case IV: Tg;,: 43.5 °C, RH: 30.0%,

Tppin: 4.3 °C).

The actual measurements and counts of drops were made by image processing work
using MATLAB. Real-time videos were taken using the camera and recorded at the
main computer at the same time. The recorded files were cut as 880x880 pixels by
Daum PotEncoder 2.1 software, and then automatically captured every 10 seconds with
PotPlayer software to analyze droplet growth and distribution. The size of a single-
pixel was 21.67 um. Drops down to 10 um in diameter were detected and measured.
Drops less than 100 pm of diameter could be seen but were blurry due to the optical
limitation. Therefore, drops smaller than 10 um in diameter were ignored for the later

analysis.
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5.4 Droplet growth pattern analysis

5.4.1 Droplet image processing

After taking droplet images in a time frame, each image was pretreated to make it easy
to detect each droplet on the provided surface. Then, post-processing work was
performed by using a script developed in MATLAB by following the procedure in
Figure 51 to measure and characterize the size, numbers, distribution, and coverage

area of droplets on the surface.

Taking droplet image Pre-treatment:
—— Rawlmage Input — color enhancement — White point detection

Binary image
Sufficient l

Characteristics
analysis: Circularity decision:
Output < Size, distributions, All white points
coverage

l Insufficient

Removal

Figure 51. Post-processing procedure for measuring and counting droplets.

Using a digital camera and image processing tools, including MATLAB, droplet-life
images from nucleation to departure were taken after recording and post-treated in an
880x880-pixel size. All droplets on a cooling surface were recognized using the
automated image post-processing script, as Figure 52 shows. Then, these all-detected

droplets were characterized to analyze the droplet growth pattern.
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Figure 52. (a) Image of droplets on the cooling surface, (b) Droplet detection by imaging

process.

5.4.2 Analysis of droplet growth characteristics

Droplet nucleation and growth proceeded in four stages before the first departure
occurred, followed by sporadic and repeated runoff (steady state) from the hydrophobic

(PET) surface:

(Stage 1) Tiny water droplets begin to appear all over the surface, and a large number
of uniformly sized water droplets are detected in an instant (Figure 53a);

(Stage I1) they coalesce between adjacent droplets and the width of the droplet radius
increases over time (Figure 53b);

(Stage 1l1) The coalescence between the droplets eventually created voids in the
substrate for second-generation droplet nucleation and growth. As a result, second-

generation drops have prospered noticeably (Figure 53c);
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(Stage 1V) Then, once the first-generation water droplet reaches a critical size, it
begins to move on the surface from its original position in the direction of gravity by
its own weight, sweeping away the small water droplet in the moving direction (Figure

53d). Therefore, its size and movement speed rapidly increase.
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Figure 53. four-stage transient process of dropwise condensation.
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This four-stage transient process of dropwise condensation repeatedly occurred after
the departure of the condensate droplets. With the continuous formation of new

droplets, the build-and-leave process finally reaches a steady state.

Droplet growth images were collected for Case | (T,;-: 39.9 °C, RH: 55.3%, Ty in:
11.5 °C) and analyzed first. The relationship between the condensate droplets’ growth
and the time was investigated. Droplet growth characteristics investigated the
relationship between the growth and time of condensate droplet growth as an analysis

of the evolution of the average droplet diameter, (2r;) (or radius, (r;)).

The droplet pattern characteristics can also be described in terms of the evolution of
the average droplet radius as shown in Figure 54. The transition between each regime
is quantitatively defined based on distinct changes in mean radial growth behavior. The
x and y axes are time and droplet size expressed as exponential values, respectively.
The change in the size of the water droplet with time can be divided into three zones,
and the growth rate of the droplets in each zone can be characterized by a different
intrinsic slope (u; and u;;) in Figure 54. For the first regime (Regime 1), the droplet
started to nucleate and grow with the u; = 0.51 of the power-law exponential value.
During the regime (Regime 1), the size distribution of the droplets present on the surface
was very narrow. After passing 210 seconds since the first exposure of the clean
surface, the second regime started with the doubled slope (u;; = 0.99). The observed
sharp difference in radial growth behavior between Regimes | and Il is analyzed to be

due to the respective predominance of growth-by-droplet coalescence versus direct
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condensation as factors affecting growth. In the radial growth behavior of Regime I,
unlike Regimes | and I, the slope of the average radial growth behavior did not
increase, but rather showed a tendency to decrease over time. This is because large
droplets reached a mature state from a growth point of view, and as many tiny droplets
were formed by direct condensation in the voids created by the coalescence between

droplets, it affected the average growth behavior.
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Figure 54. Condensate droplet growth pattern according to the time and it's distinguished

regimes (Case 1:T,;,- = 39.9 °C, RH 55.3%, T, i, = 11.5 °C).

In order to investigate the growth pattern under different humid air conditions, the
experiment was conducted for three cases (Case II, I1I, IV) in the same way after

performing Case I, and the results of each were shown in Figure 55 through image
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processing analysis. Each growth graph is plotted similarly to Case I, and each
exponential value of the power law is summarized in Table 7. For the first regime, the
exponential values of the power law were in the range of 0.43 — 0.63, while the
exponential values of the second regime ranged between 0.99 and 1.03. It is also
noteworthy that the starting point of each regime observed is different in each case.
Since the properties of air and the temperature of the condensing surface are the
variables of these experiments, the starting point of each regime may correlate with

these variables.
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Figure 55. Two regimes were distinguished for all four different air-conditions (Casel:
Tair = 40.0°C, RH 60.0%, ATy, = 25.2°C; Case2: T, = 39.9°C, RH 55.3%, ATy, =
17.2°C; Case3: T, = 30.5°C, RH 99.7%, ATy, = 12.9°C; Case4: T, = 43.5°C, RH

30.0%, ATy, = 16.5°C).
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Table 7. Exponent of the power-law for the four cases of the moist-air DWC.

Case | Case Il Case 111 Case IV Average
Uy 0.51 0.48 0.43 0.63 0.51
Ui 0.99 1.13 1.05 1.03 1.05

The purpose of the analysis of the condensed droplet pattern is to increase of the
quantity of the condensate in the AGMD process. Therefore, the volume change of the
droplet on the condensation surface was investigated (Figure 56) by using the
developed MATLAB script. The water volume of the cooling surface starts to sharply
increase at Regime 11, while the volume change according to the time in Regime 111 is
slightly decreased after Regime Il. Thus, I discuss the volume change as a function of

the periodic time interval for sweeping the surface in the next chapter.
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Figure 56. Volume change of the DWC droplets on a cooling surface (Case I: T,;- = 39.9 °C

, RH 55.3%,T,,, ;n = 11.5°C).
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Chapter 6: Condensation Enhancement in DWC

Since the overall heat transfer coefficient of DWC is around 5-7 times higher than that
of FWC, many researchers have focused on developing novel technologies for
removing the condensate quickly to maintain the DWC mode longer period. Regardless
of whether it is in the form of DWC or FWC, the condensate provides thermal

resistance between the vapor and the surface (Bergman et al., 2011).

Therefore, condensation enhancement and quick removal of condensate is an effective
way to achieve these goals. However, once condensate is generated on cooling surfaces
such as fins, it is hard to remove it before the condensate grows enough to drop down
by gravity. When the water vapor condenses and accumulates on the air-side cooling
surface as shown in Figure 57, this condensate remaining on the surface can
significantly affect the performance of the HX by reducing the airflow path and creates

an additional pressure drop.

Figure 57. Reduction of the airflow path of a heat exchanger due to the condensate on the

cooling surface (provided by E. Klien, CEEE).
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As the condensate on the cooling wall acts as a thermal resistance, the density and size
of the condensate can decrease the rate of condensation. Considering the fact that many
industrial distillation processes employ mini-channel HX, the condensate on the HX
surface can significantly limit the system performance (Van de Bor, 2014;
Butrymowicz et al., 2014; Liu et al., 2020). Similarly, the condensers in AGMD

modules may deteriorate freshwater production rates and thermal efficiencies.

Therefore, in this chapter, techniques to increase the condensation heat transfer and
thermal efficiency of DWC were investigated through literature review. In addition,
techniques for enhancing the performance of the condensation process in the AGMD
desalination process were investigated. An improvement method for the condensation
process of AGMD is presented in this chapter based on the investigation of the previous
technologies and the results of the experimental study on the growth pattern of DWC

in the previous chapter.

6.1 Literature review of condensation enhancement technigues

For the rapid removal of water droplets from cooling surfaces, two condensation
enhancement types of techniques can be considered in general, passive and active
(Butrymowicz et al., 2014). The passive techniques do not require the application of
an external power source or arbitrary action to clean the surface, whereas active
techniques require a moving promoter or power supply to either enhance heat transfer

or remove the condensate. Many passive and active technologies can be found in heat
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exchangers or condensers used in heating, ventilation, and air conditioning (HVAC)

systems, power plants, sand oil extraction plants, and heat driven desalination systems.

6.1.1 Passive techniques

Finned tubes are widely employed and are a representative passive method for
augmentation of heat transfer. However, there is an obvious limitation of heat transfer
improvement when the condensates are formed since it is very difficult to remove
condensates acting as thermal resistance, due to the surface tension. Therefore, much
attention has been paid to surface engineering such as morphology improvement,

wettability change, and application of coating.

DWC enhancement can be achieved by a morphology improvement of the surface (Lee
et al., 2012; Sommers and Jacobi, 2008), a hydrophobic or hydrophilic coating such as
graphene or polymers (Preston et al., 2015; Thickett et al., 2011), and both geometry
modification and surface coating (Wen et al., 2018; Miljkovic et al., 2013; Wen et al.,

2017).

For condenser morphology improvement, Lee et al. (2012) showed that a uniformly
hydrophilic surface exhibited higher water condensation and collection rates than a low
wettability surface, and suggested a narrow drainage channel under the condensation
substrate, greatly improving the water collection efficiency during condensation.
Observing critical droplet sizes on micro-grooved surfaces was explored by Sommers

and Jacobi (2008). As a result of the experimental study, the droplet volume upon initial
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sliding of the micro-groove was significantly reduced by more than 50 % compared to
the droplet on the flat surface, which increased the removal rate. Bahar et al. (2015)
showed the system performance improvement up to about 50% by replacing the flat
plane plate with a grooved one, which improved the heat transfer during condensation.
In addition, Shi et al. (2018) showed that thin stringing can improve water catchment
rates in fog water harvesting. They found that the fog harvesting rate increased as the

wire diameter of the trapping material decreased.

Wettability modifications have been performed by many researchers using
hydrophobic or hydrophilic materials to achieve faster droplet growth or quicker
droplet removal. Preston et al. (2015) developed and tested ultra-thin scalable chemical
vapor deposited (CVD) graphene coatings to enhance dropwise condensation. Their
study demonstrated that the ultra-thin CVD graphene coatings promoted dropwise
condensation, and they claimed the heat transfer performance was improved by four
times higher than that measured for FWC on plain copper plates. Thickett et al. (2011)
studied insects living in dry climates that procure water by atmospheric water
harvesting methods. They developed the coating mimicking the Stenocara beetle and
tested the biomimetic micropatterned surfaces along with different types of films with

respect to the volume and rate of formation of condensate.

The passive condensation enhancement techniques mentioned above are summarized

in Table 8.
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Table 8. Surface processing technologies for a condensate increase (Kim et al., 2021).

Technique Detail method Reference
Morphology Thin drainage path Leeetal., 2012
improvement Micro-grooved Sommers and Jacobi, 2008
Surface coating Graphene coating Preston et al., 2015
Biomimetic micro-patterned coating Thickett et al., 2011
Various Mesh-covered hydrophobic Wen et al., 2018
morphology Hydrophobic nanostructure Miljkovic et al., 2012
and wettability Needle with hybrid surface Mondal et al., 2015
improvement Hydrophobic nanowire composition Wen et al., 2017

6.1.2 Active techniques

For the active method, a technique for enhancing condensation by instantaneously

changing pressure or airflow using a separate device has been mainly studied.

The vapor condensation with the presence of non-condensable gas (NCG) is widely
observed in industrial fields, such as thermally driven desalination, atmospheric water
harvesting, and energy conversion systems using water-vapor phase-change cycles.
The difference in partial pressure or the presence/absence of NCG during condensation
shows a different mechanism in the vapor condensation process (Luo and Tang, 2018).
The effect of NCG on condensation was shown experimentally by Othmer in 1929. The

experimental result showed that the surface heat transfer coefficient of the copper tube
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inside the boiler was decreased by 50% as the volume fraction of NCG air increased
from 0 to 0.5%. Since then, many experimental studies have been conducted to
investigate the side effect of NCG on condensation (Luo and Tang, 2018; Huang et al.
2015). There are many factors that lead to the production of NCG in vapor condensation
heat transfer systems, and the major causes of it can often include residues in the system,
dissolved gases or impurities in the working fluid, or a chemical reaction between the
working fluid and the case material (Huang et al. 2015; Mantelli et al., 2010). The
NCGs can be controlled via a vacuum pump, including complete removal of NCGs
from a targeted system. Preston et al. (2018) removed NCGs by using a vacuum pump
to enhance the heat transfer during water and hydrocarbon condensation on lubricant-
infused surfaces. Similarly, Donkers et al. (2020) experimentally showed that a small
amount of NCG in a vacuum setup significantly reduced the condensation rate in a

thermochemical reactor.

Another representative active condensing augmentation is using electric fields that
generate ionic winds. Reznikov et al. (2015) applied electrostatic enhancement of
phase-change processes to improve condensation heat transfer. They demonstrated an
up to 7.5 mL-hr? water harvesting rate with the 1:613 scale prototype moisture
harvester at 11 watts of reduced cooling power to the condenser. Wang et al. (2020)
showed an alternative method to improve the growth rate of droplets from sub-microns
to tens of microns under sub-saturation conditions. They focused on the effect of charge
on the condensation of charged droplets and on the synergistic effect of charge and

electric field.
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6.2 Analysis of periodic-wipe effect

To avoid these undesirable effects and increase a performance of a water vapor
condenser, surface processing, including coating, surface patterning, and wettability
adjustment, may be applied at the condensing wall of an AGMD module. However,
morphological improvements such as fins or expanded surfaces can increase the
pressure drop due to condensate deposits in narrow air channels (Wen et al., 2017). In
addition, manufacturing techniques for improving surface wettability with coatings or
material compositions are potentially costly and time consuming to implement in
practice. It is also known that coatings or composites in cooling media are weak to
external forces, mechanical wear, corrosion, and time (Gido et al., 2016; Huang and

Zhang, 2013; Li et al., 2016).

Based on the experimental results about droplet growth patterns and chronological
volume change of condensate in Chapter 5, the regular surface sweeping effect was
reviewed to investigate the water productivity of AGMD. Figure 58 shows that there
are certain time intervals for optimized sweeps that can increase the amount of
condensate. For the Case | condition in the preceding chapter, the ability to produce
condensate from the cooling surface can be increased by artificially removing water
droplets from the surface every 720 seconds. Similarly, distilled water productivity and
system performance could be improved by cleaning the cooling wall within the air gap

of the AGMD at regular time-intervals.
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Figure 58. Estimation of condensate productivity by a mean of physical regular wiping of a

cooling surface based on the periodic time interval (Ty;, 39.9 °C, RH 55.3%, ATy, 17.2 °C)

6.3 Review of the application of a self-fluttering material

The fresh water production rate of AGMD can be increased by applying the sweeping
intervals for cleaning the condensate on a cooling surface, as shown in Figure 58. To
fulfill easy implementation in the gap of AGMD, a self-fluttering material can be
applied considering the narrow gap between the membrane and the cooling surface.
There are examples of self-fluttering materials applied to take off dust from the surface.
As an example, truck tires are easily getting dirty when used in construction sites.

Therefore, a long and narrow strap, as shown in Figure 59a, is hung to keep the tire
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surface clean. Similarly, Hidalgo and Glezer (2015) examined small-scale motions
induced by self-fluttering, cantilevered planar thin-film reeds to observe heat transfer
enhancement. The reed actuation was integrated and thermally characterized in a multi-
channel aluminum heat sink by inserting a single reed within each channel, as Fig. 59b
shows. The performance of the heat sink was evaluated over a range of Reynolds
numbers (2,000 < Re < 5,200) for the base flow and in the presence of the reeds. The
thermal performance of the heat sink was evaluated for a range of fixed heat power
inputs. For the thermal enhancement ability by the reeds, they used the coefficient of
performance COP = Pyqac/Pruiq OF the ratio of the dissipated heat power to the invested
fluid power. For the experiment, heat transfer in the base channel was determined to
assess the flow rate required to dissipate 5,080 W-m2. However, at this heat flux and
wall temperature, the required base flow rate was 22 LPM (Re = 3,800), while the

corresponding flow rate in the presence of the reed was only 12 LPM (Re = 2,000).
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Figure 59. Self-moving materials for: (a) cleaning truck tires and (b) enhancing heat transfer

of HXs.

6.3.1 Design of a self-fluttering material

To achieve easy implementation within the AGMD module, a self-sweeping device can
be installed as shown in Figure 60a. The self-sweeping device consists of a holder and
a long and thin element part (Figure 60b). The long and thin material can be a string or
a thin film and one of the ends of the extended part is held in a holder as shown in
Figure 60b. The holder can be slim or round-shaped to minimize the pressure drop of
the fluid. This mount holds the sweeping material firmly against the fluid flow. A

relatively light and thin string can be installed to remove condensate from a condensing
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surface in a humid airflow. Using a programmable fan, as shown in Figure 60a, the
fluttering material can regularly wipe the condensing surface according to the fan’s on-

off operation.
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Figure 60. A self-wiper installed AGMD system: (a) conceptual design image; (b) picture

description of the working principle of the self-wiper motion caused by humid air flow.

6.3.2 Simulation of self-wiper motions

The fluttering element may wipe a plate by its own motion. The material properties of
a flutter and the flow environment of the fluid flowing around it determine the dynamic
properties of thin and long materials. The movement width of the wiper can be
predicted, and the feasibility can be reviewed before installation in the AGMD module.

For a simulation of a finitely thin and free-end flexible material, an axially immersed
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object in a two-dimensional airflow channel constituted the fluid-structure interaction

(FSI) system (Cisonni et al., 2019) represented schematically in Figure 61.

h
v

Figure 61. Self-sweeping device model for simulation.

It was focused on the identification of the oscillating ranges of the free-end tip to assess
whether the self-sweeping element can touch or scratch the top, bottom, and sidewalls.
For the simulation of the flutter behavior, PTFE material was selected as a self-wiper
of the AGMD. Moreover, it was assumed that the sidewall effects on the self-sweeping
material were negligible, and the spanwise width of the channel (W) was much larger
than the channel height H and the length (L) of the sweeping element. The Euler-
Bernoulli beam theory (Kodali et al., 2017; Shubov, 2006) may be described as
Equation 49 and was applied to the oscillating motion assuming that the deformation
of the PTFE material is two dimensional, and the viscoelastic damping of the material

was negligible.
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o0%V* N 1 9*v*

= M*(AP”), (49)

Here, V* (=V +L™!) denotes the dimensionless transverse displacements of the
material at a given dimensionless horizontal coordinate X* (=X-L1), and
dimensionless time t* (=tU-L™t). AP*(= AP -p_L-U~?) is the dimensionless
pressure difference between the lower and upper surface of the membrane. z denotes
the average along the spanwise direction. The airflow domain was given 20 mm high
arbitrary. The system was composed of a fixed circular domain with a 1.5 mm radius
and a flexible PTFE material with a free-end tip with 6 mm of length and 0.25 mm of

thickness. The fluid and solid properties are represented In Table 9.

Table 9. Input properties of air and solid.

Materials Parameter Value
Air Velocity 0.2m-s*?
Temperature 40 °C
Solid Poisson ratio 0.46
Young’s modulus 400 MPa
Density 2200 kg-m™3
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The magnitude and the frequencies of the oscillation generated by the fluid around the
structure were computed by COMSOL, as Figure 62 shows. As a simulation result, the
swept area by the oscillating material may remove condensate droplets with different
rates along with air velocities, material, and shape of the moving element. Moreover,
according to the simulation results of the movement of the self-wiper, simply attaching
thin and long flutters to the air gap of an AGMD module, as shown in Figure 62b, is

expected to help condensation process and increase the water production rate.
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Figure 62. Simulation result (a) Fluttering motions and (b) displacement of the tip of a

fluttering element in an air flow channel.

6.4 Review of electrohydrodynamic (EHD) application

Francis Hauksbee (1709) experienced and reported a weak breeze when holding a
charge tube close to him (Fylladitakis et al., 2014). After the acknowledgement of the

phenomenon, Wilson (1750) demonstrated the electric wind and implemented it as a
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driving force of a pinwheel (Fylladitakis et al., 2014). Ater several decades with lack
of the knowledge of the EHD, the qualitive analysis of the EHD was performed by
Maxwell (1873). Maxwell conducted the important study of the gaseous discharge that
deserves one’s attention and contributed to better understanding of the EHD.
Butrymowicz et al. (2014) presented condensation enhancement techniques employing
a finned tube with an electrode. They investigated the effectiveness of this method
depending on the geometry of the tube as well as on the applied electrode potential and
showed that the EHD condensate drainage with the double electrode system produced
62% more condensate in comparison with the same tube without EHD condensate

drainage.

6.4.1 Theory of EHD effect

Air flow can be created by electrostatic forces linked to corona discharge as known as
EHD phenomenon (Go et al., 2008; Wilson et al., 2009; Fylladitakis et al., 2014). The
tip of sharp electrode subjected to ground can generate wind when the electrode
connected to a high enough voltage source. The mechanism of the electric wind caused
by the collision and drift of ionized particles, electrons, and neutral particles in moist

air (Fylladitakis et al., 2014) is illustrated as a stream in Figure 63.

137



High-Voltage

| Power Supplier
lonized
Particles
Water ;
Molecules Cooling Surface
o S o
lonization ® @ ° Electrode)
Area é © ®- gCe
O .. e o O ©

Sharp Tip
(Emitter Electrode)

Ground

Figure 63. Conceptual image of the motion of water molecules and ionized particles by an

EHD device (modified the original image: Fylladitakis et al, 2014).

6.4.2 Experimental investigation for an EHD application

The experiment was designed based on the assumption that the ionic wind generated
by an electrode could physically sweep the condensate droplets on a condensing wall.
To observe this assumed sweeping phenomena, the corona wind test was performed
using the chamber and devices built to observe the DWC in Chapter 5 (Figure 64). The
needle tip discharging the corona wind was placed just before condensing wall at a 2
mm distance from the condensing surface. The DC power was supplied to the tip using
a DC power supplier (Model: EW30R20) manufactured by Glassman High Voltage,

Inc.
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Figure 64. Schematic diagram of the test setup for the condensation enhancement using EHD

device.

6.4.2.1 Surface-wiping effect of EHD

After maintaining constant temperature and humidity conditions according to the test
procedure in Chapter 5, the DWC on the condensation surface was observed before and
after high-voltage input. The generation and growth of DWC were carried out in the
absence of high voltage input. When the droplets grow to some extent and can be
observed with visual inspection (Figure 65a), a high voltage of 5 kV was applied to the
tip to monitor the movement of the droplets and the surface condition of the condensing

surface (Figure 65b). As a result, water droplets evenly distributed near the tip of the
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needle instantly spread in a circular direction, just like the strong wind coming out of
the tip of the nozzle, as soon as a high voltage was supplied. Accordingly, it was
possible to see the effect of wiping off the water droplets on the cold surface near the

needle tip (Figure 65).

(@) (b)

Figure 65. Condensate cleaning test by EHD corona wind: (a) before high voltage input; (b)

an instantaneous change by the corona wind induced by 5 kV voltage input.

Accordingly, the effect of periodic wiping using EHD was investigated under the
temperature and humidity conditions of Case | (T,; 39.9 °C, RH 55.3%, AT, 17.2
°C) conducted in Section 6.2. The high voltage input values were set to 0 kV, 2.5 kV,
and 5.0kV, and the power was turned on and off momentarily in every 720 seconds.

This experiment was carried out for 80 minutes for each input voltage, and the result is

shown in Figure 66.
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Figure 66. Condensate production rate according to the applied voltage of EHD every 720

seconds repeatedly.

It was observed that the cooling surface producing 0.87 g - m~2 - s~ condensed water
in the absence of high voltage input rapidly increased the condensate production to 1.15
g-m2-s7land 1.64 g-m=2-s~1 when 2.5 kV and 5.0 kV applied in every 720

seconds.

6.4.2.2 Vapor nozzle effect of EHD

In addition to the surface wiping effect of EHD mentioned above, the vapor nozzle
effect of EHD was also observed as shown in Figure 67. When a high voltage is applied
to the EHD device at the beginning of the condensation process, the growth pattern of
the condensate droplets is completely different from the pattern observed in the

previous chapter. As shown in Figure 67a, it was observed that the condensation
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phenomenon centered on the cooling surface to which the tip of the EHD needle points.
In addition, the water droplet generated at the center grew incomparably faster than the
growth rate of the water droplet generated on the distant peripheral surface. As if vapor
was sprayed, like a nozzle, from the tip of the EDH needle, the condensate generated
quickly repeats the generation-growth-run-off cycle for several times before the nearby

water droplets have fully grown as shown in Figure 67b.

(a) (b)

Figure 67. Vapor nozzle effect of EHD: (a) water droplets were concentrated where the tip of

the EHD needle pointed, (b) where the tip of the EHD needle points, the growth rate of water

droplets is incomparable with other water droplets.

This EHD nozzle effect greatly changes the temperature difference between the inlet
and outlet of the cooling water flowing behind the condensing surface. When the
voltage applied to the EHD device was 0 or 2.5 kV, the temperature difference between

the inlet and outlet was about 3. However, when high voltages of 5kV and 7.5kV were
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applied to the EHD, the temperature change of the cooling water occurred rapidly, and
the results are shown in Figure 68. The inlet temperature and flow rate of the coolant
were fixed at 5.93 °C and 2.1 mL - s~1, respectively, and the area of the cooling surface
was 0.0081 m?. Without a voltage input, the temperature difference between the inlet
and outlet of condenser, AT}, _ .+, maintained around 2.9 °C. Then, when the voltage
input of 5 kV was applied to the EHD, AT}, _,,: immediately increased and reached
3.4 °C. In addition, when the voltage was increased from 5.0kV to 7.5kV, AT, _out
immediately increased from 3.4 °C to 3.8 °C. As soon as the voltage of the EHD, to
which a high voltage of 7kV was applied, was turn off, the temperature difference,
AT _out, Started to drop and maintained about 2.9 °C, similar to the temperature

difference in the state that no voltage was applied.
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Figure 68. Temperature differences between the temperatures of the inlet and outlet of the

coolant in the AGMD module according to the EHD input voltage (0, 2.5, 5, and 7.5 kV).
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6.6 EHD device design for AGMD

It was observed that water droplets migrate, merge, and dislodge from condensing
surfaces due to corona winds in EHD devices. Therefore, it can be expected that the
periodical and repeated high-voltage-input can be used to wipe the condensation walls
of the AGMD. Accordingly, a conceptual design to place the EHD needle in the gap of
the AGMD as shown in Figure 69 is proposed. This EHD-AGMD can promote the
generation of condensed water on the condensing surface by input of high voltage at
regular time intervals, thereby increasing the production quantity. In addition, this
improvement in condensing capacity is expected to increase the vapor flux through the
hydrophobic membrane of the AGMD module by reducing the vapor pressure inside

the air gap.

DC supplier ]

|+ BHD needle

Feed solution
Membrane
Wall
Coolant

Y |_| Y
Drain
X hole z
Figure 69. An AGMD module installed a high-voltage condensation enhancement device.
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Chapter 7: Conclusions

In this Dissertation, the AGMD desalination system was studied as an alternative to

supplying fresh water to island residents instead of an RO system that showed the SEC

in the range of 9 — 19 kWh - m~3. Primarily, this study investigated:

(1) Straightforward heat and mass transfer models in various operating air-gap
pressures of AGMD

(i) A novel wave-powered desalination device adapting a vacuum-enhanced
AGMD process

(i) Condensation patterns on the cooling wall of AGMD

(iv)  Condensation enhancement techniques.

The primary research and development of the Dissertation and key findings are

summarized in this Chapter.

7.1 Heat and mass transfer model development for AGMD in sub- and atmospheric

pressures

Although AGMD can improve performance at vacuum pressure, most of the current
heat and mass transfer models currently used do not consider the effect of the air gap
pressure. Therefore, the AGMD test facility was designed and built to regulate and
provide air gap pressure from atmospheric to sub-atmospheric pressure (59 — 101 kPa)

and to control the temperature of feed and cooling water. Through the experiments, the
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effects of the changes of the feed temperature and air-gap size and pressure were

investigated. Key findings are summarized as follows:

= Effect of air gap pressure change
The effect of air gap pressure was investigated at the ambient pressure of the AGMD
module varying from 59 to 101 kPa with the fixed coolant temperature at 10.4 °C.
e When the temperature of the hot feed is 60 °C,
o the vapor flux of the AGMD increased by 48.9 % when the air gap
pressure changed from 101 kPa to 59 kPa.
o the vapor flux of the AGMD increased by 18.7 % when the air gap

pressure changed from 101 kPa to 80 kPa.

= Effect of the feed temperature
The effect of the feed temperature was investigated while varying the air gap pressure
from 59 kPa to 101 kPa.

e When the feed temperature was lowered from 60 °C to 40 °C, the vapor flux
was decreased by 66.5 %, 61.7 %, and 61.0 % at 101 kPa, 80 kPa, and 59 kPa,
respectively.

o Therefore, the lowering of the feed temperature led to a decrease in
vapor flux production of AGMD.
o Moreover, as the total pressure of the air gap decreased, the degradation

of in vapor flux production tended to decrease.
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= Effect of the air gap size
3.2, 6.4, and 9.6 mm air gap sizes were tested to investigate the effect of the air gap
size in AGMD on the vapor flux varying the air gap pressure from 59 kPa to 101 kPa.
e Atthe 101 kPa of the air-gap pressure, the vapor fluxes were decreased 26.8 %,
33.2 %, and 47.1 % at 60 °C, 50 °C, and 40 °C, respectively.
e At the 80 kPa of the air-gap pressure, the vapor fluxes were decreased 24.2 %,
27.6 %, and 45.1 % at 60 °C, 50 °C, and 40 °C, respectively.
e At the 59 kPa of the air-gap pressure, the vapor fluxes were decreased 31.3 %,
34.6 %, and 43.5 % at 60 °C, 50 °C, and 40 °C, respectively.
e The increasing of the air gap size conducted decreasing of the vapor flux of

AGMD in the range of the total air pressure from 59 kPa to 101 kPa.

= Development of new heat and mass transfer models for the AGMD operating
in sub-atmospheric and atmospheric pressures based on experimental results.

e The heat and mass transfer models developed can estimate: (i) the heat transfer
from the feed to the coolant and (ii) vapor flux of AGMD while considering the
change of temperatures of the feed, air-gap size, and ambient pressure from 59

kPa to 101 kPa.

= The proposed model can provide a straightforward way to predict the vapor

flux without measuring the interfaces, such as the feed-to-membrane, the

membrane-to-air, the air-to-cooling surface, and the cooling surface-to-coolant.
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e The mass transfer model was developed for the AGMD using the concept of
the Kinetic Theory of Evaporation and temperature fraction value between the
fluid body temperatures of feed and coolant.

o This approach can bring convenience by skipping complicated
procedures that many current models follow.

o Primary benefit is to be able to predict the water flux of AGMD without
estimating both surface temperatures of the membrane and a condensing
wall, even under a sub-atmospheric condition of the air gap.

o The straightforward mass transfer model using the feed and condensate
temperatures and air gap pressures successfully predicted the vapor flux
at different pressures and sizes of the air gap.

o At the additional experiment results in the air gap pressure of 70 kPa to
90 kPa, the proposed model was verified and showed a good agreement

between the vapor flux predicted values and the experimental results.

e Heat transfer model was developed for the AGMD based on the proposed mass
transfer model.

o The heat flux delivered to the condenser of the AGMD is mainly

governed by the latent heat absorbed during the condensation, and the

sensible heat transfer from the feed to the coolant is negligible.
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7.2 Development of a novel wave-powered AGMD desalination system

From the results of the AGMD experiment, it was observed that the lower total pressure
of the air gap produced more vapor flux and fresh water. Therefore, creating a vacuum
pressure in the gap without additional electric power consumption can increase the SEC

of an AGMD desalination system and may supply sufficient water from it.

» Grid-independent V-AGMD desalination system for small islands
e A wave-powered desalination device (WavoWater) was proposed to replace
energy-dependent desalination systems for coastal areas such as islands.

o This grid-independent desalination unit can be used to supply water to
isolated and poorly energized coastal areas.

o Unlike the RO desalination system, which requires a high-pressure
pump operated at 50 to 60 bars, WavoWater does not have a pumping
system, so it is expected that there will be fewer maintenance events.

o Moreover, WavoWater is an eco-friendly seawater desalination device

since it is a zero-discharge desalination system.

7.3 Experimental investigation of condensation for AGMD

The condensation process of AGMD is one of the important factors that determine the
production quantity. Therefore, the condensation of AGMD was experimentally

investigated.

= Qbservation of condensation in an AGMD module
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e During the whole tests of the AGMD, only a DWC mode was observed on the

stainless-steel condensing wall.

= Experimental investigation for the understanding of the droplet formation
pattern in DWC

e A test facility was built to understand the physical formation pattern of the
DWC from nucleation and departure and to enhance the water productivity of
DWC.

e Physical patterns of the DWC were tested under four different moist air
properties.

e DWC development was distinguished in four stages according to the size-
distribution view and divided into three regimes by droplets' average size
following a power law.

e The condensate volume of DWC was estimated as a function of time while the
droplet is growing. The condensate volume kept increasing with volume change

rates.

7.4 Development of condensation enhancement technology for AGMD

Condensation enhancement can be achieved by removing droplets regularly near the
cooling surface. Thus, inserting the self-wiping device, such as long-thin fluttering
materials or applying the EHD field can promote the water generation capacity of

thermally-driven desalination system and reduce operational cost.
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= Application of periodic wiping to enhance the water productivity of a condenser
of AGMD
e To provide regular wiping in the AGMD process, two wiping systems were

proposed: a fluttering material and an EHD device.

= Application of a self-fluttering material
e Fluttering motions were simulated while considering the material
characteristics, such as Poisson ratio, Young’s modulus, and density.

o The simulation result concluded a long-thin material might clean the
droplets formatted on a vertical surface as it wiped the surface by the
motion created with an airflow.

o Installation of a programmatic fan that can provide its periodic on-off
operation was proposed to create periodic wiping motions on the
condensing surface of AGMD, and further experimental performance

improvement studies will be conducted.

= Application of an EHD device
e An EHD device was installed inside the constant temperature and humidity
chamber to test and observe the cleaning effect by the corona wind.
o Asaresult of EHD field, water drops were observed to be blown away
from the center of the needle tip when high-voltage power was input to
the needle.

e Periodic cleaning effect with 5.0 kV of high-voltage input was investigated.
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o It was observed that the cooling surface producing 0.87 g-m=2-s71
condensed water in the absence of high voltage input rapidly increased
the condensate productionto 1.15 g-m™2-s 1and 1.64 g -m=2-s71
when 2.5 kV and 5.0 kV were input every 720 seconds.

e In addition to the surface wiping effect of EHD mentioned above, condensation
was observed to occur intensively and rapidly at the place pointed to by the

needle tip like a nozzle spraying.
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Chapter 8: Major Contributions

Annual specific energy consumptions (SECs) of small-scale RO desalination systems
in small islands with less than 300 residents in South Korea was surveyed and provided
in Chapter 1. While it is known that the SECs of this medium-to-large SWROs (more
than 1000 m3 - day 1) are maintained at around 3.5 - 4.5 kWh - m~3 (Kim and Hong,
2018; Voutchkov, 2018), the survey on SWRO facilities operated at the islands
revealed that the SECs of small-scale RO desalination systems (less than 300 m3 -
day~1) were about 9 - 19 kWh-m™3, even though the feeds of them are salty
groundwaters, which have lower salinity than seawater. Moreover, desalination
facilities that require such high energy consumption can act as a burden on small islands
having poor energy conditions. Since there is no significant difference in electrical
energy consumption between small-scale membrane-based and thermally driven
seawater desalination facilities, this thesis suggested for isolated and low water demand
areas such as small islands to consider desalination system options that can directly use

renewable and thermal energies.

8.1 Development of a new mass transfer model for AGMD in sub- and atmospheric

pressures

Most of the mass transfer models of AGMDs known so far assume that the air gap

operates at atmospheric pressure. In addition, since a feed solution section, a membrane,
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an air gap, a condensation wall, and cooling water are all arranged in one AGMD
module and heat and mass transfer occur complexly and simultaneously in a narrow
space, the modeling of heat and mass transfer in the AGMD process is complicated. If
the pressure change of the air gap is added as a factor to be considered, it further
complicates the prediction of vapor flux with the models developed so far. In addition,
it is not technically easy to measure the temperature of each interface. A model to
overcome these inconveniences and technical limitations and predict the vapor flux of
AGMD with high reliability was proposed. This proposed model is based on the Kinetic
Theory of Evaporation developed by Hertz and Knudsen. The developed model can
predict the vapor flux of AGMD only with the temperature of the feed and the cooling
water and the total pressure of the air gap. This proposed new mass transfer model
provides convenience to omit the measurement of temperature and pressure for each

interface in an AGMD system.

8.2 Development of a novel wave-powered desalination system for islands’ dwellers

It has been observed through experimental studies that mass transfer is enhanced when
the pressure of the air gap of the AGMD is maintained in a vacuum state. Thus,
vacuum-applied AGMD can lead to increased fresh water production compared to
AGMD operated under atmospheric pressure. However, maintaining the air gap below
atmospheric pressure requires external work, which may require additional electrical

energy to operate, such as a vacuum pump. Operating seawater desalination facilities
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by increasing electrical energy is not suitable for islands with poor energy conditions
due to the isolation from the mainland. Considering this environment, a wave-powered
desalination device is developed through current work. The novel and energy-
independent desalination system is based on AGMD and composed of two bodies in
different sizes and densities. The two bodies can create relatively different heaving
frequencies and provide sub-atmospheric pressure in the air gap without mechanical
work, such as a vacuum pump. Moreover, unlike general seawater desalination
facilities, there is no need to discharge concentrated brine to the sea, as FO membrane
is applied for the floating desalination system. As the discharged high-concentrated
solution may cause environmental issues and disturb the ecosystem equilibrium, the
novel desalination device can contribute to the sustainability in the desalination sector.
In recognition of this, it was selected as a research topic by the Link Foundation

Fellowship in 2020.

8.3 Development of condensation augmentation method through periodic wiping over

cooling surface

The water vapor in the humid air becomes liquid on a cooling surface, and it is referred
to as condensate. Once condensate is generated on cooling surfaces such as fins, pipes,
and ducts at an air-conditioning system, it is hard to remove by airflow itself, and this
condensate becomes bigger gradually and covers the entire surface eventually. The

condensate on the surface of a heat exchanger makes the area of the air pathway
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decreased so that a poor airflow and a pressure drop are caused. Therefore, the
performance efficiency of a water vapor condenser can be lower without proper
cleaning activities. Thus, enhancement of the mass transfer rate during condensation
utilizing a device for liquid removal from the surface can promote water generation
capacity of thermally driven desalination system and reduce operational cost and
improve efficiency. The water production rate as a function of the wiping intervals was
investigated (Figure 58) based on the experimental results of Figure 55. As a result,
wiping the surface in a certain time period may allow increasing the water generation
capability of AGMD. To fulfill this result and easy implementation in an AGMD
module, two wiping methods were reviewed and designed: a self-fluttering device
(Figure 60) and an EHD wiping tool (Figure 65). The wiping ability of the self-
fluttering material method was evaluated by simulation, and the wiping effect of the

EHD method was observed experimentally.

8.4 Observation of two modes in the EHD condensation: the wiping effect and the vapor

nozzle effect.

There are examples that have shown experimentally that EHD devices can enhance the
condensation process. However, it is difficult to find previous studies showing the
effect of wiping condensate on the cooling surface or the effect of a vapor nozzle in
condensation augmentation using an EHD device. Once condensate is generated on

cooling surfaces such as fins, pipes, and ducts, it is hard to remove before the droplets
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grow enough to roll out by gravity. In fact, water vapor condenses and accumulates on
the air-side cooling surface. This condensate remaining on the surface can significantly
affect the performance of the HX. Therefore, the EHD effect observed in this study can
be a motivation to apply the EHD device to increase the amount of condensate and
prevent condensate accumulation on the heat exchanger surface. In particular, the
instantaneous increase in heat transfer rate at the cooling surface due to the vapor nozzle
effect of EHD can improve heat exchanger performance and provide clues at improving

energy system performance by waste heat recovery.

8.5 Extramural funding award

1. Link Foundation Fellowship: 2020

The selected research topic was to develop an energy-independent and floating
desalination system to supply drinking water to the regions suffering not only from
water scarcity but also from power shortage. This system does not need large marine
structures and a sea water pumping system. In addition, it can produce fresh water
without brine discharge which can create environmental issues. Therefore, this system
can minimize harmful effects on the coastal environment and preserve diversification

of the shallow sea while accomplishing desalination.

2. Quarterfinalists in DOE Solar Desalination Competition: 2020
Population growth is happening fastest in urban areas of less developed regions.

However, water and sanitation access rates are not keeping up with the population
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increase in urban areas because conventional water sources such as surface water and
groundwater may be not able to deal with the gap between supply and demand for
drinking water. Fortunately, many cities are located at the seashore or near the sea and
water shortage cities overlap with high-density solar insolation. Thus, for the
conceptual stage of the competition, | proposed the solar-thermal based Urban Desal-

Building.

8.6 List of publications and inventions.

= Peer-reviewed journal papers

1. Kim, G.S., and Hwang, Y. Wave-powered and zero-discharging membrane-
distillation desalination system: conceptual design and analysis, Water, Vol. 14(12),
1897, 2022.

2.Kim, G.S., Cao, T., and Hwang, Y., Thermoeconomic investigation for a multi-stage
solar-thermal vacuum membrane distillation system for coastal cities, Desalination,
Vol. 498, 114797, 2021.

3. Kim, G.S., and Hwang, Y., Experimental investigation on heat and mass transfer
enhancement using electrohydrodynamic effect for condensation process, Applied
Thermal Engineering (Forthcoming).

4. Kim, G.S., and Hwang, Y., Experimental investigation on the relationship between
heat transfer and humidity in dropwise condensation, Experimental Heat Transfer

(Forthcoming).
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= Peer-reviewed conference papers

1. Kim, G.S., Cao, T., and Hwang, Y., Review of humidity effect on humid air-to-water
condensation by a cooling surface for atmospheric water harvesting, International
Refrigeration and Air Conditioning Conference, Paper 2163, 2021.

2. Gao, L., Hwang, Y., and Kim, G.S., Themoeconomic analysis of a solar MVC
desalination system, International Mechanical Engineering Congress and Exposition,

Pittsburgh, PA, USA, 2018.
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Chapter 9: Future Work

9.1 Mass transfer model improvement considering a polarization effect

Although the heat and mass transfer model according to air pressure change of AGMD
has been prepared, it is necessary to study the heat and mass transfer model of vacuum
applied AGMD in pilot or real scale considering the effect of concentration and
temperature polarization. In this thesis, the concentration and temperature polarization
phenomena were not considered while reviewing and developing the mass transfer
model of AGMDs operated at various gap pressures. Concentration polarization and
temperature polarization occur in almost all MD-based separation processes (Martinez-
Diez and Vazquez-Gonzélez, 1999). Therefore, additional research is needed to
improve the new model that estimates the boundary layer conditions of the membrane,
pore size, and cooling wall considering the effects of concentration and temperature

polarization.

9.2 Heat transfer model study without considering mass transfer

In AGMD, the thermal energy is transferred to the permeate side in the forms of latent
and sensible heat and is mostly released during the condensation. The heat and mass
transfer in AGMD are interconnected and lead to a complex relationship. The driving
force of the heat transfer is the temperature difference between the feed solution and

the coolant. Therefore, independent studies on heat transfer in AGMD that exclude
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mass transfer consideration, although they are complex phenomena that occur
simultaneously and influence each other, may provide a clue to discover interesting

correlations and characteristics.

9.3 AGMD performance enhancement by installing EHD device

A comparative experiment is needed to determine which mode is more effective: the
surface wiping mode and the vapor nozzle mode for condensation enhancement using
EHD. The high-voltage EHD test in this thesis examines the ionic wind for two modes:
the condensate droplets wiper mode and the vapor nozzle mode. As described in
Chapter 6, the EHD produces a wind in sufficient strength to move droplets so that the
intermittent power input can remove droplets from the surface and help tiny drops
coalescent to each other (Figure 70a). Interestingly, a mature droplet was created on a
clean surface for a few seconds when using the EHD device at the beginning of the test
(Figure 60b). Thus, it is required to investigate which method can produce more water

and show lower specific energy consumption per unit quantity of fresh water.
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(a) (b)

Figure 70. The ways to use the EHD device for condensation enhancement as (a) a droplet

wiper and (b) a vapor nozzle.

In addition, it is necessary to examine how the distance between the tip of the EHD
needle and the condensing surface shows the correlation with the condensate
production rate. Also, inserting an EHD device inside the gap means increase of the
gap size that conducts decrease of vapor flux in AGMD. The optimized AGMD module
can be designed by experimentally observing how the EHD voltage level and the
distance between needle and condensing surface in the intermittent surface wiping
mode and the nozzle mode affect the condensate production rate considering the gap

size.
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