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Abstract

Membrane Distillation (MD) is a separation technology that uses a temperature difference
across a membrane to purify water. Membrasglidtion has been known since the early
1960s and there are still breakthroughs to be made. Improvements in the module design
or new membranes materials, such as composite membranes, are being investigated, and

much research has focused on these aspects

This study focused on membrane distillation performance for direct contaunbrane
distillation with 5 different membranes, which included 3 hydrophobic and 2
hydrophobic/hydrophilic dual layer membranes. Their performance was modelled using
mathematial modelling program MATLAB. The purpose of the study was to predict the
flux and energy efficiency for membranes, and verify with the experimental Wiik.

work extended membrane distillatiorDlmodelling to dual layer membranes, which has
not previouyy been performed.The approach of the study required membrane
characterization tests to provide input parameters to the model, and also serve as
parameters for explaining the flux performancetloé membranes. The membrane
characteristics measured weregsity, thickness, tortuosity and pore size. Membran
distillation experiments weneerformed at different feed and cold inlet temperatures and
flowrates and permeate fluxes for various membranes and different operating conditions

were measured and anadys

The experimental results we compared with predictions from the mathematical
modelling for both the single layer and dual layer membranes, and very good agreements
have beerfound. Error was within 106 for flux and energy efficiencies between the

2

experiments and the modeS.i ngl e |l ayer membr anes per forn
than dual layer membraneshe thickness of the hydrophobic layeas the highest

among the other membrandsenceit affected heat and mass transfer across the
membrane adveety compared to single layer membranBserefore, the permeate flux

and energy efficiency was lower for dual layeembranecompared to single layer
membranesBetter performance for single layer membranes can be attributed to their

characteristics.






Acknowledgement

| would like to appreciate myprincipal supervisor, Prof. Stephen Grdyxecutive
Director of Institute for Sustainable Industries and Liveable Cities (ISIM@toria
University for his great supervision and an endless soofcaformationin the area

throughouffor this project.

| thank to myco-supervisor, Prof. Jube Li, Cdlege ofEngineering & Science, Vioria
University, for his detagdd hdp for modelling as part of théor MATLAB and his way

of teaching in depth knowledge in modelling.

| am greatly thankful tany another o-supervisor, Dr. Jianhua Zhang, Institute for
Sustainable Indus#es and Liveable Cities (ISILCasbeing wonderful guideduring the
experiments and broadeg my experimental knowledge in the area.

| also thank Dr. ZonglKie, Derrick Ng and Guang Yamfor helping tomeusethe SEM,

and Porometeait CSIRO under their guidance.

| am thankful taProf. Ho Kyong Shon, Centre for Technology in Water and Wastewater,
School of Civil and Environmental Engiaring, University of Technologysydney for

providingadual layer membrane for examinatimornthis project.

| need to thankall the researchersn ISILC for their helpand guidance for using
experimentalequipment.In particular, | thank my friends Digby Wredeand Dr.

Ikechukwu A. lle, for their help and [gaion in answering athy questions.

I would like to thank to my great family, especially my mum and sister, for their
continuous support andncouragement through the yeafhis work could not be

completed without my mum’s support.



List of Publications

Poster Presentation

Inci Boztepe, Stephen Gray, dbne L , Jianhua Zhang, “Mat he
DCMD for PTFE me mbr ane”, Early Career Re
Membrane Society of AustralasiagS-ebruary 2018, Sydney, Australia.



TABLE OF CONTENTS

ADSITACT. . .. i
DECIAALION. ... i
ACKNOWIBAGEMENT . ... . iii
List Of PUDICALIONS. ... v
Table Of CONENTS. ... .o e Y
LISt Of FIQUIES. ...t e e IX
LISt Of TADIES. .. ... Xii
Chapter L.INTRODUCTION ..ot 1
1.1.BacKgrOUNG........oooriiii e 1
1.2.ReSearClODJeCIVES. ... ..o 3
1.3.TheSiS OULINE ... ..o 4
Chapter 2. LITERATURE REVIEW ... ..o e 6
2.1 INtrOTUCTION . .. .. e
2.2.Comparison of Mmbrand.iquid Separation &chnologies....................... 6
2.3.Direct ContacMembrane Distillation Theoty.................ccooeviiiiiiiiiinnn. .9
2.4.Membrane DistillatiorConfigurations................cooviiiiiiiiiiiiea 12.
2.5.Historical Evaluation of Membrane Distillatian.................................. 13
2.6.Membrane Distillation Studies..............coooiiiiiiiiiiii 14
2.7.Membranes Used in Membrane Distillatian........................cot. 15
2.8.Performance of Single and Dual LayeeMbranes............................... 19
2.9.Mathematical Modelling in Membrane illation................................. 23
2.9.1. Modelling of hydrophobic single layer membranes.................... 2 4
2.9.2. Modelling of hydrophobic/hydrophilidual layermembranes.......... 25
2.10 ODJECHVES. ... vt 26



Chapter 3. EXAMINATION OF CHARACTERIZATION TESTS FOR SINGLE

LAYER AND DUAL LAYER MEMBRANES .. ... 28
.1 INtrOTUCTION . ... 28
3.2.Experimental and Methods..............c.ooiiiiii 29
3.2.1. Membrane types........ooviirii e .29
3.2.2. FTIR SPectroscopy analysSiS........c.cevuiniiiiiiiiiiaiaiieieeieenann, 30
3.2.3. Liquid entry pressure (LEP) measurement........................o...we. 30
3.2.4. Contactangle measurement.............coovvveiiiiiiiiiiiiiiiieeeeen 31
3.2.5. Porosity measurement............c.oooviiiiiiii e .31
3.2.6. Pore size measuremMent. .. .......ouvuiuiiiiiiiiii e 32
3.2.6.1.Gas permeation teSt............ccooviiiiiiiii e .32
3.2.6.2.Porometer (Wet/Dry Run Method)................coooiiiiin. 34
3.2.7. SEM measurement (Thickness)...........c.coooviiiiiiiiiiiinin, 35.
3.3.Results and DISCUSBEN ........uiiiieiii e .35
3.3.1. Membrane properties........c.coovuiiiiiii i 35
G S U] 1 1] 1 4 = U A PP 51
Chapter 4. PERFORMANCE OF SINGLE LAYER AND DUAL LAYER
MEMBRANES INM EMBRANE DISTILLATION ... .53
v I o o [¥od 1 o] o PR 53
4.2.Membrane Distillation Performance Parameters.............................. 53
4.2.1. Process@nditioNS.........c.ouininiiiie e 53
4.2.2. Membrane mdule............cooiiiiii .55
4.3.Direct Contact Membrane Distillation Performance............................ 57
4.4.Experimental and Methods. ... 59
4.5.Results and DiSCUSSION .........ouiniitiiii e .61

4.5.1. Direct Contact Membrane DistillatiofpCMD) testsfor single and dual

layer membranes. ... . 61
45.1.1Global mass transfer coefficient ¢ga) dependence on
VEIOCIY. ..o 61

Vi



45.1.2Global mass transfer coefficient ga) relation with

LEMPEIALUIE . .. e .63
4.5.1.3.Salt rejection and velocity relah for single and dual layer
MEMDBIANES. .. .t 6 7
4.5.1.4 Feed inlet temperature effect on salt rejection.................... . 68
B, SUMIMIATY. ..ottt ettt e e e et e et ettt et e e 70
Chapter 5. MATHEMATICAL MODELLING OF MEMBR ANE DISTILLA TION
AND COMPARISON WITH EXPERIM ENTALRESULT S.........coooiiiiiin.. 72
5.1 INrOTUCTION. ...t e e 72
5.2.Modelling ASSUMPLIONS. ...t .73
5.3.Modelling StrUCTUre. ... ... 73.
5.3.1. Mass and energy balance equations....................ccooeviiiinenn... 7 4
5.3.1.1MasS BIANCE..........oieii 7 4
53.1.2Energyalance. ... 75
5.3.2. Transport model (Transfer resistances) equations....................... 76
5.3.2.1.Mass transfer resistance.............c.cooviiiiiiiiiiiiiiii .76
5.3.2.2.Heat transfer resistanCe..............cooviiiiiiiiiiii 16
5.3.3. Flow modelequations...............cooiiiiiiiiiiii e 78
9.3. 3. LMASSE 1 U X et
5.3.3.2Heatl 1 U X oo 80.. . .
5.3.3.2.1. Heat flux through hydrophobic single layemembrane
5.3.3.2.2. Agat“'ﬁqg“'t'h“rau'g"r;“"h'y'a'r'abaak;i'c';'h'ya;apmlig"aaarggyer
me MDD T @ N e .ooiiiiiiiiiii e 82....... .
5.3.4. Physical property model equations................ccooviiiiiiiiiiiiininn, 85
5.3.5. Spacermodelling..........ccooiiiiiiii 87
5.4.Experimental and Methods................oooiiiii 88
5.4.1. Modelling dgorithms...........ccoiiiiii e, 8 8
5.4.2. ModellingINPUES ..ot e 91
5.5.Results and DiSCUSSION ........uuuiiiiiiiiee e .92

vii



5.5.1. Temperature profiles for eoand countecurrent flows along the

membrane length..............o .92
5.5.2. Model verification..............ooiiiiii 95
5.5.2.1 Flux prediction at different feed velocities.......................... 95
5.5.2.2.Flux prediction at different inlet temperatures.................... .97
5.5.2.3.Validation of energfficiencyat different temperatures....... . . 100
D B, SUMIMIANY. .. e e e e 103
Chapter 6. CONCLUSION AND RECOMMENDATIONS ..........cooviiiiies e 106
6.1, INTrOAUCTION. ..ottt 106
6.2. OULCOMES. .. .ttt e . 107
6.3.Recommendations for future studies..................ccoooiiiiiiiiii 109
NOMENCIATUIE. ..o e .. 110
REFEIENCES. ... .. 113
APPENIX. ..t e —————- 18

viii



List of Figures

Figurel.1 MD publicationshetween 1991 an2018...............ccooveeveeees 0 0 0 0 oL

Figure2.1 Generic flow diagram for membrane se@mproceses.................... 7
Figure2.2 Direct Contact Membrane Distillation process schema................... .9

Figure 2.3. Heat and mass flow across the membrane in direct contact membrane

ISHHALION. . ..o e 11
Figure 2.4. Membrane wetting schematic destmtion................................. A2,
Figure 2.5. Membrane Distillation configuration types......................ceviveen. 13

Figure 2.6. Distribution of publications due to different MD applications during three

PRAS S ... s .15
Figure 2.7. Membrane struge classification.................oo.ooooiiiiiii . 15

Figure2.8. Diagram of the temperature and concentration profile through a

hydrophobic/hydrophilic dual layer membrane.................c.ooiiiiiiin. .. 26
Figure 3.1. Setip for LEP teSt ..o, 31
Figure 3.2. Gas pmeability measurement experimentakspt...............c.......... . 34
Figure 3.3. FTIIR images of membranes...............cooiiiiiiiiiiiiiies e, 3
Figure 3.4. SEM images of membrane surfaces...............cccooveviiiiiiiiiinnn, 41
Figure 3.5. Cross sections of membIRNe............. cveeiieiiiiiiieea, .. 44
Figure 36. Pore flow distributions. ... a7
Figure 3.7. Contact angle measurement images for membranes................... 51
Figure 4.1. Parameters for better performance MD................cooiiiiiiiiiiieennnn. .53

Figure 4.2. Tubular module for hollow fiband plate module for flat sheet

10[=T 0] o= T [ 55



Figure 4.3Plate and fram®CMD module seup..............cccooiiiiiiiiiiiiiiienn, .. 56
Figure 4.4. Flow modes for DCMD.............coiiiiiiiiii e, .57
Figure 4.5. Membrane Distillation proCesS8RL..........cccovviviiiiiiiiiiieeaeae, 59

Figure 4.6. Global mass transfer coefficient relation to velocity fauccent flowat
60°C feed and 20°C permeate 1inlet ..t62mperatu

Figure 4.7. Global mass transfer coefficient relation to velocity for coenteent flow

at 60°C feed and 20°C permeate inlet temperatures..................ccoevennen. P

Figure 4.8 Global mass transfer coefficient relatianféed inlet temperature for-co

(611 =T 0 P 64
Figure49Vapour pressure rel at.i.on....t.o...teGhperatur

Figure 4.10Global mass transfer coefficiergrsusfeed inlet temperature for courter

(of [ £ (<1 01 SO I 66

Figure 4.11 Salt rejection at different velocities for-carrent flowat 60°C feed and

Figure 4.12 Salt rejection at different velocities for counterrent flowat 60°C feed

and 20°C permeate 1nlet tempertc.atur.eso68..............
Figure 4.13 Salt rejection at different feed inlet temgierres for cecurrent flow...... 69

Figure 4.14 Salt rejection at different feed inlet temgkres for countecurrent
1 B O PP .70

Figure 5.1. Membrane vapor transport regioNS.........ooovviviiiiiiiiiieiee e 79

Figure 5.2. Diagram of the termgature and concentration profile through hydrophobic

membrane and composite hydrophobic/hydrophilic dual layer membrane........ . 82
Figure 5.3. Spacer figUure. ... ...t e . 87

Figure 5.4. Diagram of the modelling algorithm for simulation e€ooent



Figure 5.5. Diagram of the modelling algorithm for simulation of coucierent

Figure 5.6. Temperature profile for-carrent flow of single layer

10110l o= 1 [ I 9 2

Figure 5.7 Temperature profile for counteurrent flow of single layer

1T 0] o] 7= 0T 93
Figure 5.8. Temperature profile of-carrent flow for M., 9 4
Figure 5.9. Temperature profile for countenrentflow of M5........................... 95

Figure 5.10. Flux versus velocity at®@hot and 20°C cold inlet with exurrent

Figure 5.11. Flux versus velocity at 60°C hot and 20°C cold inlet with ceunter

(U= o | ST P PPN .97
Figure 5.12. Flux versus feed inlet temperature witisuwroent flow..................... 98
Figure 5.13. Flux versus feed inlet temperature with cotqueent flow............... 99
Figure 5.14. Flux versus permeate inlet temperature wituog@nt flow.............. 100

Figure 5.15. Energy efficiency at different feed inlet temperatures witluigent..101

Figure 5.16. Thermal efficiency at different feed inlet temperatures with ceunter
(010 | (= o PP RPPPPPTRRPPUPPPPPTN 102

Figure5.17Correl at i on bet we eigieneyato@°C feed dnd20f ux / ener
permeate inlet teMPEeratureS. ... ....c.oiirii e 103

Xi



List of Tables

Table 1.1 MD process parameteend their correspondingpstsin 2017................. . .2
Table 2.1. Differenmembrane separation techniques and their properties.......... 8
Table 2.2. Advantages and disadvantages of MD pracess.............cc.oevvenn.. 10
Table 2.3Polymeric materials anttheirproperties..............ccovviviiiiiiiiniienn... 16
Table 2.4. Common flat sheet commercial membranes udéin...................... 18

Table 2.5. Studies on MD membranes and their characteristics for dual layer membranes

and hydrophobic membranes..............cooiiiiii .. 20
Table 3.1. Membrane codes and their cOmpoSILioNS ............cccoovviiiiiiiiiinen... 29
Table 3.2. Membrane characCteristiCS...........covuiiiiiii e, 35

Table 4.1. Different experimental conditions for DCMD experiments............... 60

Table 4.2. Module flow chanhdimensions and membrane areas.................... 61
Table 5.1. Equations used to descrheephysical properties of water................ ... 85
Table5.2. Spacer and module dimenSioNS............ccooviiiiiiiiiicee e, 91

Table 5.3. Membranes and their conductivities...................oooiiiiiiiiine. 91

xii



CHAPTER 1. INTRODUCTION
1.1.Background

MembraneDistillation (MD) is amembrane separatidgachnologythat has been known
since the 19680s. MD can be used in different applications such as desalination,
environmentalwaste cleafup andtreatment ofood-dairy stream MD was developed in
laboratorytests andvasthenscaleal up to be used in industry. Amongst researchers, MD
is being studiedo improve its performande terms ofenhancing the MD permeate flux
and reducing the energy consumptafithe process. For MD process, there are some
obstacles that should be focusetby researchers, which are membrane and MD module
design, membrangetting, low permeate flux, and higihermalenergy consumptiori.o
overcome thes@roblems in MD, suitable membrameaterials module designs and
process conditiasbecame vital research subjects.

Performance modelling &  Wetting and fouling MD review
mathematical model for
MD

Energy analysis

IMD process performance

MD module & module
configurations

Heat and mass transfer in
MD

Figure 1.1. MD publications between 1991 and 2018

Fig. 1.1shows theelativeproportionof paperghat have been pubhed in MD between
1991 and 2018 Throughout the yearsin membrane distillation researcmovel
membrans for MD contributedmost of the researcliocus, followed byMD process

performanceindheat and mass transfer in MD



The inadequacy ofommercial MD membranes ants ipoor economic performance
meant thatMD was not commercialized in the late 1960s3]. After 1980s, with
developments in suitahlgood performanc®D membranes and MD module designs,
MD has gained its place for the applicatidd$. After 200G, MD developers have
installed MD pilot and demonstration plarfs]. The first pilot for MD separation
technology was Mmstill®, whichwas conducted in Singapore Skadncineration Plant
in 2006 with a capacity of 1 hper day[1, 5]. After 5 years, Mmstil® installeda
demonstratiomplant withcapacity of 100 fiday in Singapore at Jurong Isladdhother
pilot plant was commissioned by Mem&sMD technology developewsing solar
power in Singapore with ® a day capacitys]. The firstMD desalination plant based
on seawatewith capacity of 10 rper daycompanywascommissioed by Aquaverin
Maldives using wastieeatfrom a diesel electricity generatieystenin 2014[4]. A larger
MD demonstration treating sea water RO brafecapacity 400 rhper dayhas been
constructed in Korea, however, no performance datayeadeen publishedMD
desalination plant can be operate@ombination withpower plant and/or other types of
low grade energgources like wastmdustrialheat and renewable energy to reduce the
cod and consumption of energy used in the prof@ssiowever,MD plantswith small

capacitycould be a reason fetow progress and growtif MD [5].

Another issue for MDdeslinationplants other than their capacities is cost. Cost differs
depending upotheMD p1l ant s’ 1 watgaconditions,the pize ofplgrdnsl
available and economic heat sour@. Table 1.lincludes parametersand thei

corresponihg costs adapted froif7].

Table 1.1. MD proessparametersand their correspondingpstsin 2017[7]

Parameters Capital, $

MD module 161967
Membrane cost (A 60
Electriccost (KW/h) 0.069




Because MD requiremoderate temperatito providethe thermal driving forceacross

the membrane, utilizing renewable solar energy or waste heat can reduce water production
cost[8]. Using theaforementned alternative energy sources enablesetpeired energy

cost for MDto be reduced. Improvingembranes and membrane module designs for MD

canalso amelicate the sizef the MD pilot and demonstration desalination plants.

Choosing the appropriate membranes for MD has been an issue for commercialisation of
the proces$2]. Although hydrophobic membranes such as PTFE, PVDF, aritthir®
been thepreferred membranes for MD for many years for des@dinapurposes,
manufacturinghew ideal membranes has been considered in acaf@mfamembrane

c 1l o s e rldeal MD mdmébraneis required to meet high mass transfer and low heat
transfer through the membran€hanging the hydrophobic material of the membrane
does not highly affect the heat transfer becauttermal conductivities for most
hydrophobic polymersre similar[9]. However, it was proposed that an additional
hydrophilic support layer would improve the heat transfer characteristickial layer
membranesThe necessity of finding the ideal membranes has arisen fronaéaiand

use ofhydrophobic/hydrophilic dual layer membrarvess proposed bl 0].

1.2.Research Objectives

The claims forinproved heat transfer outcomag hydrophobic/hydrophilicdual layer
membraneas only bendescribedoy conceptual models that have not quantified
reduced onductive heat transfer occurs. Quantifying this via modelling of the
performance of dual layer membrangesomething that has not previously been done.
Lack of modelling work around dual layer hydrophditycirophilicmenbraresinspired

the purpose ahis work, which is accurateodeling of dual layer composite membranes.
Although some modelling studies are available for hydrophobic/hydrophilic dual layer
membranes in the literatunepne of thenpredicted the MD flux and energy efficiency
using 2D modé, and some of them were jusircceptual models that identifiye concept

of heat and mass transfer throudiial layer membrane$hereforethe originality of the
work stems fromusing a 1-D model to calculate heat and mass transfer across the
hydrophobichydrophilic membrane, and to verify the model with experimental results

from desalination tests.



Performance modellingvas undertaken and experimentatesultsused to verify the
model Modelling work consideed how differences between the membrasksud be
modelled to accurately describe their heat and mass transfer mechdrasaddress this
issue, heat ahmass transfer equatiomgere derived for hydrophilic/hydrophobic dual
layer membranes, which can be found in the Chapter 5. Those equatiorgatirered
from published references Besides using hydrophobic/hydrophilic membranes,
oleophdic coating on polyethylene (PExembrane was also tested and modelled for the
DCMD. However, mathematicalmodelling for polyurethane (PU) coated PTFE
membrane hasot been dondue tothe complexity of the model in terms faicing the

hydrophilic layer on the feed sidad time constraints.

1.3.Thesis Outline

Chapterontributingto this thesis can be summarised as follows:

Chapter 1 Introduction presents MD baajcound from research and industrial concept.

Chapter 2- Literature Review, focuses on MD applicationMD studies, MD membranes
including identification ofingle and dual layer membranes that were studied in previous
studies andmodelling works for lgdrophobic and hydrophobic/hydrophilic merabes

Chapter 3- Examination of Characterization Tests for Single Layer and Dual Layer
Membranesdescribes characterization tegted in this work. These tests includeP
measurement, FIR spectroscopy,Scaming Electron Microscopy SEM), gas
permeability,porosity and pore size§hese characteristics were used for comparison

with previous studies and to describe the membirattee modelling program.

Chapter 4- Performance of Single Layer and Dual Layegrivbranes in Direct Contact
Membrane Distillation presents MD tests for both hydrophobic and
hydrophobi¢hydrophilic membranes under different operatoogditions, such as feed
inlet and cold inlet temperatures, and flow rates for desalinafivese redts are used

for comparison with modelling predictions.

Chapter 5- Mathematical Modding for Membrane Distillationdescribesmoddling
equations, which were ced in the modellingprogram and that descriltke heat and



mass flows antransfers througtht membrane. Comparison between model predictions

and experimental resuligasundertaken.

Chapter 6- Conclusions and Recommendatissignmarises the conclusions for this
study and also gives some recommendations for future studies$, @&dn lead to fuhter

detailed understanding of dual layer membrane performance



CHAPTER 2. LITERATURE REVIEW
2.1.Introduction

Membrane distillation (MD) isa thermal separation processin which vapour
transportation througa nonwetted porous hydrophobic membrane is eniy vapour
pressure difference between the two sides of the mempitaheMD is an emerging
techrology with developments foprocesssas well ador high performancenembrane
materiak being researchedhere are different types of MD configuratipaach aslirect
contact MD, air gap MD, vacuum MD as well as sweepiag §ID for various
applications such as desalination, watarse, and waste cleap[12]. In theearly 1980s
membrane distillation studies becanaetive and membrane distillation research
developed stronglyduring that period.lt has been stated that 61% of membrane
distillation studiesincluded perfomance metling, and many membrane distillation
publications focused on direct contact membrane distillation process in terms of being the

mostsuitable configuration for desalinatigi].

This chater will review differentmembrane separatidachnologies with the focus on
MD membranesand MD process modellingThis will include a history of MD

developmenandits appications
2.2.Comparison of Membrane Liquid Separation Technologies

Membrane separation technology has gapegaularity inapplicationdecause ats high
water qualityperformance and lowlectrical energgand maintenance costempared to
conventional water technologidd44]. There are also some advantages for using
membrane separation technologies over cotiweal separation technologiesuch as
lower chemical us during the process, removal of naigrganismsconvenient operation
and constructiorgero liquid discharge with the assistantevaporatas, andconserving
water ug by reusing the permeate water ecycling applicationd14]. Membrane
separation processes competth the other phyisal methods of separaticuch as sand
filtration, settling,adsorption, distillationandcrystallisation[15]. The menbraneis the
key feature that differentiatemembrane separation proces$esn other separation
processes. For separati@adriving force is needed across the membranke driving
force should be either pressure, tempeetaoncentration or electat potential[15].

Membranes usefibr water related technologiexperiencgroblemssuch as membrane
6



fouling, wetting,mechanical failure and ageing/degradation of the membwamneh are
all operational issues fonembrang@rocessesHowever, these probies can be overcome

by improvingmembrane properties.

Applications for membrane separation technologglude municipal water and
wastewatertreatment, reuse applications industrial water treatment/recyclingnd
desalination of seawater and brackish watergeneraised diagram for membrane

separation processes can be found below ir2 A[36].

RETENTATE
Flowrate Qour

FEED f,"’"" OHER =l SPECIFICATIONS
Flowrate QN N Pi’;’:ﬁ: :f:"f e
Compasttion X 1. Purity (xour or y)

Temperature T
Pressure P _
PERMEATE 2. Recovery (R)

Flowrate Qp
Composition y
Temperature T”
Pressure P”

3. Selectivity (y and xour)

Figure 2.1 Generic flow diagram for membrane separaporcessefl 6]

Pressurariven membrane processesnsist of reverse osmosigianofiltration,
ultrafiltration, and microfiltrdion. Reverse osmosiss the most commonly used
membrane separation technolpgsich has the oldest commercial membraaad was
established commerciallyn the 1960s. Morerecently pervaporation andvapor
permeationare thelatestmembraneseparationgchnologies to seek wider commercial
application[17]. The difference between theprocesses is thattent heat is used to
pervaporate the liquitbr transport through the pervaporation membyavieereas there

is no phase chang®er vapour permeatiofl5]. Microfiltration is generallyused to
separateolid particles from liquids vigize exclusion and pores sizes are general <1 pum
[14]. Among the membrane separation processes, microfiltration membraveshie
largest pores, followed byltrafiltration membranes. Microfiltration and ultrafiltration
membrae separatiortechnologies are similar with regards tteeir equipment and
operation, with the pore size of theembraneshe only significant differencfl7]. The
pore size that distinguishes microfiltration from ultrafiltratie arbitrary, but is
commonly regarded as being 0.1 pm, with microfiltration membranes having pores >0.1

pum and ultrafiltration meabranes pores that are <0.1 [itrafiltration is used to remove

7



particles and high molecular weight molecules, #rnatin the range of 0.0@& 0.02 pm.
Particles and molecules smaller than the pore size pass thfmugtembrane, whereas

thelarger paticles andmacromolecules are retainfidb].

Reverse osmosis (RQ)as the smallest pore sizes and is mainly used falidation
processeqg17]. Table 2.1shows different membrasefor liquid based separation

technologiestheir driving forces, membrane types as well as applicafidnsl 8]

Table 2.1. Different membrane separation techniques andotiopierties

Membrane Membrane Type Driving Force Applications
Separation
Microfiltration Symmetric Hydrostatic Clarification
microporous pressure
Ultrafiltration Separation of
Asymmetric macromolecular
microporous solutions
Nanofiltration Asymmetrc dense Hydrostatic Separation of smal
membranes pressure orgaric compounds
Reverse osmosis andsalts from
solutions
Pervaporation | Asymmetric,dense| Concentration Separation of
composite gradient, vapour | mixtures of volatile
pressure liquids

Vapour permeatior

Dense mefbrane,

Concentration

Separation of

composite gradient volatile vapours
and gases
Electrodialysis Dense ion Electrical potential| Separation of salts
conducting charged species
membranes

Membrane
Distillation

Microporous

Vapour Pressure

Separation of wat
from nonvolatile
solutes




2.3.Direct Contact Membrane Distillation Theory

Operating at low temperature and transmembrane hydrostatic pressure makes MD
desirable membrane separation process to be used in different appliaattotiiee most

of its potertial applications in desalinatiofi2]. MD is a thermally driven memlane
separation process in whigvaporation and comdsationtakes placeon the feed and
permeate sides of the membramespectively Vapour is evaporated because aof
temperatureor vapour pressuredifference across the membran&apour molecules
transports through the membrane, and are condensed cheeltwttemperature on the

permeate sidéor direct contact membrane distillation

Vapour phase

J

=
= > o
9 ©
5 .~ \§
o (]
Q. T
© -
> O
L O
Liquid Liquid
phase phase

Figure 2.2Direct Contact Membraneigtillation process schenja9]

Fig. 2.2represents the vapour transportation through the membranemgcéwhporation
and condensatiouring direct contact membrane distillatiph9]. There are some
obstacleghat can be overcome by using MD technologych as reaching high solute
concentration, pure water producticais permeate andreducing the effects of
concentration polarizatioat very high salt concentratiorfd9, 20] Increasinghefeed
flow rateand using spacef&1] can minimiseconcentratiorpolarization in DCMDby

inducing turbulent flow22].



In MD, heat and mass transfphenomena occur simultaneou$h?2]. Water vapour
molecules transporcross the mmbrane and membrane pores should not Wetted
throughout thigprocessUse of lydrophobic membrarsedoes not allowiquid to enter
membrane pores unleise transmembrane pressure excedusliquid entry pressure
(LEP). MD has some advantages and disadvantages when it is compared to other
membrane separation technologies and conventional separation technolmtgatfad

in Table 2.2[6, 20, 23]

Table 2.2. Advantages and disadvantages of MD process

Advantages of MD Disadvantages of MD
Low operating temperatures Heat loss by conduction
High rejection factor Lower flux encountered with mas

transfer resistancand drop in driving
force along the membrane

Reducedorrosion problems Membrane wetting and fouling

Less tendency to foul High thermalenergy casumption

Feasible for combining with the oth
membrane separatidechnologies

Being able to use alternativer waste
energy sources
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mf \\\
Feed Side
~NT..
= _Top
Membrane

Figure 2.3. Heat and mass flow across the membrane intdo@atact membrane
distillation: Tuf, bulk feed temperaturejf, membrane interface temperature on feed side;
Q, heat tansfer;Jv, mass flux; Tp, membrane interface temperature on permeate side;

Top, bulk permeate temperatyz4]

Fig. 2.3descrbes the heat and mass transfieD proces [24]. As it can be seen from
Fig. 2.3,thefeed side is the saline water and cold sidééspure permeate (watexhd
they are separatdry amembrane in between. When watapwour istransported towards
thecold permeate sidepnvolatiles (sakions)cannot pass thugh themembrane to the
permeate, so the newolatile componentsemain in the hot feedrouling in MD consists
of three types: organic, inorganic and biologicébuling [25, 26] When inorganic or
organic compounds accumulate on the membrarfacguor pores, membrane fouling
occurs via interactions between foulants and between foulants ameéithierane surface
This canlead to membrane wettin@5, 27] Foulans may totally or partially block the
poresas itis depicted irFig. 2.4[25, 28]
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Figure 2.4. Membrane wetting schematic demonstration (Aweited; (B) surface

wetting; (C) partial wetting; (D) wett@8]

Interactionsbetween proteins, lipids and membrane decrehsdgjuid surface tension

on the membrane surface, which lowdrswetting pressurg9]. If the transmembrane
pressures higher thatheLEP as aforementionedalt ions penetratbe membrane pores

as membrane wettiraccus. Membrane wetting can alsacurif the liquid phase surface
tension is decreasesh the LEP is reduced. This may happen due to high organic tonten
in the feedpr if surfactant is present in the fe¢80]. A more cetaileddescription oheat

and mass transfer in DCMWIll be discussed in Chapter 5.

2.4.Membrane Distillation Configurations

Bulk feed solution is in direct contact withe membrane surface al membrane
distillation processes, and water evaporates on the membrane surface of the fded side
DCMD, vapor transports throughe porous membrarie the permeate side followed by
condensation intthe permeate. In air gamanmbrane distillation (AGMD)stagnant air

IS positionedbetween the membrane arlde permeate strean8l]. Water vapor
condensesn the condensation platethe air gapallowing the heat of condensation to
be transferred t@a coolantand often this is the fee®y this mechanisnineat loss by
conduction can be reduci2]. Neverthelesgheair gap reduces thrate ofmass transfer
lowering membrane flu33]. For sweeping gas membrane distion (SGMD), water
vapour s condensed outside of the membrane module. Heat loss is also reduced with this
configuration similar to AGMD, buhe mass transfer coefficient f8GMD is enhanced

12



due toanonstationay gas barrier. Finally, foracuum membrane distillation (VMDa,
vacuum is created by a pump on the permeate side of the membrane. Vapasatiod
is processed outsiddne membrane module, and the conductive heat dossss the
membrane cabe neglected for this configurati¢phl, 20] All MD configurations have
their pros and aws for different applications dfID [11]. Fig. 2.5 depicts schemaiadly

thedifferent types of Membrane Distillation configuratidBg].

Feed in Feedin Vacuum

Sweep gas out

permeate out | Coolant out Feed in

Feed in

|~ Air gap
- ] Membrane

Membrane Condenser

N

membrane Condenser

~

[~

sl

Feed out

—

permeate in

Membrane \

Condensing plate

Feed out

Feed out

Permeate

Sweep gas in

Feed out

—

Permeate

l T Coolant in

Product

DCMD Configuration AGMD Configuration SGMD Configuration VMD Configuration

Figure2.5. Membrane Distillation configuration typ§34]
2.5.Historical Evaluation of Membrane Distillation

Membrane distillation isa processthat hasbeenstudiedfor over 50 years.The first
membrane distillatiorpatent wasgrantedto Bodell in 1963, followedby the first
published MD paper using DCMD configuration by Findley in 19%/ 12]
Demineralized water rewvery from saline water method using Mias the new approach

for improving the desalination efficiencgnd a patenwas grantedo Weyl in 1967. In

this processhot feed solution was in direct contact with membrane as well as cold
permeate solutiofb]. Weyl used #TFE membrane with 3.2 mm thicknessr mean

pore size and 42 percent of porosity. Other types of hydrophobic membranes such as
polyethyene (PE), polypropylene (P&)d polyvinyl chloride (PVC) weralso proposed
Findley also emphasized the most suitable membrane for MD in his publication in 1967.
Sweeping gas membrane distillation and vacuum membrane distillation configuration
were usedy Bodell in his second patent in 19@dell and Weyl were studying the
desalination of saline wateisingMD process, whereas Findley was studying heat and
mass transfer phenomettaat occuran MD procesg35]. For a decade after 1970, a

p h accuerédsinfeothrere WE3 no studyat could be
found in the are35]. Thereason could bthe breakthough ofhigh flux RO membrane

periodcalledthe d e a 't h
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based on aasymmetric cellulose acetateembranaleveloped by Loeb and Sourirajan.

By 1980s, with the advancememismanufacturing new membranes, thapularityfor
research to enhance Migrformanceose[35]. In 1982, Cheng & Wiersma wegeanted

a patent for developing the first comgite hydrophobic/hydrophilic membrane for MD.

A Workshop in MD’> WMayini@86add the@rmifologyef MBn 5
was discussed during the workshdfD wascommercialized by the companigsch as

Gore and Associates, Enk& and Swedish Devepment Coafter 1985.

Current studies mostly focusn fabricating suitable membranes for MD that can give
higher permeate flux and can consume lower enertpe processViembrane fabrication
gained popularity as a research area for membrane distitatand fabrication of

composite membrases akey research ard8].
2.6.Membrane Distillation Studies

Membrane distillation applications consist @ésalination, bne concentration, food
applicationschemical processesndwastewater treatnmé processef86]. MD is mostly
used in theeareas for separation and water treatnfghtMD is alsoapplied forvolatile
component separation from liqusblutiong34]. The most utilised membrane distillation
application studied desalination. Betweehe years 1970 and 199 salination studies
accounted for 67% of MD articleBetween 1991 and 2010, desalination related MD was
34% of the sidies. After 2011, desalinatistudies consisted of 48% ™D articles
Brine concentration and food industapplications were unknown before 19%tom
1991 to 2010, brine concentratiand food applications gainedpopularity amondviD
papersSince 1991, MDbrine concentrationesearch has increasedhereas application
for food industry has accounted flust 4% of the publications faviD. Food industry
applications consist of concentration of food productst juices, aromatic compounds,
and whey proteinMD has alsobeen studiedor wastewater treatment applicatson
Textile, olive mills and rubber indtries supplied wastewater fdD studies [34].
Wastewater application was the third most published area for MD after 1&@talne
a more preferred application for MBtudiesduring thegrowth phas€or membrane
distillation publicationsFig. 2.6 shows studies on different applicen areagor MD that

have been publishd8].
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Figure 2.6 Distribution of publications due to different MD applications during three
phaseg5]

2.7.Membranes Used in Membrane stillation

MD membrane are hydrophobic, porous, polgric media[15]. The deal membrane
should have highenergy efficiencyas well as high flux.The functionng of the
menbrane depends on thestructure since itis related to theseparation mechanism.
There are 2 types ohembrane structuresymmetric and asymmetri€ig 2.7. depicts

differentstructures adopted by membrafigs, 38]

SYMMETRIC ASYMMETRIC

— Integral asymmetric

’ ' l I ' l l Porous skin layer Honporous skin layer

2 ' Composite structure

Porous

Figure 2.7 Membrane structurdassification[37]

Polymers, ceramic, carbon, metal and glass can be used as membrane materials; however,

the most populamembrane materialsre polymerid39]. The most suitabl@olymeric
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membrane materialse PTFE, PP and PVDF for carrying trecessary requirements for
performance. Those necessities porous, hydrophobic, narrow pore size distribution,
andsmall tortuosity factorHowever, these membranereinitially manufactured for
usein microfiltration (MF) proces$0]. Only commerciaMF membranes were uséar

MD between the years d970 and 1990. Fabrication of specific MD membranes by
surface modification, grafting and blending methdds/e been popularly used
academic studwgfter 2011. Specific MD membranes promised to decrease wetting and
fouling, as well as teenhance flu{5, 41]. This can be done by controlling th®1D
membrane properties, such as porosity, mean pore size, hydrophobidy.etc

Polymer membranes can be fehted by phaseversion method39]. Membrane
materials should be thermally and chemically stable for bhg@rocess conditions. Table
2.3showsthemost common polymeriRlD membrae mateials andtheir propertie$l1,

39].

Table 2.3Polymeric materils and their properties

Polymeric Materials Properties
Polyethersulfone (PES) Chemical and thermal durability
Polyacrylonitrile (PAN) Extreme resistanceto oxidation and

hydrolysis

Main material for UF membrane ai
composite membranes

Better tolerancéo solvents

Good organic fouling resistance

Often hydrophilicmaterial(not desirable
for MD)

Polysulfone (PS) High performance polymer with excellg

chemical and thermal stability
Common naterial for UF and MF

membranes

Polyetherimide (PEI) Good mataal  for  asymmetric

pervaporation membranes

Polyvinylidene fluoride (PVDF) Good chemical and thermal resistance
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Resistant targanic and inorganic acids

High pH tolerance

Polyethylene (PE) Excellent mechanical strength
Non-toxic
Low cost

PolypropylendPP) Generally hydrophobic

High chemical stability
Cheaper than PTFE membrane

Polytetrafluoroethylene (PTFE) Hydrophobic by nature
High resistance to chemisal

Membrane hydrophobicity increases for thatemialslisted in Table 2.3asonemoves
down the rows from PES to PTFE Polysulfone (PS), polyethersulfone (PES),
polyacrylonitrile (PAN) and polyvinylidee fluoride (PVDF) polymers atgydrophobic
by nature, however with different th@ds and additives they can bwdified to be
hydrophilic membrare [39]. Table 2.4lists the mostused polymdc membrane
materialsand describes their key material attributes of relevaneetobrane separation

processes.

Membranes can be prepared byptmain processes, which are phasersion process
and interfacial polymerization proces$hese processes can be used for commercial
membrane productiorf89], although interfacial polynmesation is used for manufacture
of dense membranes. Sevesaparation mechanismsanbe usedo inducemembrane
formation viaphase inversigrand the two most common methodstaermally induced
phase separatiofTIPS) and nonrsolvent induced phase paration (NIPS) [39].
Thermally induced phase separatipfiPS) is one of the mainly used microporous
membrane preparation methoB¥.DF membrangcan be prepared by this method, while
nonsolventinduced phas separation method (RS)is used to prepare PBES,PAN

and PVDF membrang39].

For MD, themostcommonmembrane typesedis single layer hyarphobic membrane.
Neverheless,other types of membranes are also used sudtuaklayer composite
hydrophobic/hydrophilic membranes, trilayer hydrophilic/hydrophobic/hydrophilic
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membranes, and hydrophobic/hydrophilic/hydrophobic membidd¢sTable2 4 lists,

flat sheet membranepecifically used for MD as well as their membraharacteristis

[11, 40}
Table2.4. Commonflat sheet commercial membranes used in MD
Material Membrane | Manufacturer | Thickness Mean Porosity
Trade Name (um) Pore Size (%)
(Hm)
PTFE Gore Gore 64 0.2 90
PTFE Gore Gore 77 0.45 89
PTFE Sartorius Sartorius 70 0.2 70
PP Enka Sartorius 100 0.1 75
PP Metricel Gelman 90 0.1 55
PP PP22 Osmonics 150 0.22 70
Corp
PVDF GVHP Millipore 110 0.22 75
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2.8.Performance of Single and Dual Layer Membranes

Direct contact membrane distillation modelling based orheat and mass transfer
analysis of the process atittmembrane characteristidseat and mass transfer analysis
of the processs able to predicpermeége flux, heat and mass transfer coefficients, heat
and masstransfer resistancesand energy efficiency as well as temperature and
concentration polarization coefficienfd2]. Models have incorporated threffect of
membrane characteristicsuch as membrane porosity, thickness and pore size
distribution onmembrase distillation performanc43]. In [44], peformancemodelling

for composite membranesas investigated,which showed thaincreases of surface
porosity and feed temperature alswreasd MD performanceand permeate flux.
Membranes with different characteristics have bemestigated to understdmmass
transportso as to enhanddD performancg45]. Previous works on theoretical models
for MD haverequiredat least one adjustment fagtsuch as pore tortuosity faredict

permeate flu§45].

The hermal efficiencycan be calculated frothe ratio of flux (J) and latent heat transfer
(hiateny to mass fluxiyr) , specific heat capacity gfand temperature difference between
bulk temperature () inlet andbulk temperatur@utlet(Tro) as described biq.4.1[46,
47].

- — _ Jhaténe
Energy efficiency EE = Gy (T 4T 1) X 100 (4.1)
Flux can be calculated from tlthange of the permeate weighhAW) to change of time
(t) andthearea of the membrane (f48].

Flux =J = 2% (4.2)
At A

One of the objectives in terms of increasing the performance of MD is to increase the
energy efficiencyTable2.5lists publishednformation for membrane characteristics and

performance for duabler and single layer membranes
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Table 2.5 Studies on MD membranes and their characteristics for dual layer membranes

and hydrophobic membranes

Reference MD Membrane Fabrication | Thickness Pore Porosity Rejection
process type (um) size and
Permeabilit
y
Dual Layer Membranes
[49] DCMD | Polyelectrolyt uv- 170 (|200nm| 70% (PP)| 99.09%
e Hydrogel on| initiated pm-thick (PP)
composite graft gel layer (For 30 gt
Polypropylene| polymeriza| (in the dry " NaCl feed
flat sheet tion state) solution)
membrane -
kg/meh
[13] DCMD Surface Phase 50.92 22.86 19.21% >99.7%
modifying inversion
macromolecul| method nm | (Hydropho 21
es (SMM) bic top- kg/mehr
blended layer) with 12%
Polyetherimid 17 63% PEI |
e (PEI) concentrati
membranes (Hydrophil on (M12
ic sub membrane)
layer)
[43] DCMD | Hydrophobic Phase >99.9 %
surface inversion
modifying method M4 flux
macromolecul (1x109) is
es(SMMs) lower than
blended commercia
| PTFE

20



hydrophilic membrane
polysulfone (1.8x10°
(PS) m/s)
M1 flux
(2.7x10°)
is higher
than
commercia
| PTFE
membrane
[50] DCMD PTFE/PU Co 30 382 nm 78% 3.88
stretching
Compound method | (PU layer) kg/mehr
membrane
[51] DCMD Dual layer Phase 71 70.6+3.8 99.8 %
composie inversion %
flat-sheet method | (top-layer) 10404
PVDF
membranes 44 (bottom kg/méhr
layer)
(M1)
Single Layer Membranes
[52] DCMD Thermally Commerci 45+3.2 0.06t0. | 56.5t5.5% 25
induced phase al 03um kg/(nPh)
separation
(TIPS} made
polyethylene
(PE) flat sheet
membrane
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[53] DCMD | Commercial | Commerci 3611 0.45+0.| 94+0.3% 29
polytetrafluor al 05 kg/(m?h)
oethylene (nm)
(PTFE)flat
sheet
membrane
[44] DCMD PTFE/PP Commerci| 20+0.4 05+ | 70% +5.0 40
composite al
membrane (PTFE) 0.02 (PTFE) kg/(m?h)
(PTFE)
80 + 16| jnos | 34%:2.4
(PP) (|5P) (PP)
[46] DCMD | Commercial | Commerci | 215 (active| 1.00 92.9% 255
polytetrafluor al + support | (um) kg/(m?h)
oethylene layer)
(PTFE flat | (Membran
sheet e 30 (active
membrane Solutions) layer)
[54] DCMD | Commercial | Commerci 150 0.22 70% 28
polypropylene| al (GE kg/(nPh)
(PP) flat sheef Osmonics)
membrane

Table 2.5shows some membrane types and their relation to memébinanacteristics in
order to achieve higher flux for desalination. This can be used as a guide to follow how
membrane characteristics can be effedivenembrane distillation performance in terms

of obtainig higher flux. According to the study in[55], dual layer
hydrophobic/hydrophilic membrane design requires thinner larger pores fothe
hydrophilic sublayer thanthe hydrophobic todayer. Another study inf56] states that

the top hydrophobic layer characteristidhat are mean pore size, LEP, and effective
porosty have influential effect on MD permeate flux.
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More recently, Qtaishat et al. [3] uskgdrophobidiydrophilic composite membranes
for membrane distillation arahalysed performande terms of physic#df understanding
the MD proces$13]. Qtaishat et al. [3] preparedwvel compositeMD membranedy
combining hydrophilic polysulfone anaoating with hydrophobic surface modifying
macronolecules (SMMs) Three types of SMMs were used, such as MDI (diisocyanate
4 , -4methylene bigp-phenyl isocyanadg, PDMS ¢ ,-Aminopropyl poly (dimethyl
siloxane) and BAL (2-(perfluoroalkyl) ethanol. fiese threalifferent types of SMMs
were testedand bette DCMD fluxes than those of hydrophobic single layer
polytetrafluoroethylene (PTFE) membrangsre obtained43]. Energy efficiency for
nontwoven supported PTFE flat shewicrofiltration compositemembranereacheda
maximum of 50%at 70°C, ad flux reached highest at 46 L?mat 80°Cin DCMD [46].
For DCMD, with hollow fiber asymmetric hydrophilic polyethersulfon@ES)
membrange energy efficiencyeached76% with the &éed temperature at 74.6 [57].
Hydrophilic asymmetric PEffat sheet andiollow fiber membrangperformedwith high
flux up to 66.7 kg/rth at afeed temperature of 73.€ for 2 m/s and 0.68 m/s flow rates,
resgectively,for feed and permeaténother studydemonstrated 58% energy efficiency
with PVDF hollow fiber membrane at 7€ feed inlet temperatufé8].

The dorementioned studieshowed that membrare with dual layes can increase
permeateflux and energy efficiencyfor MD. Hydrophobc/hydrophilic dual layer
membrangerformances in DCMD depends upon the characteristics of tmeghabic

and hydrophilic layers, and these need tahmracterisefbr modelling programsdn the

fabrication process of blendingf the composite dual layemembranes solution

concentations also play vital role idetermining membrangharacteristicghat in terms
effectMD performancg10].

2.9.Mathematical Modelling in Membrane Distillation

Different types of theoretical models have been proposed for various MD configurations
The main focus of the models erformance modelling of MBor different process
conditions[34]. Several studies focused on heat and mass transfer mechanism modelling
in DCMD [59]. Different approache® solving the equationtsavealsobeen usegsuch

as anbtical resistance network models and numerical modelling to model DCMD

process. In[60], modelling has been divided into three categories; 2nsudbels to
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describe the flowegime on the feed and permeate sael 1 submodelfor vapour

transport through the membrane that is dependent mpombrane properties.

For modelling, variations in membrane materials are accounted for in the membrane
characteristics included in the eqons for heat and mass transfetich will be
discussed in Chagr 5 indetail

2.9.1. Modelling of hydrophobic single layer membranes

Prediction of flux has been dofeg PTFE membrans DCMD mode[21] with different
parameters taken into account as model variables) avelocity, fe@ temperature and
module lengthProcess performance was pddwith derived heat and mass transfer
coefficients at different feed inlet temperaturelloreover accuracywas observed
between experimental and modelling results for couruerent and caurrent flow
while predicting the relationship between memlbrdength and temperaturé 1-D
model was developeaf predicting the feed and permeate temperatures, mass flux and
outlet feed salinity for AGMD with c@urrent and countezurrent flow[61]. Modeling

also was usd to doa simple cost analysis for the process to exarhim& much energy

is required forAGMD using flat sheet membrandsifferent feed water temperatures,
feed salinity and membrane pore siassvdl as different air gap widthsere considered
The eror for the model prediction was within 10%/ork by [62] usedperformance
modellingand flux predictioras well as experiments to demonstrate fibxabollow fibre
DCMD permeate flow rate does not affect the perm#akesignificantly compared to
the effect offeed tenperature increaséiowever, the tortuosity factorinfluencedthe
result when comparing thexperimentatesults with the model. Nertheless, the study
foundgood correlation between the model and experimEeptd inlet tempature effect

on permeate fiswascorrelated in the worknd also achievegood agreement between
experimental results and modelling woAnother study modelled theompression of
PTFE merbrane and its effects on permeate flux and energy effici¢d8y 64}
Moreover,the model was consistent with experimental results for predicting the flux at
different pressure#\ two dimensional model was develogeg[65] to understand mass
and heat transfer mechansnthroughoutmembranemodelsin DCMD. Flat sheet
hydrophobic PTFE membrane IDCMD was modelled and parameters investigated the
impact ofdifferent velocities and fee@iperature$66]. Also, the model waserified

with the experimental resuly deriving the heat and mass transfer coefficienpsedct
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the flux. CompositdP TFE/PPhydrophobic membrane was modelladd included mass,
momentumand energy balancés [44]. The result showed thaicreasing the feed inlet
temperature both increased the model and experiment permeatadidikonally, model
results were compared with experimanesults for validation of thenodel.2-D model
as presented by67] and considerecK and Y flow moas with commercial PTFE
membrane at different lecities and feed temperaturéhe modelling result was in
agreement with the experimental res@ihother 2D model was used to model DCMD
performance using different membranes at different process carsdftio desalination

using solar energjg].

Most of the modelling work in liteture haseenperformedfor AGMD rather than
DCMD. Both 1-D and 2D models have lBn used to predict the MD permeate flux and
to madel the performance. The reason for usihg2-D modelwasto see the effects of
flow in theaxial direction as well akelongitudinal direction, which influenséeat and
mass transfeoutcomesHowever,2-D computational fluid dynamics modehlso have
computational burdenand so are generally only used when mass and heat flow do
distributeuniformly across the membraj@8]. When it comes to modellingydrophobic
single layer mmbranes, different studidsave shown accuracy between models and

experimentsand most studies have focused on AGMDdesalination.
2.9.2. Modelling of hydrophobic/hydrophilic dual layer membranes

The first modelling work on hydrophobic/hydrophilic dual laygembranesvasdone by

[10]. The study tested the model to observe membrane top and sub layer characteristics
by simulating the permeate flux in DCMDQtaishat et al. [13], used
hydrophobic/hydrophilic composite membramesheir studyin which theheattransfer

differed compared to hydrophobimembranesThe heat transfer was calculated by
considering fluxes throughthe hydrophobic togayer and hydrophit sublayer.
Therefore, the heat flux through the membrane matrix was divided into two sections:
hydrophobic todayer and hydrophilic sutayer [10]. The diagram of heat and mass
transfer for hydrophobic/hydrophilic dual layer migranes can be seen in Fig..2.8
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Figure 2.8 Diagram of the temperature and concentration profile through a

hydrophobic/hydrophilic dual layer membrane

Deviation wasobserved for hydrophobic/hydrophilic hollow fiber membranes between
modellingand eperimental results becausetbéinfluenceof an additionahydrophilic
layer on permeate flupe9]. Another study examined the effecttbéhydrophilic laye * s
thermal conductivity orpermeate flux for hollow fiber composite membrangth co-
current flow while excluding the counteurrent flow to prevent membrane wettii@].
Increasinghethermal conductiity of the hydrophilic layer improved the permeate flux.
The model prediction was accurate with the experimental rddailever, increment
trendchanged aftethermal conductivityof the hydrophilic layer reached a certain high
level due to temperature polarizatioand limited temperature difference across

hydrophilic layer of the membrane.
2.10.0bjectives

Due to lack of modelling work around dual layer hygtilic/hydrophobic membranes,
t hi s wo r k ’usderthkenodefling ofsdualtlayer composite membraaesl to

predict permeate flux of MDAIthough some modelling studies are available for
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hydrophobic/hydrophilic dual layer membrandésw predictedMD flux and energy
efficiency and most aregjust conceptual models thdescribethe concept of dual layer
membranes antowmembrane characteristie§ect performancé he studiesvith those
conceptual modelshowed that hydrophobic/hydrophilic dual laymembranes can
improve permeate flux and energy efficiency in MD. This hypothesis will be tested by

performance modelling usingh model.

The aim is to predict MD grformanceand to account forifferences between MD
membranevased on their characterigid o address this issue, heat and mass transfer
equations are derived for hydrophilic/hydrophobic dual layer membranes, which can be
found in the Chapter 5. Those equations vgatbered fronprevious studiesviost of the
modelling workswere also focusedon Air Gap Membrane Distillation (AGMD) and
hollow fiber membranesHowever, this study will focus orflat sheet, DCMD

performance modelling.

The researclobjective of this study is to model and compare single layer hydrophobic
and dual layer hydropholileydrophilic membranes in order to observe their performance
and to predict the flux and energy efficierfoy DCMD. This work also includes sub

objectives that support tmeain objectiveand these are

% To derive heat and mass transfer equations for hgtirophobic single layer
membranes and hydrophobic/hydrophilic dual layer membranes,

% To characterize hydrophobic and hydrophobic/hydrophilic membranes to gather
parameters, that are important inpistshemathematical model,

% To work atdifferent processonditions to exaine the effects of conditionsnaviD
performance, and

« To validate the model with experimental data while predicting the MD permeate flux

and energy efficiencgt different process conddns.
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CHAPTER 3. EXAMINATION OF CHARACTERIZATIO N TESTS FOR
SINGLE LAYER AND DUAL LAYER MEMBRANES

3.1.Introductio n

Membrandistillation process performandepenls on membrane properties. Membrane
properties can bmeasuredyy characterization tester differentmembrane parameters,
so that membrane pregies can be related MD performancgl11]. The propertie®of
interestare thickness, porsize, porosity, tortuosityl.iquid Entry Pressure (LEP3nd
membrane thermal conductivitilembraneshave different characteristigroperties,
which need to be identifiecarefullyin order tomodel the membrane performance with
high accuracy Membrane properties affect the MD fllaccording to Equation 3.1.
Increasingmembrane pore size and porosity increddé&s flux, however, increasing

thickness andgnembrane tortuosity decreagks flux.

re

N o — (3.1)
where N i1is the molar f1ux, r 1is the mean p
porosity, & is the membrane thid3ness and =

Characteristicef the membranesan be diviled intwo differentgroups: thoseelated to
membrane permeation such as liquid and gas flow, tasis those related tothe
morphology and chemistrgf the membranes such as suag electron microscopy
(SEM), andFourier— transforminfrared(FTIR) spet¢roscopy{11].

Requirements for membrangs obtain better MD perforanceare listedbelow|[1, 11,
30]:

1- Membranesshould have hermal stability, being durableinder high process
temperatures

2- High LEP for membranesto prevent wetting

3- Low thickness and tortuosityeduces mass traies resistance, but high membrane
thickness increaseébermal resistance of the membraoerevent heat loss.

4- Narrow pore size distributioto lower the risk omaximum pore size wetting, sioat

membrane rejection can increase.
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5- High porosity MD permeallity and thermal resistance can increase that leads to
increase in MD flux and thermal efficiency.

6- Membrane should havariger pore sizé reduce mass transfer resistance
3.2Experimental and Methods
3.2.1. Membrane types

Five different membranes were considenedhis study and these are presented in Table
3.1. Threedifferent single layer membranes were considecg® with an oleophobic
layer (OPE). Additionally, 2 dual layer membranes were considered, one ddad h
hydrophobic layer facing the feed (HEB-PVDFNG6) and he other a hydrophilic layer
facingthe feed (PLUPTFE).

Table 3.1Membranecodes and their compositions

Membrane Membrane code Membrane Composition
PTFE M1 PTFE &tive layerandPP
support layer
PE M2 SymmetricPolyethylene
O-PE M3 Symmeéric oleophobic
Polyethylene
PU-PTFE M4 Polyurethane coated
PTFE
PVDF-co-HFP-N6 M5 ElectrospurPH activetop
layeron Nylon6 support
layer
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3.2.2. FTIR spectroscopyanalysis

The hulk and skin layerfunctional groups of the membrane wergtained by FTIR
andysis (Perkin Elmer Frontier]11]. Moreover, membraisavereanalysedn their dry
stae to prevent water interfanee of the signalsMembrane samples were puat the
sample loading aresheso-calledFTIR diamond plateBefore startinghe analysisthe
diamond plate was cleaned with ethanol to reducagkeftcontamnation.The gectrum
range was betwedsb0and 4000 cm. Fingerprint region is known as the area feaks
was between 2000 and 650 c¢non the FT-IR grapls. Identification of chemical

functionalgroups wasmadeby comparison with referencpectrunpeakranges.
3.2.3. Liquid entry p ressure(LEP) measurement

The Liquid Entry Pressure (LEP) is the pressure above which water is able to enter the
membrane pores and permeate through trgesarpores of the membrareEP is an
indicator of likely membrane wetting,sawater enters the pores when the pressure

difference across the membrane is greater than thd1,ER].

AP =R-P, (3.2)
LEP="lc 05 0 (3.3)

where B is the geometrmore coefficien{20], which is equal to 1 for cylindrit@ores,

Pr is the interfacial pressureahe feed side,J#s the interfacial pressure on the permeate
side, maxisS the maximum pore siz§; is the surface tension of the liquid, afhds the
contact angle of the membradé®]. The test wasun bygraduallyincreasinghe pressure

drop acrosshe membrane of intereshat washeld in membrane holder with 20% NacCl

on the highpressure side and deionised water on the permeate side. When the applied
pressire on the salt solution exceeded the LEP, the salt solutisffor@ed through the
membraned a change in conduciiy was detected on the permeate sklg. 3.1shows

the schematic setp for LEP tesf1].
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Figure 3.1 Setup for LEP tesf1]
3.2.4. Contact angle measurement

Contact Angle Analyser Kruss DSA2&as used to determine the contact angle of the
membrane material, and is a measure of the extent of hydrophgb]cillyis one of the
vital parts ofmembrane characterizati@s it is also used to calculate the Liquid Entry
pressure (LEP). Contact anglasmeasured byhe sessile drop method. A syringes
used to place a 4 ul drop on the membrane surface. The angle betweenwaemir
interface and the membrane surface mess through the water phase is defined as the
contact angle, andias determined by imaging of the drop on the membrane surface.
Contact angle measementsvere performedor all membranes used in this study, and
the esults can be found in Table 3Pheresults reported are the mean of 2 replicate
measurements. Contact angle measergmfor dual layer membrane wdaken by
tesing both sides of the membranectwaracterise both the hydrophilic and hydrophobic
layers.

3.2.5. Porosity measurement

Porositywas measured by mass difference of a dry and wet membrane by using water
and acetone. Watevasused as liquid for porosity to determine the membrane support
layer volume so thahembrane active layer volume coddd found, as water does not
enter the pores dfiydrophobic membranes. Acetomas used to calculate the solid

membrane volume, as it wets the membrane surface and can enter th&poresane
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samples were cut into small pie¢exmx3 cm)and membranes were separated as active
layer and support layeand the active layer volume 4 the support layer volume
(Vsuppor), the masses of the membrane and its support layer were medsuf2tl and

the porosity was determined as follows.

Vsupport: Tsuppert (3.6)
Psupport
Vm—Va= Vsupport (3-7)

where W, is the whole membrane volumen duppopi s t he suppoEg. 1 ayer’
3.6 and Eq.3.7 were used to calculate theembrane porosity.

_ (Mg oat—ms up p Jfe (3.8)

€
J(Vm_Vs uppc)r t

wheree i s t h ewtas the membrang massmvith support and active lay@gpdn

is the support layer masand p is the merbrane density.

To calculate the density of the membrathe, active layer of the membrane was soaked
in acetonen 50 ml flask, air bubbles weremoved from the flask by usirggultrasonic
vibrator. The mnembraneactive layer mass and flask mass weasasured by balance. The

density of theactive layercan be calculatef¥ 2] from:

Mactilvaeyer

paCtilm@/é:erl macetd—membru?ﬂ@actilvaeyjr (39)
as

Pacetone

where Mgive layerdS the active layer mass,nd is the volume of the volumetric flask,

Macetone+membranks the total mass of the acetone and membrane in the volumetric flask.

Thesame methowas also used for dual layer mbrares. For dual layer membranthe
membrane layers werseparatedand the porosity of both membrane layers were

determined.
3.2.6. Pore size neasurement
3.2.6.1.Gas permeation est

The aims for using the gas permeationwe=e to calculate mean pore size and effective

porosity [73]. The experimental sefp for measuring gas permeability consists of
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manometer, flow meter and membrane holder. There are two different pressure readings
which are the pressure difeace across the membrane, thaswat at 1+0.1 kPa, dthe
absolute pressure, which svaaried between-80 kPa[1]. Gaspermeatiorthrough the
membranevascalculated by Knudsen diffusionPoiseuille flow mechanism frorag.

3.3[1].

I=Gs ot sarrs By o e ohsP (33)

3t 2T R MT 8RT ¢t Db

where R is the gas constant, p is the gas v
the membraneFromEq. 3.3.b y k e e p igagonstant whileA/&ying thephs a

straight line can be fitted to the relationship betwkeéngsPersus Borefrom which slope

(k) and intercept (c) can be obtained. These terms can then be related lhoans=m

properties byEgs 3.4 and 3.

2

- L (3.4)

T8RTtbu

c=f | — (3.5)

T3t W2 R MT

Mean pore size (r) an &deivedfroom Ed. .&anhEq.r3ds ity (

as:

=220 BRT (3.6)

3c T M

= 8RTH (3.7)

33



Membrane é
holder

Air
i —l
Nitrogen =
cyliner Flowmeter
Monometer

Figure 3.2 Gas permeability measurement experimergalip
3.2.6.2.Porometer (Wet/Dry Run Method)

Anothermethod for determining the mean pore size, maximum pore size, mirponen
size and pore size distribution is wet/dry flow method, whican be measurely
PorometerQuantachrome 3G4 he prometer measures air flow as a function of pressure
through the membran&4]. Wet run and dry rurwere conducted consecutivelirhe
membranewas wetted with isopropyl alcohol (IPA)hat has low surface tensiohhe
liquid fills the pores of the membranencaa gas permeation tesis conductedby
increang the transmembrane pressufée tansmembrane pressure is expdmot to

be linear because of tlileoded membrane pores by IPBuring the wet run,whenthe
transmembrane pressure overcomes the sutéarson of the liquid, it will push the
liquid out of the poresThedry run was conducted with the same range of pre§gble

A dry runwasmeasued by sending the gas thrghh hdder and measuring gas flow as a
function of pressuréVhen plotted as flowrate versus pressure difference a straight line
is drawnuntil it finds the intersection of wet and dry riimorder to find the smallest pore

size of the membrar&5].

D= 4Y¥o0s 0

(3.8)

Pcapillary

where Y ftensmeoedao€ the 11quid, 06 1s the
capillary pressure. When TPA 1s applied,
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The bubble point corresponds theme mbr ane’s 1 ar ges't por e
pressurg75]. Then, bubble point pressure a@nbble poinflow rate can be recorded by
Porometer. Pore size distributimrelatinga diameterwhich meets each pressure points
by Eq. 3.8/76]. Pore size distribution graph revealed the minimum, maximum and mean

pore sizes of the membranes.
3.2.7. SEM measurement (Thickness)

SEM (Zeiss Merln Gemini 2 Field Emission Scanning Electron Microscopy)
characterization wassed to measure the thickness ofriimbraneandto observe the
crosssectionmorphologyof the membranerhemembranavasfrozen in liquid nitrogen

and then the membraneas cu with a blade to expose a clean cross secfidre
membrane samples were sputtered with Iridium prior to the characteriz&&.
measurement can be also used for estimating surface porosity, pore size as well as pore
size distributiorusing image angsis [20]. This method was repeated for single and dual
layer membranes to see thsitrface andcross sections, so thahe membrane layer

thicknessesould be measured
3.3.Results and Discussion
3.3.1. Membrane properties

Table 3.2 shows thmembrane characteristics of all membranes that were used in this
study. Besidecharacterising the thickness for M4, titber characterization results were
gathered froma previous study77]. Characteristics of the membranes wasedin the
modelling program in order to calculate mass tranafet conductive heat transfer

coefficiens for the membranes.

Table 3.2. Membrane Characteristics

Membrane LEP Porosity | Contact | Maximum | Mean | Thickness
Codes (%) Angle Pore Pore (um)
(kPa) ©) Size Size
(Hm) (Hm)
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M1 140 93 125 0.82 0.51 6.6
(active
layer)

86
(support
layer)

M2 93 75 101 0.39 0.21 143

M3 63 62 109 0.37 0.19 33.3

M4 90.5 - 77 0.45* 0.36" 11

(Hydro (Hydrophi
philic lic PU
layer) layer)
88 104 18
(Hydro | (Hydro (Hydropho
phobic phobic bic layer)
layer) layer)

M5 - 91 50 0.3 0.31 939

(Hydrophi | (Hydrop | (Hydrophob | (Hydro | (Hydropho
lic layer) hilic ic layer) phobic | biclayer)
layer) layer)

81 111 0.44 0.25 13.6
(Hydropho| (Hydrop | (Hydrophili | (hydrop| (Hydrophi
bic layer) hobic c layer) hilic lic layer)
layer) layer)

*Taken fromZhang et al[77]

FT-IR spectreof the Smembranscan be seem Fig. 3.3. M1 membrane gavapeak at
1204.09 and 1109.87 chin Fig. 3.3a elated to its & bonds When Fig. 3.3b and Fig.
3.3c images were examined-HC bonding gave identicapeaks between PE and
oleophobic coated PBoth images ha@H. stretch around 2900 chand CH bend 1450
cml. However the GC bonding peaks showed a difference in drggint region.
Hydrophobic layer of M5 membrane can be defined as Re®HFP (PH) in Fig. 3.3e.
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Hydrophilic layer of the dual layer membrane M5 vudentifiedas Nylor6 due to amide
| and amide Il peaks and around 1600 and 1500 wavelength respefttvellyig. 3.3f.
N-H bonding was also observed for Fig. 3.3f. Peaks at around 308Gowed cH

bonding for Fig. 3.3d. Peak between the range of 2006 amd 1500 cm was the

indicator of the existence of polyurethane (PU).
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(e) (f)

Figure 3.3. FTIR images of membranda) M1 (b) M2 (c) M3 (d)M4 (e) M5
hydrophobic &yer (f) M5 hydrophilic layer

Fig. 3.4 illustrates the images from SEM for membrane surfaces. The surface images
demonstrate surface porosities. Fréig. 3.4 and Fig. 3.4, the surface structuseof
membrane M2 and M8an be seeto berelatively simiar to each othelAccording to

Fig. 3.4a and Fig.3e4 M1 and M5 membrane surfaces, membrane surface porosities can
be judged as high. Is clear to declare from Fig.3.4d and Fige8#hat comparison
between hydrophobic and hydrophilic layers of M&mbrae can be done regarding
their surfaces, so that pore safehydrophilic layer seemto be higher than the pore size

of hydrophobic layerAs can be seen froifig. 3.4a and.4e thesurfaces oM1 and M5
hydrophilic support layexr werehighly porous PU hydrophilic layer coating on PTFE
hydrophobic layeof membrane M4 is a dense coatiigpe cense PU hydrophilic layer

surface was shown in Fig. 3.4d.

WD = 9.1 mm Column Mode = High Resolution Mag= 6.00KX

1 pm* EHT = 5.00 kv Signal A = HE-SE2 Date :2 May 2018 %

(a) active layer of M1
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1 pm* EHT = 5.00 kV Signal A = HE-SE2 Date :2 May 2018
WD = 8.3 mm Column Mode = High Resolution Mag= 6.00KX

(b) M2 membrane surface

1 pm* EHT = 5.00 kV Signal A = HE-SE2 Date :2 May 2018
|_| WD = 9.0 mm Column Mode = High Resolution Mag= B6.00KX

(c) M3 membrane oleophobic coated surface
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10 pm* EHT = 5.00 kV Signal A = HE-SE2 Date :2 May 2018
WD = 8.6 mm Column Mode = High Resolution Mag= 990X

(d) PU hydrophilic layer of M4 membrane

| | WD = 8.6 mm Column Mode = High Resolution Mag= 6.00KX

1 pm* EHT = 5.00 kV Signal A = HE-SE2 Date :2 May 2018 @

(e) M5membrane hydrophilic layer
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1 pm* EHT = 5.00 kV Signal A =HE-SE2 Date :2 May 2018
WD = 8.0mm Column Mode = High Resolution Mag= 4.00KX

() M5 membrane hydrophoblayer
Figure 3.4. SEM images of membrane surfaces

Fig. 3.5 shows SEM images fdteme mbr anes’ c¢ross sections. As
3.5d and Fig. Be, M4 and M5 are dual layer membranes, whereas the other membranes

are single layer. Nevertheless, M1 has active and support layers, that can be seen from

Fig. 3.5a. For M5, layers were detached during the SEM testing, so it made much easier

to see thedyers. From Fig. 3.5¢hethicker layer is the hydrophoband thinnetayeris

hydrophilic. For M4, on top of the thin PU layer, hydrophobic PTFE layer can be

observed with attachment of textile support layer.

Although M3 is a single layer membranehdsanoleophobic coating on PE membrane.
Fig. 3.5c showed theross section for M3. From thisnage, the thickness of the
membrane is higher than the thickness of M2. Amongst the membranes, M2 is the one

thethinnest. From Fig. 3.5a, M1 has active laygoported byabonelike structure.
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100 ym* EHT = 5.00 kv Signal A = HE-SE2 Date :2 May 2018
WD = 50mm Column Mode = High Resolution Mag= 150X

(@)

100 pm* EHT = 5.00 kv Signal A = HE-SE2 Date :2 May 2018 %

WD = 4.6 mm Column Mode = High Resolution Mag= 150X

(b)
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20 pm® EHT = 5.00 kV Signal A = HE-SE2 Date :2 May 2018
WD= 48mm Column Mode = High Resolution Mag= 250X

()

100 pm* EHT = 5.00 kv Signal A = HE-SE2 Date :2 May 2018 %

WD = 4.6 mm Column Mode = High Resolution Mag= 149X

(d)
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20 um’ EHT = 5.00 kv Signal A = HE-SE2 Date :2 May 2018 %

WD = 4.0mm Column Mode = High Resolution Mag= 200X

(e)
Figure 3.5. Cross sections of membafe M1 (b) M2 (c) M3 (d) M4 (e) M5

Fig. 3.6 illustrates the pore size distribution graphs for M1, M2, M3 and M5. Both
hydrophobic and hydroplic layer pore size distributions were examined for M5. Pore
size distributionidentifiesthe range ofore sizes throughothe membrane. Fig. 3.6a
showed that M1 has the largest mean mre. Among all membranes, M3 has the
smallest mean pore size asvias illustrated in Fig. 3.6&rom Fig. 3.6d and Fig. 3.6e,

M5 hydrophobic top layer mean pore diameter was larger than the hydrophilic layer
support layer mean pore diameteor M5, the mass transfer resistance of a hydrophilic

layer is higher than aydrophobic layer.

The pore size measurement was not done for M4 membrane bdczdsesdayermade

was not compatible witthe measurememgchnique.
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Pore Flow Distribution [Duallayerhydrophilicup.por]
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Figure 3.6. Pore flowlistributions (a) M1 (b) M2 (c) M3 (d)ydrgphobic layer of M5
(e) hydrophilic layer ofM5

Fig. 3.7 demonstrates contact angle measurements of the membranes. All images were
taken after calibration of the video captuMembranes can be ordered from most
hydrophobic to least hydphobic as: M1, M5M3, M2, M4. This order, however, was
based on their layers, which was facedlmteed solution. When compadn was made

between dual layer membranes, M4 and M5, hydrophobicity and hydrophilicity of M5
was found more than M4.

From Fig. 3.7 shows the hydrophobicity for M3, in which is also oleophobic ¢oil
repellent). Fig. 3.8 and Fig. 3.7f are the images for hydrophilic layers of dual layer
membranes. Wetting tendency can be higher for M2 and M4 in order to their
hydrophobicity. Although contact anglesf the membranes were not used in modelling,

it was important to understand their hydrophobicity in ordesgume the character when
contacting with feed.
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3 mm

Step: 1 Liquid:
Temperature: 20.0 °C water (Air)
Elapsed time: 0.00s

(@)

Step: 1 Liquid:
Temperature: 20.0°C water (Air)
Elapsed time: 0.00s

(b)
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3 mm

Measurement:
M3

3 mm

|

Step: 1 Liquid:
Temperature: 20.0 °C water (Air)
Elapsed time: 0.00s

(©)

Step: 1 Liquid:
Temperature: 20.0 °C water (Air)
Elapsed time: 0.00s

(d)
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Step: 1 Liquid:
Temperature: 20.0 °C water (Air)
Elapsed time: 0.00s

()

Step: 1 Liquid:
Temperature: 20.0 °C water (Air)
Elapsed time: 0.00s

(f)
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Step: 1 Liquid:
Temperature: 20.0 °C water (Air)
Elapsed time: 0.00s

(9)

Figure 3.7 Contact angle measurement imagesii@embranes ()11, (b) M2, (c) M3,
(d) M4 hydrophilic layer, (e) M4 hydrophobic layer, (f) M5 hydrophilic layer, (g) M5
hydrophobic layer

3.4.Summary

Characterisatiortests for the membranes were conducted in order to detetheire
porosities pore sizs, andthicknesgs so that these characteristics can be used to calculate
massand heattransfer coefficierst in the model.FT-IR spectroscopyevealedall

me mb r afunetional groups such asC-C, GH bonding SEM was successfully
conducted tomage both te membranes surfaces and cross sections. Surface images of
the membranes showed their porous structures. Cross sections of the membranes were
examined to measure the thicknes3é&M5 me mbr ane’s hydrophilic
t han t he MdhydroghilicHayes. Hyerophobic layer of M5 was also thicker

than the hydrophobic layer of M4 (when textile support excludedjosities of the
membranes werealculatedvia gravimetric analysis with wetting and rawtting fluids

High porosity was required fdrigh MD flux andPTFE (M1) had the highest porosity

among the membranasad the highest fluPore sizes of the membranes were determined
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by PorometerMinimum, mean and maximum pore sizes as well as bubble points of the
membranes were measured by Por@méflean pore size wased to calculathhe mass

transfer coefficierst Pore flow distribution graphs were also provided by Porometer. M1
membrane has the maximum pore size, whereas M3 membrane has the smallest mean
pore size. LEP tests were conductedsome of the membraneSontact angles of the
membranes showed their hydrophobicity, dhd most hydrophobic membrane was

found as M1, and least hydrophobic layer was M4.
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CHAPTER 4. PERFORMANCE OF SINGLE LAYER AND DUAL LAYER
MEMBRANES IN MEMBRANE DISTILLATION

4 .1.Introduction

High dficiency in MD can be defined as high flux with high thermal efficiency, and the
performance will be determined Byelements; -Membrane characteristics; Rrocess

conditions,and3- Membrane moduldesign[78].

Hi gh Performance MD: High f1

Me mbrane Process Col Me mbr ane |

Hydropho Hi gk ed Provide
wet tprmg e temperat mass tra
Me mbr ane Low perm Provide
thicknes temperat tur bul enc
Hi gh por High f1lo feed and
Pore siz Hydr ost a Low pres
Low tort pressure drop
(close t System i Efficien
and heat evaporat

Figure 4.1 Parameters for bettperformance MD

Fig. 4.1 shows parameter requirements for high performantembrane Distillation
procesg35, M].

Membrane propertieaffecting permeate fly to get high performance MD haween
discussed in the Chapter B this chapter, process conditions and membrane module

factors will be discussed.
4.2 .Membrane Distillation Performance Parameters

4.2.1. Process onditions
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Different process conditiaeffectthe permeate flux as well as eneggficiency ofthe
processBetter performance for MD can be obtained by high fluxiés mmoderate energy

consumptior{78].

Process conditions can be adjdgsteminimise the performanceterioationeffects One
of the vital parameters is process temperafline.feed inlet temperature highbffects
the flux[80].

Temperature can beounted as one of the most important parameters that leads to high
performance MD.Feed inlet temperature in@ss the permeate fluxapproximately
linearly [35, 81] The reason for thigs that thevapor pressuref water increases
exponentially with temperature as described by the Antoine Equ@dnHowever
permeate tengrature increasgecreases the permeate fand has theppositeeffect to

feed inlet temperatul85]. With the decrease of permeate terapae, permeate flux is
expected to increasdue tothe an increase irvapor pressurelifference across the
membraneas thevapour pressuralecreaseon the permeate sidB4]. From an
economical implementatiopoint of view, feed inlet temperaturghould be 58 or
higher[35]. In MD, high feed inlet temperature and low permeate temperaturdeske i

to get high flux.

Anotherprocess condition effect on permeate flux is flow rate of the feed and permeate
sides When flow rate of thdeed increases, permeate flalso increase[81]. High
velocity create turbulence inside the membrane modilat leads to an increase in
driving force as the turbulenceeduces temperature polarizatif80, 82] However,
hydrostaticpressure Isould not exceed the liquid entry pressure (LEP) while increasing
the feed and permeate flow raexceeding the LEResuls in wetting of the membrane

and compromises rejectioate[35].

Salt correntration in the feed soluti@asoaffects the peneate fluxNon-volatile solutes
such assalt ions in the feed solutiadecreaséhe vapor pressuréhat is exacerbated by
concentration polarizationso that it reduces permeate fl{85]. The existence of
concentration polarizatioreduceghe mass transfer coefficient at the boundary layer of
the feed sidg20]. However for the effect of salt concentration on vapour pressure is very
low except when approaclgnsaturation conditions (e.g. 3800 mg/L NaCl). Br

volatile solutesincreasing the concentration of solutethe feed also increases trapor
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pressurea ¢ c or di ng t oandHhencengehtsation of wolatile solutes (e.g.

ammonia) in the permeate increases.

Rejectionrateacross the membraigeexpressed asgercenage and istheconcentration
difference between feed and permesta percentage of the feed concentration as shown
in Eq. 4.1]83, 84}

R — Cf_Cp (41)
Cr
R is the alt rejection coefficient, s the feed concentration ang i€ the permeate

concentratiorj85].
4.2.2. Membrane module

Membrane module desigoan also contribute tachievinghigh flux for membrane
distillation processDifferent module designs are adopted Direct Contact Membrane
Distillation (DCMD). Howeverthe twocommonly used module designs considered are
hollow fiber and flat sheet modules. Fig. 4l@picts theemodule designi21].

Figure4.2. Tubularmodule for hollow fiber and plate module for flat sheet membrane
[21]

For hollow fiber configuation, feed enters the moduda eitherthe shell sideor lumen
side of the module and permeate on thiner sideof the membrane This module
configuration may have advantages due to its larger @eeainit volume forusein

commercial applicationg30]. Thedisadvantagevith this module can be observétht

high temperature polarizatiors generatedvhen uniform flow distribution cannot be
achieved. Thesproblens can be overcome by usiagross flow module.
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Another common used modukethe plate and frame modulghich can be used fdiat

sheet membranehl this moduleamembrane is placed between the spacers and frames
[20]. This module is mostly used in laboratory experiments while testing the membrane
for the effect on the flux and energy efficiendjlat sheet membranes aso used
commerciallyin spiral wound modules whethe flow is not uniform as it is f@tate and
frame module§l1]. The plate and fram&rangement provides controlled hydrodynamic
flows that improve membrane performance, aele@ning andeplacing the membrane is
easier compared to other types of mod{ddg. In this study,plate and framéat sheet
modulewas used to perforndirect contactmembrane distillationFig. 4.3 shows a

sclematic diagram athe modulearrangemenic5].

membrane

= "I ditch

]
Eq—nut

Figure 4.3 Plate and fram®CMD modulesetup [65]

The membrane module should meet somguieements to get high efficienegembrane
distillation[80]. These requirenmés arehigh turbulence for feed and permeate inside the
channelto reduce tempature polarisation and increafex. Another possible solution

to diminishthetemperature polarization effect is to-sgt the module with spacers as in
Fig. 4.3. Spacers pnacut down the temperature polarization coefficient (TPC) to
approximately 30 percef30]. High rate mass and heat transfer can be achieved by high
feed and low permeate temperatusd®wever, it is worth mentioninthat temperature
polarization effect that reduces the performanadses from heatransfer through the

membrane.
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Different flow modes through the moduleat areused areco-current, countecurrent
and crosglow. The nmost commonly used flow arrangements aregoent and couter
current in MD. Countecurrent flow is likely to perform better flux than-carrent flow
[86]. These low modes for DCMD configuratioaredepicted in Fig4.4[86].

A)
4

- ]
(B)

— =

— , - -

Y

©

Figure 4.4. Flow modes for@MD (A) co-current (B) countecurrent (C) crossurrent
flows [86]

Low pressure droplong the membrane is another critéoiea well-designednodule as
it prevens flooding in the membrane pores the hydraulic pressure cae kept below
the LEP so thatvettingis preventedl11].

4.3.Direct Contact Membrane Distillation Performance

Direct contact membrane distillation performance can be judged by permeate flux
(produc), rejection and energy efficiesy. Permeate flux (J) can bealculated by

following Eq. 4.2
J=Gn (P—Pp) (4.2)

where G, is the mass transfer coefficient,i® the vapor pressure at the feed sigasP
the vapor pressure at the permeate R0 Vapor pressuresn the bulk sides can be
calculatedoy usingthe Antoine equation, which will be discussed in Chapter 5.
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Calculating salt rejection factera Eq. 4.1is used tadentify if the membrane hadsaking

or wetting issus, which reduceejection anceffectsMD performance negatively.

Thermal efficieng for MD is the proportion ofvaporisation latent heat to totaeat
transferred(via latent heat and conductive logsé®m the feed to the permeatas
defined in Eqg. 4.320]. Thermal efficiency can be enhanced by high feed temperature,
high flow rates and adequate membrane thicknigss 88}

JAH,

AHy+Qconductive

Thermal efficiency = 4.3)

Specific flux or a global mass transfer coefficieG§iobal is calculated taemove the
effects oftemperature differenc@elated to partial pressures) from the assessméet
global mass transfer term is relateml the membrane properties ahgidrodynamic
resistance. At high flowrates when the flow is fully developed, the global mass transfer

coefficient becomes independent of feed velocity.
J = Cylobal (Pt — Prp) (4.9

Cyiobal Can be calculated using E444 and calculatingpartial pressurelifferencein the
bulk temperaturesn feed and permeagides of the membraneesgectively. J is the

instantaneouBux and can be caldated by the following E¢}.5.
_v
J=— 4.5

where V is the volume for weighted and collected permeate, t igrie@eriod, A is the
membrane ared he difference of vapor pressures at the feed bulk and permeate bulk is
name d aaage and &quations Ed.6 and Eq.4.7 are used to calculate the average

vapour pressure differendepending upon the floarrangement

Co-current flow
— (Pfl_sz)_(Pfo_Ppo)
APaverage= N j
|’15f oPp

Countercurrent flow

(4.6)
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Pr Py o—(Pf Py

APaverage= i p:; _(P;: p) 4.7
1 L

f O‘ij

(4.8)

Cglobal =

APaverage

MD flux is also affected by the dimension of the membrane, and flux €amcbeased

using short and wide membranes compared to long and narrow megs{bi@gne
4.4.Experimental and Methods

Direct contact membrane distillation experimemtere conducted for 4 hours aride
system setip is as shownn Fig. 4.5 DCMD setup containedconductivity meter,
balance,membrane module, feed and permeate pumps, heater and drikefeed
solutionwas held in the feed reservoir tank and permeae collected in the product

reservoir tank, whiclvas weighed througbutthe experiment bg balance.

Temperature
Conductivity indicator Temperature
meter 0 indicator

| e

Membrane

Heater

i i )

Chiller Temperature Temperature
indicator

indicator Feed pump
[ |
A ; M 1
Product pump
Product
reservoir

[ Balance Feed reservoir

Figure 4.5 Membrane Distillatiorprocessset-up [1]

DCMD experiments were conducted thefive types of the membrane whiahe shown

in Table3.1 Experiments were dored different conditions such as feed goefrmeate
temperatues andflow rates and the conditions can lbeund in Table 4.1Dual layer
hydrophobic/hydrophilic M5 membrane was also tested doe more feed inlet
temperature at 88C andat aflow rate of 7® ml/min. All experiments were conducted
for 1% ww (10 g/L) salt concentratiorgnd change in the conductivity of the permeate

tank was constantlyecordedthrough experimentsvery 15 minuted®y a conductivity
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meter. Salt rejeatn, R, was calculated from Eq. adapercentage. For all membranes
used in DCMD gperiments flux and energy efficiency of the membranes were calculated.
Each experimenasted for 4 hourandwastested inco-current and countecurrent flow
arrangementsTemperatures dhe inlet and outledf the feed and permeate sidegre

recordecevery 515 miruteson data logging software.

Table 4.1. Different experimental conditions for DCMD experiments

Membranes Flow Flow Velocity Feed Inlet Permeate
Type Rates (m/s) | Temperatures Inlet
(ml/min) (°C) Temperature
(°C)
450 0.079 50 10
M1 Co-current 530 0.093 60 20
M4 600 0.105 70 30
M2 Co-current 530 0.093 60 20
M3 600 0.105 70
M1
M2 Counter 530 0.093 60 20
M3 current 600 0.105 70
M4
450 0.079 50 10
M5 Co-current 530 0.0 60 20
600 0.105 70 30
750 0.131 80
450 0.079 50
Counter 530 0.093 60
M5 current 600 0.105 70 20
750 0.131 80

Experiments for all membranes were performed by adjusting the process conditions as
showed in Table 4.1. All experiment conditions were keptstant throughout an
experiment. Flow rate, feed and permeate inlet temperatures effects on permeate flux
were examined for M1, M2, M3, M4 and M5 membrgnespectively The channel
dimensions and membrane areas can be found in Table 4.2. Asdtheof the M5
membrane differed to the other membranes, a different module arrangement was used,

and the channel dimensions for M5 membrane arrangement are found in Table 4.2
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Table 4.2. Mdule flow channedlimensions and membrane areas

Membrane Module Module width | Module depth | Membrane
Codes Length Dimensions
(mm) (mm) (LxW)
(mm) (mm)
M1, M2, M3, M4 135 135 0.8 135%x135
M5 135 135 0.8 135x95

Repeat experiments were undertaken to obtain the reproducibility of the experiments and
to estimate the experimentalr@. The r@eat experiments were within 20of each

other.

4.5.Results and Discussion
4.5.1. Direct Contact Membrane Distillation (DCMD) tests for single and dual layer

membranes

DCMD tests formembranes were conducted for PTIMEL), PE (M2), O-PE(M3), PU-
PTFE (M4), and PVDFco-HFP-N6 (M5). Both cecurrent and countesurrent flow
modes werg@erformedfor all membranesAs wasmentioned in Table 4.1, DCMD tests
for M5 membrane wer operated at 600 ml/min (0.10%/s) while changing the
temperaturekor the other menbranes530 ml/min (0.093n/s) flowrate was used while

changing the temperatures.
4.5.1.1.Global mass transfer coefficient (Goba) dependence on velocity

Comparison betweelD me mbr anes’ per formance can be
global mass transfer efficient (Gyoba). INncreasing the velocity in DCMD experiments
increases the turbulence ahdtemperaturelifferenceacross the membrane. Calculating
Cgiovairemoves the effect of temperature and flowrate, if the flow is fully developed, while
maintainng differences due to membrane characterigfitsThen comparisof mass

transfer coefficientbetween membranesinbe madd1].
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Fig. 4.6 shows gohaidependence on velocity for-@oirent flow. As velocity increased
global mass tmasfer coefficient alsincreasedor all membranesM3 and M4showed
identical trend at 0.093 and 0.108s.
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Figure 4.6 Global mass transfer coefficient relation to velocity focaoarent flowat

60°C feed and 20°C permeate inlet temperatures

Performances of the membraness made by observing their gha values. M1
membrane performance was better than the other membranesciareot flow, which

was followed by M2 and M3, respectiveRerformances ofuhl layermembranes, M4

ard M5 were similar to each othérhe reasn was assumedle totheir similar porosity

and pore size characteristi@obal mass transfer coefficient was also used as parameter
when choosing the right flow rate for M5 membrane, and the ideal flowedelecided

as 600 ml/min (0.108n/s) for the experiments, that were operateith different feed

inlet temperatures while keeping the flowrate constant.

Global mass transfer coefficient verdasdvelocity was examined for counteurrent
flow as itwasshowed in Kj. 4.7. Increasing the fee@lodty from 0.093 m/s to 0.105
m/s boosted §obal for all membrane with countaurrent flow. However, Giobal
decreased whenghvelocity increased from 0.108/sto 0.131m/s for M5 although the
change was minor and could be assigned to experimental error
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0.14

Cglobal relation with the feed inlet temperature for the membranes was different when

compared to ceurrent fow due to different calculation for average vapour pressure

difference for Gioba:

Cyiobal Ccalculation was used to compare the membranes regarding their characteristics by

eliminating the effect of temperature and velocity. Therefore, global masgetrans
coefficientscan be used to compatiee performance of the membranes. Global mass
transfer coefficients were found bedifferentfor co- and countercurrent modes because
of the different equat jaeagpasitchubeisn foomEq ¢
4.6 and Eqg. 4. Moreover, differenexperimentafluxes for the membranes are atbe

reason for different goba values for coand countecurrent flow modes from Eq. 4.8.

4.5.1.2.Global mass transfer coefficient (Giobat) relation with temperature

Feed inlet temperature effect opdkawas observed for all membranes. Fig. 4.8 revealed

the relation betweengshai and feed inlet temperatures with-corrent flow.
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current

Global mass transfer coefficient decreased when the feed inlet temperature increased
from 60°C to 70°C for all membranes, ahétrend for all membranes was the sdore
co-current flow This can be explained e higher availableheat br transfer due to
temperaturéncreag at the membrane surface on the feed side that supports higher MD
permeate flux[1]. Moreove, more heat transfezd to sustain higher flux at higher
temperaturegesults in increased temperature polarizatidence, he decrease in global

mass transfer coefficient can be explained by inextEsmperature polarization effect

at higher temperatas that act to reduce the feed side temperature at the membrane

surface

High porosity and larger pore size as well as thinner active layer introduced higher C
for M1 compared to the other membranBse decrease for M4 can be explained by high
temperature decrease across liyerophilic layer, which resulted in reduced temperature
difference across hydrophobic layer where evaporation takes flaeetemperature
difference across hydrophobd&yer waslower than thebulk temperaturefrom which
Cyiobas Was calculatedso a lower Gobal Was calculatedAs the high temperature value

across the hydrophobic layer was significantly lower thantfie vapour pressure was
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much reduced given the exponential relationship between vapour pressure and
temperatire. This reduction of calculate@giobabecomes more significant as temperature
increases, because of the exponential relationship between vapour pressure and
temperature. Nevertheless, this behaviour was not observed for M5 due to the
hydrophobic layebeing located next to the hot feed, and the increase in vapour pressure
on the permeate side being lower in absolute terms, again due to the exponential
relationship between temperature and vapour presShestemperature decrease across

the hydrophobitayer was higher than M4.

Fig. 4.9shows the relation between vapour pressure and temperature. Vapour pressure
increases exponentially as the temperature incsedbe tiangle valuesspecify the

values at the interfaces for membraiMks and M5. HoweverTspinterface temperature
should be ignored when examinititge graph for Mlasit is asingle layer membrane
Temperature drop across the hydrophobic layer of M4 was between the temperatures of
Tmp and Tsp, Whereashetemperature drop across hydrophdaigerof M5 was between

the temperatures, m and Tmp Single layer membranes and MBulk temperatures
difference was the difference betweespand Top for the membranes.
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Figure 4.9 Vapour pressure relation to temperature
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Fig. 4.10shows the changd €gobaiwith feed inlet tempeture for countecurrent flow.
Global mass transfer coefficient was greater for Mémbrane, and increased with
temperature incrementM4 membrane has the lowes§idsa for countercurrent flowat
70°C.

Global mass trafier coefficients increased as the temperature increased from 60°C to
70°C for M1, M2 and M5 on the contrary to-carrent flow.However, the global mass
transfer coefficient decreased with bdtibw modes for only M4 membrane due to the

low temperature dmacross the hydphobiclayer of the membrane.

Global mass transfer coefficierdfts M2 and M3 were different to each other although
their mean pore sizes were similar. M2 had higher porosity and less thickness than M3,
which leads toa greater Goba cCOmpared to M3 for coand countecurrent flow.
Oleophobic coating for M3lid not make remarkable change for performance when

compared to M2.
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4.5.1.3.Salt rejection and velocity relation for single and dual layer membranes

Salt rejectiorfor single and dual layer membranes were dated at the same feed and
permeate inlet temperatures while testing at different velocitiesu@ent and counter
current flows werealso observed by platg salt rejection and velocity for the

membranes.

Fig. 4.11 showssalt rejection relation with velocities at 60f€d and 20°C permeate
inlet temperature for courrent flow.Rejection of 99.5 and over was achieved for M1,
M2, M3 and M4. Rejection of approximately 98 was acleved with M5 membrane at
0.093m/s. As the feed velocity increased, fluctuation was observetthdarejection of
membraneV5. There area coupleof reasonghat could explain this behaviouThose
possibilities are membraneetting, differences in maximum pore sizesd compressed
membranarising from its repeated use for maxperimentsThe LEP can be indicator

for rejection Higher salt rejection rate can indicate lower wetting capability for
membranes, hich can increase the membrane life. Higher salt rejection also produced

pure permeate throughout the DCMD tests.
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Figure 4.11Salt rejection at different velocities for-carrent flowat 60°C feed and

20°C permeate inlet temperatures
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Fig. 4.12illustrates rejection rate with different velocities for courtierrent flow.
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Figure 4.12Salt rejection at different velocities for countanrent flowat 60°C feed

and 20°C permeate inlet temperatures

While observing M5, it can be said that the behavieas the same when it comes to
countercurrent flow for salt rejectiorAlthough consistency was achieved between the

repeat experiments, rejection rate for M5 membrane fluctuated for caumtent flow.

Rejection for the other membranes were higher withntercurrent flow compared to
co-current flow. For both flow modes, M5 reached its highest rejection r@t@@8m/s.
The rejection rate for M5 was better for countarrent flow.

4.5.1.4 Feed inlet temperature effect on salt rejection

Feed inlet temperate effect on salt rejection was observed for single and dual layer

membranes during the experimgnt

Fig. 4.13shows salt rejection change with feed inlet temperatures fourcent flow. M5
showed lower rejection when compared with the other membrdigggest salt rejection

for M5 was reached at 80°®ejecton for M4 was lowest at 50°C.
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An increase was observed for M5 memleras the temperatunecreased due to lower
hydraulicpressureat higher temperaturégcause of reduced viscosifhis also lads to

less wetting through larger pores.
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Figure 4.13Salt rejection at different feed inlet temperatures fecwwent flow

Fig. 4.14 demonstrates salt rejection change with different hot inlet temperatures for
countercurrent flow mode M1, M2, M3and M4 achieved better rejection with counter

current flow compared to ecurrent flow.
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Figure 4.14 Salt rejection at different feed inlet temperatures for cownueent flow

However, rejection at 80°C for courteurrent was lower than the rejectiahthe same

temperature for caurrent flow.

An increment for M5 was also observed for comuigmrent flow while increasg the

feed inlet temperaturéverall rejection for M5 wasower than the ther membranes
possiblybecause adlifferences in maximm pore sized_iquid entry pressusgLEP) for

M1 andM5 could possibly provide evidence to support this proposition, however, LEP
measurement d¥15 was notobtainedbecausehe layers could not be separateden
undertaking the LEP measurements.

4.6.Summary

Direct contact membrane distillation (DCMD) experiments were condwetibdfive
membranesat different process conditions such aSedent feed velocitiesieed and

permeate inlet temperaturies a feed solutionvith 1% w/w salt concentration.

In this chapter, salt rejection rate and global mass transfer coefficiegigsa)@or the
membranes were calculatéthe reason for calculatinpe global mass transferas to
make the comparison between membrammessidering their characteristiby removing

the effectsof temperature and flowrat&/hen increasing the velocity for membranes,
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global mass transfer coefficients of membranes increased for b@hdoountecurrent
flows due to increased turbulence in the chartevever,Cgyona for M5 atthe \elocity

of 0.131m/s was lowethan at the velocity of 0.10%/s. Thereforemoderate flowrate
was chosen as 600 ml/min (0.168s) for the experiments at the different operating

temperatures for M5.

Temperature increment from 60°C to 70°C decreaseddbalgnass transfer coefficients
for the membranes, but M8d not show remarkable changdthough pore sizesvere
similar for M2 and M3, global mass transfer coefficiewesre different. Thixan be
related to theidifferent porosities andhicknessesCgyiobal Was greater for thinner M2
membrane compared to M3 with-carrent flow.The opposite trend was observed for
M1, M2 and M5 for countecurrent compared to ewurrent while increasing the
temperature from 60°C to 70°®11 had the greaterdepaivalue due to its larger pore size
and higher porosity when compared to the other membré&gsa decreased as the
temperature increased for M4 with-cand countecurrent flow. The reason was that
temperature difference across the feed and hydrophilier s highersince the
hydrophilic layer was the top layefhis leads to lower temperature drop across the
hydrophobic layer and the permeate, in which evaporation oddavgever, thiseffect

was reducedbr M5 since the top layer was hydrophobic.

Saltrejection with the change of feed velocity aednperature was examined for the
membranesincreasing the feed inlet temperature also increased the rejection rate for
membranes wh co and countecurrent flow due to higher temperature different across
the membrane that increased evaporation @terall, M1, M2, M3 and M4 recorded
greater rejection rate than M5 membraBé&ference in largest pore size,embrane
wetting or compression for membrane could be the reason for lower rejection rate for
M5.
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CHAPTER 5. MATHEMATICAL MODELLING OF MEMBRANE
DISTILLATION AND COMPARISON WITH EXPERIMENTAL RESULTS

5.1.Introduction

Mathematical modelling for MD requires well developed understanding of the heat and
mass transfer phenomena during the membrane distillprocess throughout the
membrane module. Heah@ mass transfer equations are fimedamentapart of MD

modelling, ® that analysing the equatioisscrucialin developing the mod¢62].
There arggenerallythree types of MD modellinfB1]:

1- 0-D models 0-D modds do not consider the changesfluid conditions inside the
module. Approximate fluid conditions and modul®merties are used as inputs in
this type ofmodel| and emperaturest feed and permeate side aldghg module do
not change.

2- 1-D models 1-D models divide the module into small elements alisdength, so
that in each element temperature and flow propeatiesllowed to changdong the

membrane.

3- 2-D models 2-D models involve complex computational fluid dynarajgproaches
(CFD) to describe thkeat and mass transfer acrossféesl and peneate channels
andmembrane as well as along the membrane. These kind of models need to be solved
by detailed calculationthat takdonger time tcsolve than 4D models, especially for
large areammembrane modulg§1]. 2-D models are useful when changes in flow and
temperature occur in 2 dimensions, such as when wanting to understand module inlet
conditions or when high fibre density leadsnonuniform flow and temperature

distributions across hollow fibre menaime models.

2-D modes focuson bothaxialand cross flowdirections fodifferent parameters such as
concentration, temperature and velockgr hollow fibre systemghe model is limited
to fibre inside flow, whereas thell model could be moreapableof usein multiple
ways [60]. 1-D model can be used to accouiar temperature andoncentration
polarizationif programmed correctlyHowever, 2D flow model is computationly

expensive compared te[l mode| and for flat sheet membranes with wedisigned feed
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inlets uniform flow across the membrane can be assumed. This is the case for the
experiments considered here, and for most commercial flat sheet membrane modules.

Therefore, only a D model was considered.
5.2.Modelling Assumptions

Before evaluating the mass and heat transfer equations foottedlimg the performance
of MD, there are some assumptiaesjuiredto simplify the cothg for the 1-D model.

These assumptiongere:

» Heat losseglected through the membrane module to the environment.

» The emperature gradient auss the width of the membrane waglected

» Permeate mass ggingthe membrane is neglected the single pass recovery is
approximately 5%

» Sensible bat transferred by the permeate is neglected.

» Concentration polarization effect was neglected dubddow concentration of salt
used in the experiments compared to the concentration at which significant vapour

pressure depression occutience, the modes only valid for low salt concentration.

5.3.Modelling Structure

Mathematical modelling for MDs used to predict process performance and analyse
experiments usinghe equations thaare stated below. The generation of the models
should follow a structwer that involves model derivation, model analysis and solua®n
well as model validation as {i89]. Modelling derivation involved the usef heat and
mass transfer equations to predict the performance of MD, ardl meenbrane
characteristics as parameters in the hedtraass transfer equations. Tleisablel the
effect of membrane properties on membrane distillation performance to beedbtain

Mathematical modelling structure consists of four steps whic[Bate
1- BalanceequationsMass and energy balance

2- Transport transfer resistancemodel equations: Phase change, temperature and

concentration polarization

3- Flow model equations: Mass and energy fluxes
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4- Physical property model equations: Density, viscosity, thermal conductivity of the

membrane etf39].

Modelling needs to identify the processiest takeplace during MD. Balance equations
account for mass and enerflpws throughout the membrane module, aalibwed
temperature profiles to be predidtor the feed and permeate streams. Mass and energy
fluxes werecalculated under the flow model equations, as well as deriving the transport
mechanism. Transport model equations are tak®naccount by considering tipase
change and calculating tlextent oftemperaturgolarisation. When the equations are
derived, they can be divided into sections: feed and @m@eséde of the membranend
themembrane itself. Lastly, physical property model equations can bearesdiifnating

the physical properties @ure componestand solutios, and for estimating membrane
properties such as thermal conductivity, and liquid properties such as densitgityisco
andthermal conductivityA 1-D modelbased ormass and heat trdies equationsvas
applied and the equations were solved along the memfmaeach x1 point from x=0

to x=L.
5.3.1. Mass and @ergy balance equations

Mass and energy balance equations not only consmhetuction and diffusion, but also,

they incorporate theflow regime[90]. Mass and energy balaneguationsfor the
membrane modulthat resultsn predicting the mass flow and temperatures at the feed

and permeate siddass and energy balarscareappliedto smal sections along the
membrane so that changes in temperature along the membrane are taken into account,
and the total energy and mass balances are the sum of the heat and mass flows from each

section along the entire length of the membifaom x=0 to %L [89].
5.3.1.1.Mass alance

The mass balae wasestablishedisingEqg. 5.1and Eq.5.2, whichshow the masBow

from thefeed ando the permeate side, respectivelysteady state.

dd_rr;f: -Jrotal. W (5.1)
dd_xp: Jotal. W (5.2)
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where mis the mass flow rate on the feed sidg,isrthe mass flow rate on the permeate
side, w is the membrane width angalis the total flux through the membrajg®, 89]
The model assumes that the membrane is divided into N equallpagsta length, and
calculates the mass transferred at each point along the membiaoetheinitial point,
X=Xo , themasstransferred from the feed and to the permeate is defined by Eané.3
Eqg.5.4[89].

Mg (X:Xo) = Mo (5.3)
Mp (X=X0) = Mp,0 (5.4)

From the beginning point 1 to khe mass flowfrom the feed ando thepermeate sides

is describedor each component§) by [91]:

dTYLf,i

=-J.w fori=1,.,N (5.5)
dx
dm,; .
—2=Jw fori=1,.N (5.6)

5.3.1.2.Energy balance

Eq. 57 and Eq. 58 describes thenergy balance for membrane distillatemd accounts
for latent transferred to the peeate via the vapour, and for conductive heat transfer

through the membrane.

ﬂ=_i Qproch_is_]totﬂJfW (57)
ax Vil CogPr Py '
ﬂ_iQproch_s]tot’EpW (58)
dx  Vp| Cp,Pp Pp :

where QrocesdS the total heat flux along with the membrangaid \ are the volumetric
flow rates on the permeate and feed side, respectj@ély89] Similar to the mass
balance, the energy balance equations can be wastenfunction of membrane length.

Theinitial conditionsfor the energy balance are as indicated in Eq. 5.9 and Eq. 5.10

Tt (X=Xo) = Tto0 (5.9)
Tp (X=X0) = Tp,0 (5.10)
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Along the membrane for eagwint, xi, Trand T,temperatures changecordingto Eq.
5.11 and Eq. 5.155].

de,i _

o= Trio W for i = 1, .., N (5.11)
TeioT,w  for i = 1, .., N (5.12)

5.3.2. Transport model (Transfer resistances) equations

Transportmodel equations describes the membilaased separation process in which
concentrdon and temperature polarization effect takes into place with the effects on the

performance of the membrane distillati&3].
5.3.2.1.Mass transfer resistance

During the mass transfer, salt ions cannot pass through the membrane. This causes salt
ions to accumulate in the feed, and the saltentration near the membrane surface to
increase. This phenomenon is termed concentration polariZ@ign Concentration
polarization occurs in the MD feed channels and reduces the transmembrane flux. The
Sherwood number, a dimensionless number, can be used rastioor factor for
concentration polarization. For low concentrations of feed solution, concentration
polarization might be negligible as the vapour pressure is not greatly affected.
Concentration polarization effect does not give burden computationadly ivtbomes to
modelling. However, because of the low concentration used in the experiments,

concentration polarization phenomenon was neglected.
5.3.2.2 Heat transfer resistance

Heat transfer resistance in the boundary layer can be eegldby temperature

polaization. This can be modelled analogously to mass transfer. The heat transfer from

bulk of the feed to the permeate side of the membrane can be described by simple heat
transfer equationslo estimatehe heat transfer coefficiertt, Nu s s e 1 t > scane quat i o

be used.

Temperature polarization is the difference between interface temperatures aotkthe

temperaturg[1].
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Tnf—T mp

Heat flows from higher temperature to lower temperature by nature so that as the

temperature difference increases the rate of the flow also inci@2§es boundary layer

is formed at the membrane surface on the feed and permeate sides, which creates
resistance to the flow of heat and makes the temperatures at the interfaces lower than th
temperatures in the bulk flows. This phenomenon also crates resistance for mass flux,

which can be result in lower mass fluxa4].

Nusselt number is the function of Reynolds number, Prandtl numkelengith and

viscosity of the solutio{93].
Nu=f (Re, Pr, d L, W) (5.19

Nusselt s number 1S defined as:

Ny == i=f,p (5.19

The Prandtl number is used as a correction factor for Nusselt nj@dher

Pr= %p (5.19

Re= %d (5.17)
The particular Nusselt number chosen is related to flow regime in the cii@dn@&B]

Re<2100 Laminar Regime

1/3
Nu=186(RePr(") (5.19

2100<Re<10000 Transitional Regime
3 3 dn\%/3
Nu= 0.116(R&3-125)P} [1 + (T) ] (5.19

Re>10000 Turbulent Regime

Nu=0.023Ré&°Pr/3 (5.20
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5.3.3. Flow model equations

Flow modelequations govern the mass and heat fluxes across the meniraarsaort
of mass and energy occur simultaneously and in the same directMD f@4]. For mass
flux there are three steps that are regional mass flutereas for heat fluxhere are

four steps for the membrane regions.
5.3.3.1.Mass flux

Mass flux can belefined as water vapour passiihgough the membrarfeom the feed
to the permeatf®, 94]. Water vapor transports through the membramegan whch the
process is driven by the partial vapoessure differendeetween the feed and permeate

[44]. For single layer membrandke process occurs in the followistepd95]:

(i) Mass trangort throughboundary lagrsat the feed sidésubject to temperature and

concentration plarization)
(i) Mass transfer through the membrane pores

(iif) Mass transfer from membrane surface to the permeate (shégect to temperature

and concentration polarizat)

As can be seen from the Fig. 5utater transports through 3 regions for single layer
hydrophobic membran@&0].
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Figure 5.1. Membrane vapor transport regif3tj

Mass fluxacross the membraman be calculatedsingEq.5.21 Mass flux dependsn

themass transfer coefficient fffandvapourp r e s s ure d)i fference (AP
J=Cm (Pvm,t - Pvm, p) (5.21)

where G, is themass transfer coefficient apgn, randpvm, pare the partial pressures
the feed and permeate sides, respectiwéiypourpressuregor watercan be calculated

by the Artoine equation shown in Eq. 5.P24] .
pv:exp(z 33 2 8 22°) (5.22

In the Eq.5.22, p, is the vapor pressure and T is the mean temperature at the membrane

interface. Eq5.22 describes vapor pressure dependence on temperature.

Different types oftransportmechanismsnay occur through the membre depending
upon the pore size, witknudsendiffusion, Molecular diffusionanda combination of
Knudsen and molecular diffusion psible[11]. In DCMD, generally combined flow
(Knudsen and moleculatiffusion) describes mass transport through the membrane.

Assigning of the appropriate model depengenthe Knudsen numb€©6].
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l
Kn= E (5.23

If Kn>1, Knudsen flow domnates and water vapour migration through the membrane
pores carbe described by E&.24[97].

1/2
2 s (3 )
Cm_ 3 Tt(st TR (524

wh e n,et, Ipg, tabe the porosyt pore tortuosity, pore radius and thicknesshaf t
membrane hydrophobic layeespectivelyCn is the mass transfer coefficieM, is the

molecular weight of water, R is the gas constant and T is the absolute temperature.

If Kn <0.01, mdecular diffusion dominates andhass transport through the memtaan
pores is described by E§.25

_ & PDM

Cm= T¢8¢ P RT (529

where Ris the air pressure, P is the total pressure inside thel@insassumed constan

and equal to the sum of the partial pressures of air and water vapour, and D is the water
diffusion coefficient. The value of PD (P&/s) for waterair is calculated from Ed.26

[24].
PD = 1.1%10%T%75 (5.26

Finally, in the transition region, 0.01 k1, mass transport occurs by a combined
Knudsen/molecular diffusion mechanism, and mass toahsp described by Ecp.27
[42, 89]

3 Tt(st TR 1/2 Tt(st- Pa R -1
Cn= |2 (—) 4l fa 2B (5.27)
2 Strp,t 8M Et PDM

5.3.3.2.Heat flux
5.3.3.2.1. Heat flux through hydrophobic single layer membrane

The feat through thaydrophobic single layer membrane is transferred pa8siegions:

bulk feed, membrane and bulk permedtkeal heat transfefor single and dual layer
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membranes will be discussed in the following pafte heat transport mechanisimom
the bulk feed to the bulk permeaian be found as belom7, 94, 98]

(i) Heat transferred from the feed solutiorthe membrane surface

Qr=he (T, - Tm,f) (5.28
(i) Heat is transfeed throughthe membrane by ceectiveheatand conduction
Qc=hm(Tmt-Tmp)+J ( A H (5.29
(i) Heat transfer from the membrane surface to the permeate solution

Qp= Mo (Tm,p- Tb,p) (5-30

Total heat trasfer can beavritten as in Eg5.31 at steady state.

Q=Qr=Qn=Qp (530

The overall heat transfer coefficient), canbe calculatedrbm Eq.5.32 Q is afunction
of the overall heat transfer coefficient atite temperature difference between the feed

and permeate bulk sides.

U=5v—Fm 1 (5.39

Overall heaflux is described by Ec.33

_(1 1 1\"
Q= (h_f ot U B /T —Tep)) T h_p) (Toi=Top) (5.33

Fig. 5.2shows the occurrence of mass and heat transfer phenomena through hydrophobic
membrane (a) and through hydrophobic/hydrophilic memUtetje
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feat and Mass Fluxe

Figure5.2 Diagram of the temperature and concentration profile thréa)gh
hydrophobiomembrane an¢b) compositehydrophobic/hydrophiliclual layer
membrangl11]

5.3.3.2.2. Heat flux through hydrophobic/hydrophilic dual layer membrane

Heat transport equations faydrophobic/hydrophilicompositedual layer membranes
for DCMD show differences becausetbé addition obne more transport region, which
is the hydrophilic section of the membrankeat transfer is assuméa be conductive
throughthe hydrophilic layer of the composite dual layer membranéke the heat

transfer throughdif ydr ophobic¢c layer’”s membrane
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For a membrane with a hydrophilic sldyer suporting a hydrophobic top layer,ater
mo | e c ehdngesphase to vapour (evaporation) athiydropholic top-layer of the
membrane on the hot feed side. Water vapour then condsrieesboundary layer of the
hydrophobic and hydrophilic layef40], so that heat transféinrough the hydrophilic
sublayer is by conduction only if the flow of water through this-tayer is ignored.
Ignoring the flow of water through the hydrophilic slalyer is reasonable givehe very

slow flowrate expected.

(i) Heat transfer through bounddayer from the feed solution to the t&gyer
Qr=h (To, t— Tm,9) (5.39
(i) Heat transferitrough hydrophobic tefayerof the dual layer membrane
Q=ht (Tm,~Tm, p) + IWAHy (5.3

(i) Heat transfertirough hydrophilic sultayerof the membrane

Qs=hs (Tm,p~Ts,p) (5.39

(iv) Heat tansfer throughboundary layeto the permeate solution

Qo=hp (Ts,p-Th.p) (5.3

where Q@ is the convective heat transfer in the feed boundary laydr@ is the
convective heat transfer through permeate solution boundary layerg Q are the heat
transfer fluxes, respectively, through the hydrophobidagpr and hydrophilic sutayer

of the membrand13, 53] h is the heat trafey coefficient for each regioof the
membrane,Wi s t he p e r pisthetlatent hdatuok vaporixdiion and T is the
absolute temperature. Bulk solution, feed, permeate, hydrophobiaytp of the
membrane and hydrophilic sldyer are identified by the subscripts b, f, p, m and s,
respectively{13].

At steady state, the overall heat flux through each layer is equal, so,
Q=Q=Q=0Q=Q (5.39

Q=U(Tbf—Top (5.39
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U representthe overall heat transfer coefficient for the DCMD process.

Therefore, the heat flux can be written B8, 13]

-1

—(1 1 1, 1
0= (h_f T T OB /e —Tmp)) T B h_p) (To=Toyp) (5.40
U—<i+ 1 +l+i>_1 54
“\h T R AR (T = Tmp))  hs ' By (5.4

where AT is the bulk temperatur grandibff er ence
respectively. The convective heat transfer coefficients can be estimated by using

dimensionl ess number s’ correlations.
up\

Nu = eRé’PrC(—) (5.4
HUm

where Nu, Re and Pr are Nusselt, Reynolds and Prandtl dimensionless numbers,
respectively; a, b, ¢ and d are characteristics constants of the liquid flow regime, and p
and pm represents water dynamic viscositytire bulk and at the corresponding side of

the membrane, respectivdh3].

The conductive heat transfer coefficients of the hydrophilsublayer (k) and
hydrophobic togayer (h) can be calculated from the follavg Eq. 5.43and5.44

kis kyestks (1—&g)
5s 5

hs= (543

_ ﬁ _ kg€t+kt (1—Et)
h = A (5.49
Where k, kw, ki, kg are the thermal conductivities of the hydroghiiembrane polymer,
water in the pores, hydrophobic membrane polymer and the gas contained in the pores;
ds, t, 8 garethe thickness and porosity thfe hydrophilic and hydrophobic layer of the

composite membrane, respectively.

Whenpredicting the tBrmal conductivity othe membrane, thredifferent models can
be used: 1. Isostrain (parallel mod&l) Isostress modeB. Flux law model, which can

be found calculated from the equations bel6@2; 99]
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km=(1-¢ %%k & k Isostrain model (5.4

Km = [é + (1;:)] 1 Isostress model (5.46)
_ . [1+(- ) By
Km= Kg [—1_(1_ S)ﬁs_g] Flux law model (5.4
,’:—;—1
Bog=F— (5.48
kg

In this work,thelsostrain modewas chosen to calculate the thermal conductivity of the
membraneThe Isostrairmodel isoften chosen for MDhecause aits high accuracy for

calculating the thermal conductivity of the membrane in the ni6ag|
5.3.4. Physical property model equations

Equations to describe the physical properties of solutions and air were located from
general literature swmces, and were used to descripgre ©®mponent or solution
properties. This allowed these properties to be calculated at the different temperatures
along the membrane$able 5.1shows the equationssed within the modeb describe

the properties of wateand airas a function of temperatuf&00].

Table 5.1 Equations used to describe titeysicalpropertiesof water

Water properties Correlations Regression Source
Coefficients

A=0.34710
Density _(1_1 n B=0.27400
AB\''T
n=0.28571 [100]
(g/ml)
T=647.13
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A=-10.21568

[100]
Viscosity logid"=A+B/T+CT+DT? | B = 1.7925x16
(UP) C =1.7730x18
D =-1.2631x1C
A=9.1445 [100]
Air Viscosity A+BT+CT? B=0.029257
(uP) C=0.000019067
A=92.053 [100]
— 2
Heat Capacity A+BT+CT%+DT? B=-3.995340
C=-2.1103%0*
(J/(mol.K)
D=5.3469%0"
A=2327.3
Heat of A+BT+CT?+DT? B=1.4317 [1]
Vaporization
C=0.010953
(kd/mol)
D=1.2365¢10°
Thermal A=0.2758 [100]
CondUCtiVity A+BT+CT2 B:46120>§.03
W/(m.K) C=5.5391240°

86




5.3.5. Spacer moddling

Spacersnduceturbulentflow, which increasesnass and heat transfey reducing the
boundary layer thickness next to the membrdies mechanism can increase flux by
50%[99]. The presence dhespacercreates recirculation regiem which high velocity
can be reached and temperatpolarization can be decreag&@1]. The spacerdesign
used in theViD moduleis shown in Fig. 5.3where6 s the angle between the fibres, |
is the length between the parallel fibresp is the height of the module and id the

diameter ofasingle spacer fibrg80].

Velocity can be calculated from Eq. 5,48hereA is the crosssectional areaandQ is

the flowrate of feedr permeatd1].

¢ (5.49

A¢&spacer

Eq. 5.50is usedo calculatesspacer

5 ndf 5.50
SSPaC?;L_ZlmhsginO ( )

":ﬁtﬁ:ﬁl: RO ' O'If
4 i I ¢ ¢ l ¢ 4

1@! 'l 'I ¥ !'l ¢ -
I' \f\"""' I'¢' 8 Ly
X : % ',','/,' ' 9000
e ' 4
'/" %//t '/:'/l'

N I'I' PN l'lll'l

Figure 5.3 Spaceffigure [1]

p

o
|=-|

After calculation of the spacer porosity, specific surface of the spagercd® be

calculated by Eq. 5.5[1].
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4
S pac ?rd_f (5.5)

The hydraulic diameterds calculated by following Eq. 5.92].

dh — 4E€ pacer (553

2
(K)"’(l_gs paclspacer

where fzpis the spacer thickness.

A correction factor fortthe spacer, Kis used for Nusselt number correction for spacer
filled channe$ [63].

NUs: KsNU (553

dr\© N
where, K, = a(ﬁ) ed, ac(egrlE) (5.59

Coefficients a, c, d, éhat ae used in Eq. 5.5dan be taken as 1.9, 0.039, 0.75 and 0.086,
respectively[63].

5.4.Experimental and Methods

Mathematical modelling was conducted using MathWorks MATLRB)17aprogram.
The heat and mass transfer equations weded:in the modelling program in order to
calculate mass and heat flibhe nodel predicted the permeate flux and energy efficiency
for MD. To solve the equationgp-current flow had onealculaton loop within the
programwhile courter-current flow had twaalculationloops in order to find the correct

permeateutlettemperaturdor the system
5.4.1. Modelling algorithms

Performance modelling for DCMivas performedusing both cecurrent and counter
current flows.Flow diagrams for solving the equations outlined previotmiyboth ce
current and countesurrent flowaredepicted in Fig. 5.4 and Fig. 95, 91, 98] For cc
current flow,acceptance limitvas wthin 3%, whereas for counteurrent flowit was

within 5% between two iterations
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Figure 5.4 Diagram of the modelling algorithm for simulationagfcurrentbCMD

89



No
Yes
No

Figure 5.5 Diagram of the modelling algorithm for simulationafuntercurrent
DCMD
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5.4.2. Modelling inputs

Modelling inputs for spacer and flow channel simgle and dual layer membranes can
be found in Table 5.2. W1 defindse module width dimension that was used for M1,
M2, M3, M4 membranes, whereas W2 defines the width of the modatlevéis used for

M5 membrane.

Table 5.2. Spacer and module dimensions

Flow Channel (mm) Spacer(mm)
Length Width Depth Filament | Thickness| Mesh size
diameter
(L) (D) (dr) (hsp) (Im)
(W1) | (W2)
135 135 | 95 0.8 0.4 0.8 3

Thermal conductivities for embranes used in modelling can be found in Tablgl93.

Table 5.3. Membranes and their thermal conductivities

Membranes Thermal conductivities (WmK1)
PTFE 0.25
PE 0.11
PVDF 0.19
O-PE 0.11
Nylon-6 0.25
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5.5.Results and Discussion

Modelling was done for M1, M2 and M3 single layer membranes and for M5 as dual
layer membrane. Mass and heat transfer coefficients were calculated by numerically
solving heat and mass transfer equrad. Flux and energy efficiencies of the membranes
were predicted, and model validation were done between modelling results and

experimental results for M1, M2, M3 and M5.

5.5.1. Temperature profiles for co- and counter-current flows alongthe membrane
length

Tempeatureprofiles of the single and dual layer membeanwereobserved alonghe
membrane length. Temperature profil@ssingle layer membrane wegenerateat feed
velocity of 0.093m/s and feed and permeate inlet temperatate§0 and 20 °C,
respectivelyTemperature profile for single layer membranéweaio-current flow can be

seen in Fig. 5.6Tys and Top are the bulk temperatures at the faed pemeate side, and

Tmi and Tmp are the membrane interface temperature at the feed and permeate,

respectivelyTemperatures at the interfaces of the singledayembane were calculated

by themodel
Co-current
335 : : : : ; :
320 |
325 + .
Tbf
~.320 | ]
Tmp
315 [ pr 4
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«
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295 //// .
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Figure 5.6 Temperature profile for courrent flow of single layer membrane
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Fig. 5.7 shows the temperature profildong the membrane modutd single layer
membrane with counteasurrent flow. Asa difference fom cocurrent, temperature
change between feed and permeate bulk is decreasing parallel each other, whereas with
co-current temperatures are approaching exilcér.

Counter-current
340 T T T T T
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Thf
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o
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L L
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260 1 1 1 Il Il 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Membrane length (m)

Figure 5.7 Temperature profile for counteurrent flow of single layer membrane

Initial temperature difference between feed and permeate bulk solutions was higher with
countercurrent flow compared to ecurrent flow but reduces abe feed solution moves
along the membrane. However, greater temperature difference between feed inlet and

pemeate can reduce the thermal efficiency for DCMD.

Temperature profile of dual layer membrane M5 focaaent flowalong the membrane

can be seen in Fig. 5.8.

Temperature profiles for single and dual layer membranes were found to be similar.
However, temperature profile for M5 has another temperature point between the

interfaces of hydrophilic layer and permeate solution, whichps T
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Figure 5.8 Temperature profile of eourrent flow for M5

Fig. 5.9 showstemperature profile along with membrane lénfgir countercurrentflow
ofM5dual 1layer membrane. As i-eurrentiempetairel a ye r
profile, temperatures decrease was parallel.
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Figure5.9. Temperature profile for counteurrent flow of M5

Temperature difference betweeg,dand Topwas observetb bevery smallbecausehe
thin hydrophilic layerof the membranewasfilled with water, in which only conductive
heat transfer takes @e without latent heat transfer.

The emperature difference between interface and bulk termypesavashighe for dual
layer membranewhich increase thetemperature polarization coefficient according to
Eq. 5.13. This effectan be a limitatiorfor heat transfer across dual layer membrane
because of the additional hydrophilic layer as it in@saonductive heat transfer, and
reduces the thermal efficiency for the membrahkerefore, dual layemembrane
performance for permeate flux and energy efficiameye lowercompared to single layer

membranes.
5.5.2. Model verification

Model validation was danfor M1, M2, M3 and M5 membrane# the graphs, dots

represent experimental results, while lines represent modelling results.
5.5.2.1 Flux prediction at different feed velocities

Model was used to predict the flax different feed velocities in DCMDncreasng the
flowrate also increased the MD flux due to enhanced tunbelalong the channels. Fig.
5.10showed flux change at different feed velocities for all membrarg®°€ feed inlet
and 20°C pernede inlet.
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Figure 5.10 Flux versus velocity at 60°ot and 20°C cold inlet with eourrent flow

Flux was predicteavithin 10% errorat different velocitiesincreasing the velocity from
0.079 m/s to 0.10&/s increased the MD permeate flux slightly for all membranes with
co-current flow. Model achieved soess while predicting the fluxes for-carrent flow.

M5 had the lowest flux amongst the other membra@gerating the velocity &.131
m/sfor M5 did not increase the flux significantlyropared to the velocity at 0.10&/s.

Fig. 5.11showed flux verssifea velocities for the membranes keeping the temperatures
of hot inlet at 60°C and cold inlet 20°C while varying the velocities with cowngent

flow.

The hghest flux at all different velocities was achieved with M1 membrane. Flux
increment trendor all membranes with counteurrent flow was similar to the trend with
co-current flow.After M1 membrane, M2 had the second highest flux among the other
membranesit is worth mentioninghat dual layer membrane, M5, achieved lower flux

for both flow nodes compared to the other membranes.
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Figure 5.11 Flux versus velocity at 60°C hot and 20°C cold inlet with courterent

5.5.2.2 Flux prediction at different inlet temperatures

Predicting theMD permeate fluxvas done using-D model with four membranes hich

are M1, M2, M3 and M5. Lines in the graphs represent nindakesults, whereas dots
showthe experimental resultBifferent feed inlet and permeate inlet temperature effects
on flux were modelled.While different feed inlet temperatures were examifer co

and countecurrent flow, just cecurrent flow was tested for different permeate inlet
temperaturesFig. 5.12 shows the model validatiofor flux in different feed inlet

temperatures with eourrent flow.
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Figure5.12 Flux versus feed inletgperature with caurrent flow

As it can be seen from Fif.12 themodel predicted the MD flux wh high accuracy for

membranes at different feed inlet temperatures.

Increasing the feed temperature while keeping the permeate temperatureCat 20°
increasedhe MD flux for all membraned’he increment trend for M1 was higher than

the other membranes. Under the same operating temperatures, the flux was also higher
than the other membranes for-aarrent flow. Lowest flux was achieved for M5. The

flux at 80°Cfor M5 was not higher than the flux at 70°C for M1.

Fig. 5.13showed the flux change with different feed inlet temperatures for ceunter
current flow. Increment trend for M1 membrane was more linear than the other
membranes, and alsdux was higher than #h others.Increasing the temperature

increased the flux for all membranes for countarrent flow.
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Figure5.13 Flux versus feed inlet temperature with cowatgmrent flow

Fig. 5.14showsflux change with different permeate inlet temperatures fecurcent
flow. Experments were performed for Mdnd M5 membranes at differgpermeate inlet
temperaturesVerification of the model was within 10% error at different permeate
temperatures. Experimental results for M1 and M5 was higher than the rekaltiodel

at 10°C.

Increasing permeate temperature reduced the flux while keeping the feed temperature at
60°C for the membrane$he reason was reducing the temperature difference across the

membrane resulted in reducing the pressure difference.
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Figure 5.14 Flux versus permeate inlet temperature witftaoent flow

Among the membranes, the fluxes for dual layer membranes were lower than the fluxes
for single layer membranes with different velocities and different feed and permeate inlet
temperaturesLower flux for M5 dual layer membrane can be relatetidat and mass
transfer coefficients based tme membrane characteristiekaving higher thickness and
relativelysmallerporeis alimitation for heat and mass transfer across the membrane for
M5. Thicker hydrophobic layer than the hydrophilic layer limited the mass transfer across
the membrane so that lowered the permeate oreover, an additional hydrophilic

layer caused more heat loss and it increased temperature polarization on the permeate

side
5.5.2.3.Validation of energy efficiencyat different temperatures

The aergy efficiency of MDfor different membranes was modelled and results verified
with the experimental results. Single and dual layer membranes demonstrated different
efficiency for MD.Being energy efficient fobCMD is crucial factor for the membranes
when choosingthe right membranes for the procedsnergy efficiency of MD was
variable at different feed inlet temparees for different membranes. Prediction was done

using modelling fix and temperature difference between feed inlet and feed outlet.

100



However, thermal efficiency for the experiments were calculated from the experimental

flux and temperature difference between feed inlet and outlet during the experiment.

Thermal efficiencywas affected by permeate flux and temperature difference between
feed inlet and outlet.

Fig. 5.15demonstrated the energy efficiency of DCMD for all membranes at different
temperatures with eourrent flow. Feed inlet temperature increment enhanced the
thermal efficiency of the processModelling results showed accuracy with the
experimental resulté&rom Fig. 5.15M1 membrane performed better thermal efficiency
than the other membranes.

Co-current
100 | | I T T T T
M1
90 n
(m} M2
| M2 |
80 M3
o D :
C\’\i . / M5
O
S 60f |
k)
%
> 90 D |
o
2
w 40 r |
30 |
: | I 1 : | | 1
45 50 55 60 65 = - . |

Feed inlet temperature (°C)

Figure 5.15Energy efficiency at different feed inlet temperatuwith cecurrent

Fig. 5.16 showed the thermal efficiencies for the membranes at feed inlet different
temperature$or countercurrent flow.Thermal efficiencies were similar values for M3
and M5 membraneblowever M5 membrane wathe leasthermally eficient membrane

for DCMD.

For ce and countecurrent flow, dual layer membranes were less efficient than single

layer membraneddydrophobic layer thickness of M5 caused more heat loss across the
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membrane copared to thinner layer membrar@&reaterthickness of the layer reduced

the conductive heat transfer coefficient.
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Figure 5.16 Thermal efficiencyat different feed inlet temperatures with otar-current

Energy efficiencies for the membranes with miwecurrent flow were lower than f@o-
currentflow. The reason was higher temperature difference between feed inlet and feed
outlet due to the flow directiongading to greater localised temperature polarization
Temperature increasdsr DCMD also increased the thermal efficiencies étirthe
membanes.

The correlation between membrane characteristicsind the flux/energy efficiency can
be found in Fig. 5.17.

Thermal efficiency of the membranes can be increased by increasing the membrane pore
size and porositiesyhich can lead to higher fluxthe thicknesslsohas a significant

effect on membrane performance for permeate flux and energy efficiency. The thickness
was the highest for M5 among theembranes, so that it limited mass transfer across the

membrane because of longer the path for eragtpn of water molecules.
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The most energy efficient membrane was found as M1 membrane. The meimane

e/ bt

the highest porosity among the other membranes, and this tenetécreduced heat
losses by lowering the thermal conductivity of the membrane material. It also increases
mass transfer by providing reduced resistance to llower flux and energy efficiency

can be related to the its lower mean pore,saftbough M dual layer high porosity.

Increased thickness for M5 was another factor for lower Tltve. additional hydnehilic

layer alsoincreasedhe heat loss, which also resultedlawering the energy efficiency

of themembrane.

5.6.Summary

Performance modeflg of the single layer hydrophobic embranesand dual

hydrophobic/hydrophilic membrane wdsne using iD model in MATLAB. Permeate

fluxes and energy efficiencies were predicted with the model for membid@asand

103

and

i



mass transfer equations for single ahal layer membrane showed differences due to
additional hydrophilic layer for M5T'he equations were derived for dual layer membrane
M5, and coded in the modéllass transfer coefficient for the model was calculated taking
the hydroplobic top layer charaeristics whilethe hydrophilic layer wasonsidered to
be filled with water. However, the hydrophilic layer was includedthe heat transfer
equationsandits characteristics such as porosity and thicknessl forcalculating the

heat transfer coeffients.

Temperature profiles for eoand countecurrent flows for single and dual layer
membranes werealculated While temperatures approaching each other fecuroent
flow, parallel temperature profiles were observed for cotrierent flow. Temperate
at the interface of hydrophilic layer and permeatg) (Was included for M5Using Tsp
value allowed calculation @he heat transfer through hydrophilic lay€kp) for M5.

The permeate flux was predicted at differeelocities for co-current flow br the
membranes, except M4. However, the fluxed drermal efficiency were shown the
graphs for M4 from experimental resultighest flux was achieved with M1 membrane
with both flow modes, followed by M2 and M3 single layer membradieophobic lagr
madesome difference to porosity and thickness which led to redgyesiQvVioreover,

M1 had the highest porosityhe largest p@ size and the lowest thickness, which
enhanced the mass transfer coefficient resulted in highLfbwxest flux was recoretl for

M5 with co and countecurrent flow at different velocitiesAlthough M5 had higher
porosity,the thickness of the membrane limited the mass and heat transfer by reducing

the mass and heat transfer coefficients.

The permeate fluxor the membranewere predicted wit high accuracy (error within
10%) at different temperaturesncrement for temperature increased the fluxes for all
membranes.M1 had the highest flux amongst the other membraMeEmmbranes
performed better with courrent flow comparedo countercurrent flow. Fluxes at
different permeate inlet temperatsr@ere predicted for M1 and M5, and increasing the
permeate temperature decreased the flux for both membranes.

Energy efficiencieat different feed inlet temperaturies the membragés were predicted
and validation was done comparing the modelling resutts the experimental results.

Energy efficiencies were lower for countrrrent compared to eturrent.Most efficient
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membrane was chosen as M1 with @od countecurrent flow.Thermal efficiencies for
dual layer membranes were lower compared to dual layer membranes. This can be
explained by heat loss through hydrophilic lageross the membrane as relatethtr

thicknesses.

Model accuracyat different velocities and diffené feed and permeate inlet temperatures
was within 1@6. Model predicted the flux at different temperatures better than at different
velocities due tohe sensitivity of thenodelandprocessensitivity At feed and permeate
velocities considered in the gariments, good mixing occurred so variation on velocity

had little impact on flux or thermal efficiency
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS
6.1.Introduction

This studywasto numericallymodelthe hydrophobic/hydrophilic dual layer mebranes
andto identifytheir distinctive factors that separateemfrom hydrophobic single layer

membranes. Objectivggoposedor this wok were

+« Identification of single and dual layer membrankaracteristics vimeasurment of
parameters such asnosity, mean pore size, maximum pore size, thickness, the LEP
that have effects on permeate fluxd thermal efficiency,

+« Derivation of heat and madransfer equations for single layeydrophobic and
hydrophobic/hydrophilic dual layer membranes,

% Experimatal DCMD tests for five membranes to observe their performance under
different flowrates, feed and permeate inlet temperaforeslidation of the models
developedand

¢ Modelling the performance of DCMD with different membranes basedembrane
characerization parameters and heat and massfieaequations using1-D model
to predict the flux and energy efficiency for MI3ing dual layer membranes

Objectives forthis work were undertaken in the previous chapters. The mathematical
modelling of hydropobic/hydrophilic dual layer membranasth 1-D modellng has
never been done beforghich makes this work uniqu&ATLAB was used ér coding

of theperformance modelling programelit and mass transfer equations were compiled
from previous studiethat mnsiderednodelling ofhydrophobic/hgrophilic dual layer
membranesThe equations for dual layer membranes were different bechadditional
hydrophilic layer. The ydrophilic layer of the membrane was assunmebefilled with
water in the poreso hatthehydrophilic layer was neglected when calculating the mass
transfer coefficientwhile thehydrophobidayer membrane characteristieere used for

the calculationHowever,for calculation ofthe heat transfer coefficients, heat transfer
through lydrophilic layer was assumed @snductive heat transfer, and characteristics of
the hydrophilic layer such as thicknes® porosity weresed forthesecalculations.

The modelling was done for the membrane with facifipe hydrophobic layer oreéd

side as in the experiments.
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6.2.0utcomes

The numerical modelling of dual layer membranes wes aim of this work.Five
membranes @re used for this study, which reePTFE (M1), PE (M2), @E (M3), PU
PTFE (M4) and®VDF-co-HFP-N6 (M5). M1 membrane was PTFE ailayer with PP
support layer.M2 membrane was symmetric PE membraM8 membrane was
symmetric oleophobic coatd®E membrane (oifepellent). M4 was polyurethamense
coated PTFEual layer membrane. M5 waepolymerized PH Electrospun with Nylon

6 duallayer membrane. M1, M2 and M@erethe single layer membranes, whereas M4

and M5were the dual layer membranes.

Massand heat transfer equatiofts the membranes were numericadlglved andthe

heat and mass transfeoefficients were calculated based membrane characteristics.

To achieve this characterisation tests were conductedrieasure the characteristic
parameter®of the membraned?orositytests were conducteda gravimetricanalysis
using wetting and noswetting liquids The reason for usirthe wetting liquid was to wet

the membrane completelyétiminatethe effect of air trapped in the pores. The technique
wasused on separate the layers ofdhal layer membranes, and folledthe sameteps

as for single layer membranegslaximum and man pore sizes were measured by
Porometer for membranes. Scanning electron microscopy (SEM) was used to measure
the thicknesses of the membranea imaging of cross sections the membranes.
Contact angle measurement wesformedby sessile drop techniguor membranes to
observeheir hydrophobicityFor dual layer membranes, both sides were tested. M1 was
the most hydrophobic membrark@r dual layer membrané&s4 and M5, hydrophilicity

for M5 was greaterthan M4 (lower contact angle)while at the sametime the
hydrophobicity of the hydrophobic layef M5 was higher than M4. The porosity for M1
was highest with 93%\iean pore size of M1 was higher than the other membranes. M3
had the smallest pore size congzhto others. M5 was the thickesembrangand the
hydrophobic layer was thicker than the hydrophilic layenjch limits mass transfer
across the membrane. Thisghi be theeasont had lowempermeate flux.

DCMD performance tests were conducted with five membranes at different operating
conditiors in both co-current and coust-current flow modesDifferent flowrates and

feed and permeate inlet temperatures were tested for the mentoraeeghe effects on

flux and energy efficiencyGlobal mass transfer coefficier(Cgioba) Werecalculated fo
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the membranes to compare them, and this remdhedeffects oftemperature and
flowrate. The dobal mass transfer coefficient whagghestfor M1 for flows at different
velodties and temperatures followed B2 membrane. Salt rejections betmembranes
were approximatel99.5% and higher faall membranes except M5. Lowest rejection of
95.2% was achieved for M5.

Mathematical modelling was undertaken for membrameept M4 membrane because
the dense hydrophilic layer requirddiferent heat and mass tisfer equatioecompared

to M5 membraneand because time of the project was restrictér nodel aimed to
predict the permeate flux and energy efficiency of DCBme assumptions were made
to make the model coputationally less challenginghese modellng assumptions were
to neglect the followindheat loss through the MD module, concentration polarization
effect due to low daconcentration, permeagassing the membranand sensible heat
transfer by the permeat€low diagramsfor solving the equatiawere constructedor

co- and countecurrent flowsto enablesolvingof theheat and mass transfer equations to
calculatethe overall heat transfer coefficient and mass transfer coefficleoanter
current flow included the temperature assumption fompate inlet at the beginning of
process becaughis is anunknown temperaturat commencement of the calculations
Model validation was performed by comparing the madsults with the experimental

results.

A 1-D model wasdevelopedfor performance maelling of the membranes. M1
membrane performed better théghe other membranes regardipgrmeate flux and
thermal efficiency.Having higher porositylarger pore sizeand being thinner was
importantfor higher flux. Although M5 membrane had the high giyg performance
was lower than the others. The thickness and relatively smaller podd geelual layer
membrane MXould be the factors for limiting mass transf&@ual layer membranes,
M4 and M5produced lowerfluxes and thermal efficiencies conmpd to single layer
membranesModelling accuracy foflux and thermal efficiencyvas within 106 eror
(5% experimental error and 5%odelling error), which makes the model reliable for
performance modellingf DCMD. Flux variationat different velocitiesvas less sensitive
compared to different feed inlet temperatuiidse nodel had more parameters that were
influenced bytemperature, and those can increase the sensitivity of the model to the
temperature rather than velocifjhneexperiments also showekld sameensitivity as the
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model. This was because when the flow was fully developed, further increments of fluxes
increase thermal differences marginally. However, temperature increases the vapour
pressure exponentiallyThermal efficiency was lower faountercurrent flow than co
current flow for all membranes because of higher temperature difference between feed
inlet and outlet. However, for some membranes flux was highlerthe countercurrent

flow.
6.3.Recommendations for future studies

Because of kek of time modelling for M4 (polyurethane coated PTFE) was not
performed.For this membrane, the densgdrophilic layer of the membrane facdte

feed side, whereas the hydrophobic layer of M5 was faced on the feed side in the
experimentsThis change the mass and heat transfer phenomena fordddhpared to

M5, soderiving the equations fanodeling M4 membrane requires additional effort
However, modelling the performance for M5 was the initial &tefhis workas it relates

to previous studies reped in scientific literaturePerformance modelling for M#s
proposedor future work, and needs to consider water transport through dense membrane
where the driving force is related to the vapour pressure difference across the hydrophobic
membrane. Additinal characterisation of the mass transfer resistance of the dense layer

would also be required.

Hydrophobic/hydrophilic dual layer membransisnilar to M5 have a higher risk of
wetting due to hydrophilicsupportinglayer compared to hydrophobic singleyda
membranes. Wetting and leaking can reduce the permealieyin DCMD, which leads
to shorten the membramnen times between cleaningor future work, wetting capacities

of dual layer membranehouldbe examined.

Successful attempt ot model forhydrophobic/hydrophilic dual layer membranes can
lead to indepth analysis for heat and mass phenomena for the membranes, which can be
extended t®@-D models.A 2-D modelfor dual layer membranaesuld be developeth

the future and may include effecthat arise from concentration and flewlocity.
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Nomenclature

d mean pore diameter of the membrane (m)

I mean free path (0.11 um at feed temperature ) gm)

kb Boltzmann constant (1.3€1 G2 3) (K1)

Pr Total absolute pressu(Ba) (1.01%10%)

oa  Collision diameter for air (3.7X10%°) (m)

ow Collision diameter for water vapour (2.6410° (m)

Mw Molecular weight of water (g/mol)

Ma Molecular weight of air (g/mol)

R Universal gas constant (8.314472 J/myl.K

T  Mean temperature in the pore (K)

Pa  Air pressure inside the membrane pores (Pa)

Kn  Knudsen number (dimensionless)

Cm Mass transfer coefficient (kg:fin.Pa)

Cglobal Global mass transfer coefficient (kg?hPa)

PD Diffusion coeffitent in the pores (Pas?)

p Partial pressure of water molecule on the feed side (Pa)
pw Partial pressure of water molecule on the permeate side (Pa)
J Mass flux (kg.rs)

Tmt Membrane interface temperature on feed side (K)

Tmp Membrane interface temperature on permeate side (K)
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Thf

pr

Vis

Cp

Bulk feed temperature (K)

Bulk permeate temperature (K)

Membrane interface temperature between hydrophilic layer and permeate (K)
Viscosity (N.s.m=Pa.s) (kg.nt.s?)

Speific heat of water (J/kgK

kn thermal conductivity of fluid (kg.m)

Dap Diffusion coefficient of water (1s?)

Hvap Heat of vaporization (J.k9

u

dn

\Y

Average velocity (M3
hydraulic diameter of the channel (m)

Kinematicviscosity (m.%)

L Membrane module length (m)

Re

Pr

Nu

Sc

Sh

Reynolds number (Dimensionless)

Prandtl number (Dimensionless)

Nusselt number (Dimensionless)

Schmidt number (Dimensionless)

Sherwood number (Dimensionless)

Width of the mbrane module (m)

Height of the membrane module (m)

thermal conductivity of the membrane (WArK™)

thermal conductivity of the gas (WhK™?)
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hm

h

=

Vv

thermal conductivity of the polymer (W:hK™)

heat transfer coefficiemf the membrane (W.HK™)

heat transfer coefficient of feed (WaK™)

heat transfer coefficient of permeate (W.K™)

me mbr ane
me mbr ane
me mbr ane

flow rate (ni.s?)

porosity
thickness

tortuosity
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Appendix

(Single Layer Membranes Co - current Model

clear all

|I=1*10" -7,

%d=5.107*10" -7; %PTFE membrane
%d=2.07*10" -7; %PE membrane
d=1.878*10" -7; 9%0OPE membrane
%epsilon=0.93; %PTFE membrane
%epsilon= 0.85; %PE membrane
epsilon=0.79; %0 PE membrane
tau=((2 - epsilon)*2/(epsilon));
%delta=9.66*10" - 5; %PTFE membrane
%delta=1.428*10" - 5; %PE membrane
delta=3.33*10" -5; %0 PE membrane
M=18.02;

R=8314.472;

Pa=1.013*10"5;

%kp=0.25;%PTFE membrane
%kp=0.11;%PE membrane

kp=0.11; %O PE membrane

kg=0.0272;

km=(1 - epsilon)*kp+(epsilon*kg);

w=0.135;

h=0.0008;

df=0.0004;

hsp=0.0008;

theta=90;

Im=0.003;

epsilon_s=1 - pi*df*2/(2*Im*hsp*sin(theta));
Svsp=4.0/df;

dh=4.0*epsilon_s/(2/hsp+(1 - epsilon_s)*Svsp);
alpha_s=1.904*(df/h " -
0.039)*epsilon_s"0.75*(sin(theta/2))"0.086;
A=w*h:

V=8.83*10" -6; %530 ml/min
%V=1*10"- 5; %600 ml/min

%V=7.5*10" - 6; %450 ml/min
%V=1.25*10" - 5; %750 ml/min
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%V=1.083*10" - 5; %650 ml/min
u=V/(A*epsilon_s);
L=0.135;
Kn=l/d;
error=1;
N=1000;
dx=L/(N -1);
x=0:d x:L;
Tf_in=333;
Tp_in=293;
Tbf(1:N)=333;
Tbhp(1:N)=293;
J(1:N)=0;
for i=1:N
J(1)=0;
x1=x(i);
if  0<=x1 && x1<=L
Re_f=(u*density(Tbf(i))*dh)/(viscosity(Tbf(i)))

i?e_p:(u*density(pr(i))*d h)/(viscosity(Tbp(i)))

Pr_f=(viscosity(Tbf(i))*heatcapaci ty(Tbf(i)))/(
thermalconductivity(Tbf(i)));
Pr_p=(viscosity(Tbp(i))*heatcapacity(Tbp(i)))/(
thermalconductivity(Tbp(i)));

%Nu_f=alpha_s*(Re_f*1)*(Pr_{*0.33); %PTFE
membrane %0O- PE
%Nu_p=alpha_s*(Re_p"1)*(Pr_p”"0.33); %PTFE

membrane %0O- PE
%Nu_f=alpha_s*0.027*(R e f10.8)*(Pr_f*0.33);
%Nu_p=alpha_s*0.027*(Re_p"0.8)*(Pr_p"0.33);
%Nu_f=alpha_s*0.13*(Re_f*0.64)*(Pr_{"0.4);
%Nu_p=alpha_s*0.13*(Re_p”"0.64)*(Pr_p"0.4);
%Nu_f=alpha_s*0.036*Re_*0.8*Pr_{*0.333*(dh/L)*
0.055;
%Nu_p=alpha_s*0.036*Re_p”0.8*Pr_p”"0.333*(dh/L)"
0.055;
Nu_f=alpha_ s*0.023*(Re_f*0.8)*(Pr_{*0.33)*(1+(6
*dh/L)); %PE memb
Nu_p=alpha_s*0.023*(Re_p”0.8)*(Pr_p”"0.33)*(1+(6
*dh/L)); %PE memb
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%Nu_f=alpha_s*0.023*(Re_{*0.54)*(Pr_{"0.3);%*(d
h/L)"0.055;
%Nu_p=alpha_s*0.023*(Re_p"0.54)*(Pr_p”0.3);%*(d
h/L)"0.055;
%NiI_f=alpha_s*0.664*(Re_f"0.5)*(Pr_f"0.33)*(2*d
h/L)"0.5;
%Nu_p=alpha_s*0.664*(Re_p"0.5)*(Pr_p~0.33)*(2*d
h/L)"0.5;
%Nu_f=alpha_s*(4.36+((0.036*Re_f*Pr_f*(dh/L))/(
1+(0.0011*(Re_f*Pr_f*((dh/L)"0.8))))));
%Nu_p=alpha_s*(4.36+((0.036*Re_p*Pr_p*(dh/L))/(
1+(0.0011* (Re_p*Pr_p*((dh/L)*0.8))))));
h_f=(Nu_f*thermalconductivity(Tbf(i)))/dh;
h_p=(Nu_p*thermalconductivity(Tbp(i)))/dh;
U=1/((1/h_f)+(delta/km)+(1/h_p));
Q=(Tbf(i) -
Tbp(i)+J(i)*heatofvaporization(Tbf(i))/(km/delt
a))*u;
Tmf(i)=Tbf(i) - (Q/h_1);
Tmp()=Tbp()+(Q/h_  p);
end
Tf _up=340;
Tf low=313;
Tp_up=303;
Tp_low=290;
iter=0;
while  error>0.0001 && iter<100
Tmf2=(1/2)*(Tf_up+Tf_low);
Tmp2=(1/2)*(Tp_up+Tp_low);
T=((Tmf2+Tmp2)/2);
PD=(1.19*(10" - 4))*(T"1.75);
Cm=((3/2)*((tau*delta)/(epsilon*d))*((pi*R*T/8*
M)™ (1/2))+(((tau*delta/epsilon))*(Pa/PD)*(R*T/M
))) S
J()=Cm*(saturationpressurel(Tmf2) -
saturationpressurel(Tmp2));
Tmfl=Tbf(i) - (Q/h_f);
Tmp1=Tbp(i)+(Q/h_p);
errorl=abs((Tmf2 - Tmf1l)/(Tmf2));
error2=abs((Tmp2 - Tmpl)/(Tmp2));
error=max(errorl,error2);
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it Tmfl1>T mf2
Tf _up=Tmf1;

end

if  Tmfl<Tmf2
Tf low=Tmf1,;

end

if  Tmpl>Tmp2
Tp_up=Tmp1l;

end

if  Tmpl<Tmp2
Tp_low=Tmp1;

end

iter=iter+1:

end
if  i==1

Tbf(i))=Tf_in -
dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Tbp(i)=Tp_in+dx*w*Q/(heatcapacit y(Tbp(i))*u*den
sity(Tbp(i))*A);
else

Thf(i)=Thbf(i -1) -
dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Tbp()=Tbp(i -
1)+dx*w*Q/(heatcapacity(Tbp(i))*u*density(Tbp(i
)*A);
end
Q=U*(Tbf()) - Thp(i);

Tmf(i)=Tbf(i) - (Q/h_f);
Tmp(i)=Tbp()*+(Q/h_p);

J(H)=Cm* (saturationpressurel(Tmf(i)) -
saturationpressure1(Tmp(i)));
E=(mean(J)*0.018*heatofvaporization(Tbf(1))/(4.
17*530/60*(Thf(1) - Tbf(i))));

Cf=1560;

Cp=9;

salt R=(Cf - Cp)/Cf;

end
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(INSingle Layer Membranes Counter - current Model

clear all

|=1*10" -7,

%d=5.107* 10" - 7; %PTFE membrane
d=2.07*10" -7; %PE membrane
%d=1.878*10" -7; %0 - PE membrane
%epsilon=0.93; %PTFE membrane
%epsilon=0.85; %PE membrane
epsilon=0.79; %0 PE membrane
tau=((2 - epsilon)*2/(epsilon));
%delta=9.66*10" - 5; %PTFE membrane
delta=1.428*10" -5; %PE nembrane
%delta=3.33*10" - 5; %0 - PE membrane
M=18.02;

R=8314.472;

Pa=1.013*10"5;

%kp=0.25; %PTFE membrane

kp=0.11; %PE membrane

%kp=0.11; %O - PE membrane
kg=0.0272;

km=(1 - epsilon)*kp+(epsilon*kQ);

w=0.135;

h=0.0008;

df=0.0004;

hsp=0.0008;

theta=pi/4;

Im=0.003;

epsilon_s=1 - pi*df*2/(2*Im*hsp*sin(theta));
Svsp=4.0/df;

dh=4.0*epsilon_s/(2/hsp+(1 - epsilon_s)*Svsp);
alpha_s=1.904*(df/h)"\( -
0.039)*epsilon_s"0.75*(sin(theta/2))"0.086;
A=w*h:

V=8.83*10" -6; %530 ml/min
%V=1*10"- 5; %600 ml/min

%V=7.5*10" - 6; %450 ml/min
%\V=125*10" -5: %750 mi/min
%V=1.083*10" -5: %650 ml/min
u=V/(A*epsilon_s);

122



L=0.135;
Kn=l/d;
error=1;
N=1000;
dx=L/(N -1);
x=0:dx:L;

Tf in=343;
Tp_in=293;
Tc_up=Tf_ in;
Tc_low=Tp_in;
Tbf(1:N)=343;
Tbhp(1:N)=293;
J(1:N)=0;
counter=0;
while  error>0.00001 && count er<100

Tc_guess=0.5*(Tc_up+Tc_low);

for i=1:N

x1=x(i);

Tmf(1)=Tf _in;

Tmp(1)=Tc_guess;

Tbf(1)=Tf_in;

Tbp(1)=Tc_guess;

J(1)=0;

if  0<=x1 && x1<=L
Re_f=(u*density(Tbf(i))*dh)/(viscosity(Tbf(i)))

i?e_p:(u*density(pr(i))*d h)/(vi scosity(Tbp(i)))

Pr_f=(viscosity(Tbf(i))*heatcapacity(Tbf(i)))/(
thermalconductivity(Tbf(i)));
Pr_p=(viscosity(Tbp(i))*heatcapacity(Thbp(i)))/(
thermalconductivity(Tbp(i)));
%Nu_f=alpha_s*(Re_f*1)*(Pr_{"0.33); %PTFE
%Nu_p=alpha_s*(Re_p"1)*(Pr_p"0.33); %PTFE
%Nu_f=alpha_s*0.027*(Re_f*0.5)*(Pr_{"0.33);
%Nu_p=alpha_s*0.027*(Re_p"0.5)*(Pr_p"0.33);
%Nu_f=0.13*(Re_f"0.64)*(Pr_{"0.4); %0 - PE
%Nu_p=0.13*(Re_p"0.64)*(Pr_p”"0.4); %0 - PE
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%Nu_f=alpha_s*0.023*(Re_{"0.8)*(Pr_"0.33)*(1+(
6*dh/L));
%Nu_p=alpha_s*0.023*(Re_p”0 8)*(Pr_p"0.33)*(1+(
6*dh/L));
Nu_f=alpha s*0.036*Re_f*0.8*Pr_{*0.333*(dh/L)"0
.055; %PE
Nu_p=alpha_s*0.036*Re_p”"0.8*Pr_p~0.333*(dh/L)*0
.055; %PE
%Nu_f=alpha_s*0.664*Re_*0.5*Pr_{"0.333*(2*dh/L
)™0.5;
%Nu_p=alpha_s*0.664*Re_p"0.5*Pr_p”"0.333*(2*dh/L
)"0.5;
%Nu_f=alpha s*(4.36+0.036*Re_f*Pr_f*dh/L/(1+0.0
011*(Re_f*Pr_f*dh/L)"0.8));
%Nu_p=alpha_s*(4.36+0.036*Re_p*Pr_p*dh/L/(1+0.0
011*(Re_p*Pr_p*dh/L)"0.8));
h_f=(Nu_f*thermalconductivity(Tbf(i)))/dh;
h_p=(Nu_p*thermalconductivity(Tbp(i)))/dh;
U=1/((1/h_f)+(del ta’/km)+(1/h_p));
Q=(Tbf(i) -
Tbp(i)+J(i)*heatofvaporization(Tbf(i))/(km/delt
a))*u;
Tmf(i)=Tbf(i) - (Q/h_f);
Tmp(i)=Tbp(1)*+(Q/h_p);
end
Tf _up=340;
Tf low=313;
Tp_up=303;
Tp_low=290;
iter=0;
while  error>0.0001 && iter<100
Tmf2=(1/2)*(Tf_up+Tf_low);
Tmp2=(1/2)*(Tp_up+Tp_low);
T=((Tmf2+Tmp2)/2);
PD=(1.19*(10" - 4))*(T"1.75);
Cm=((3/2)*((tau*delta)/(epsilon*d))*((pi*R*T/8*
M)N(1/2))+(((tau*delta/epsilon))*(Pa/PD)*(R*T/M
))) A
J()=Cm*(saturationpressurel(Tmf2) -
saturationpressurel(Tmp2));
Tmfl=Tbf(i) - (Q/h_f);
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Tmp1=Tbp(i)+(Q/h_p);
errorl=abs((Tmf2 - Tmfl)/(Tmf2));
error2=abs((Tmp2 - Tmpl)/(Tmp2));
error=max(errorl,error2);
if  Tmfl>Tmf2
Tf _up=Tmf1;
end
if  Tmfl<Tmf2
Tf low=Tmf1,;
end
if  Tmpl>Tmp2
Tp_up=Tmpl;
end
if  Tmpl<Tmp2
Tp_low=Tmp1,;
end

iter=iter+1;

end
if  i==1

Tbf(i)=Tf _in -
dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Thp()=Tp_in -
dx*w*Q/(heatcapacity(Tbp(i))*u*density(Tbp(i))*
A);
else

Tbf(i)=Tbf(i -1) -

dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Tbp(i)=Tbp(i -1) -
dx*w*Q/(heatcapacity(Tbp(i))*u*density(Tbp(i))*
A);
end
Q=U*(Tbf(i) - Tbp());

Tmf(i)=Tbf(i) - (Q/h_f);
Tmp(i)=Tbp(i)+(Q/h_p);
J()=Cm*(saturationpressurel(Tmf(i))
saturationpressurel(Tmp(i)));

end
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counter=counter+1;
error=abs((Tbp(N) - Tp_in)/Tp_in);
if  (Tbp(N )>Tp_in)
Tc_up=Tbp(N);
end
if  (Tbp(N)<Tp_in)
Tc_low=Tbp(N);

end
E=(mean(J)*0.018*heatofvaporization(Tbf(1))/(4.
17*530/60*(Thf(1) - Tbf(i))));

end
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(llNDual Layer Membrane Co - current Model

clear all

|=1*10" -7,

d t=3.124 *10" -7,

d s=2.498*10" -7,

epsilon_s=0.91;

epsilon_t=0.81;

delta _s=1.36*10" -5;

delta_t=9.3886*10" - 5;

tau t=((2 - epsilon_t)"2/(epsilon_t));
M=18.02;

R=8314.472;

Pa=1.013*10"5;

kg=0.0272;

kw=0.6;

ks=0.25;

kt=0.19;

%k _m=(1- epsilon)*kp+(epsilon*kg);

k_s=(kw* epsilon_s)+ks*(1 - epsilon_s);
k_t=(kg*epsilon_t)+kt*(1 - epsilon_t);
w=0.135;

h=0.0008;

df=0.0004; %diameter of a single spacer fibre
hsp=0.0008;  %height of the spacer
%theta=pi/4; %angle between spacer fibres in
the flow direction

theta=90;

Im=0.003; %dis tance between parallel spacer
fibres

epsilon_spacer=1 -
((pir*df*2)/((2*Im*hsp*sin(theta))));

Svsp=4.0/df;

dh=4.0*epsilon_spacer/(2/hsp+(1 -
epsilon_spacer)*Svsp);
alpha_s=1.9*((df/hsp)”*(0.039))*(epsilon_spacer”
0.75)*((sin(theta/2))*0.086);

A=w*h:

%V=8.83*10" - 6; %530 ml/min

V=1*10" - 5; %600 ml/min

%V=7.5*10" - 6; %450 ml/min
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%V=1.25*10" - 5; %750 ml/min
%V=1.083*10" -5; %650 ml/min
u=V/(A*epsilon_spacer);
%L=0.13;
L=0.127;
Kn=l/d_t;
error=1,
N=1000;
dx=L/(N - 1);
x=0:dx:L;
Tf_in=333;
Tp_in=293;
Tbf(1:N)=333;
Tbp(1:N) =293;
J(1:N)=0;
for i=1:N
J(1)=0;
x1=x(i);
if  O<=x1&& x1<=L
Re_f=(u*density(Tbf(i))*dh)/(viscosity(Tbf(i)))

,Re_p:(u*density(pr(i))*d h)/(viscosity(Tbp(i)))

iDr_f:(viscosity(be(i))*heatcapacity(be(i)))/(
thermalconductivity(Tbf(i)));
Pr_p=(vis cosity(Tbp(i))*heatcapacity(Tbp(i)))/(
thermalconductivity(Tbp(i)));
%Nu_f=alpha_s*(Re_f*1)*(Pr_f*0.33);
%Nu_p=alpha_s*(Re_p”1)*(Pr_p~0.33);
%Nu_f=alpha_s*0.027*(Re_f*0.5)*(Pr_f"0.33);
%Nu_p=alpha_s*0.027*(Re_p"0.5)*(Pr_p"0.33);
%Nu_f=alpha_s*0.036*Re_ {*0.8 *Pr_10.333*(dh/L)?
0.055;
%Nu_p=alpha_s*0.036*Re_p”0.8*Pr_p”"0.333*(dh/L)"
0.055;
%Nu_f=alpha_s*0.664*Re_f*0.5*Pr_{"0.333*(2*dh/L
)™0.5;
%Nu_p=alpha_s*0.664*Re_p”0.5*Pr_p”"0.333*(2*dh/L
)™0.5;
Nu_f=alpha s*(4.36+0.036*Re_f*Pr_f*dh/L/(1+0.00
11*(Re_f*Pr_f*dh/L)"0 .8));
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Nu_p=alpha_s*(4.36+0.036*Re_p*Pr_p*dh/L/(1+0.00
11*(Re_p*Pr_p*dh/L)"0.8));
h_f=(Nu_f*thermalconductivity(Tbf(i)))/dh;
h_p=(Nu_p*thermalconductivity(Tbp(i)))/dh;
h_s=(k_s/delta_s);

h_t=(k_t/delta_t);
U=1/((1/h_H+(1/h_t)+(1/h_p)+(1/h_s));
Q=(Thbf(i) -
Tbp(i)+J(i)*heatofvaporization(Tbf(i))/h_t)*U;
%Q=(Tbf(i)
Tbp(i)+J(i)*heatofvaporization(Tbf(i))/(k_t/del
ta_t))*U;

%Q=U*(Tbf(i) - Tbp(i));

Tmf(i)=Tbf(i) - (Q/h_1);
Tsp(i)=Tbp()+(Q/h_s);
Tmp(i))=Tbp()+(Q/h_p);

end

Tf up=350;

Tf low=313;

Tp_up=303;

Tp_low=290;

iter=0;

while  error>0.0001 && iter<100
Tmf2=(1/2)*(Tf_up+Tf_low);
Tmp2=(1/2)*(Tp_up+Tp_low);
T=((Tmf2+Tmp2)/2);

PD=(1.19*(10" - 4))*(T"1.75);

Cm=((3/2)*((tau_t*delta_t)/(epsilon_t*d_t))*((p

*R*T/8*M)™N(1/2))+(((tau_t*delta_t/epsilon_t))*

(Pa/PD)*(R  *TIM))™ - 1;

J()=Cm*(saturationpressurel(Tmf2) -

saturationpressurel(Tmp2));

Tmfl=Tbf(i) - (Q/h_f);

Tmp1=Tbp(i)+(Q/h_p);

errorl=abs((Tmf2 - Tmfl1)/(Tmf2));

error2=abs((Tmp2 - Tmpl)/(Tmp2));

error=max(errorl,error2);

if  Tmfl>Tmf2
Tf _up=Tmf1;

end
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it  Tmfl<Tmf2
Tf low=Tmf1;

end

if  Tmpl>Tmp2
Tp_up=Tmp1l,;

end

if  Tmpl<Tmp2
Tp_low=Tmp1;

end

iter=iter+1;

end
if  i==1

Tbf(i)=Tf _in -
dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Thp()=Tp_in+dx*w*Q/(heatcapacity(Tbp(i))*u*den
sity(Tbp(i))*A);
else

Thf(i)=Tbf(i -1) -
dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Thp(i)=Tbp(i -
1)+dx*w*Q/(heatcapacity(Tbp(i))*u*density(Tbp(i
N*A);
end
Q=U*(Tbf(i) - Tbp(i));

Tmf(i)=Tbf(i) - (Q/h_1);
Tmp(i)=Tbp(i)+(Q/h_p);

Tsp(i)=Tbp(i)*+(Q/h_s);

J()=Cm*(saturationpr essurel(Tmf(i)) -
saturationpressurel(Tmp(i)));
E=(mean(J)*0.012*heatofvaporization(Tbf(1))/(4.
17*600/60*(Tbf(1) - Tbf(i))));

Cf=1616;

Cp=8.87;

salt. R=(Cf - Cp)/CT;

end
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(IV)Dual Layer Membrane Counter - current Model

clear all

|=1*10" -7,

d t=3.124*10" -7,

d_s=2. 498*10" -7,

epsilon_s=0.91;

epsilon_t=0.81;

delta _s=1.36*10" -5;
delta_t=9.3886*10" - 5;

tau t=((2 - epsilon_t)"2/(epsilon_t));
M=18.02;

R=8314.472;

Pa=1.013*10"5;

%kp=0.19;

kg=0.0272;

kw=0.6;

ks=0.25;

kt=0.19;

%k _m=(1- epsilon)*kp+(epsilon*kg);

k s=(kw*epsi lon_s)+ks*(1 - epsilon_s);
k_t=(kg*epsilon_t)+kt*(1 - epsilon_t);
w=0.135;

h=0.0008;

df=0.0004;

hsp=0.0008;

theta=90;

Im=0.003;

epsilon_spacer=1 -
((pi*df*2)/((2*Im*hsp*sin(theta))));
Svsp=4.0/df;
dh=4.0*epsilon_spacer/(2/hsp+(1 -
epsilon_spacer)*Svsp);

alpha_s=1. 9*((df/hsp)*(0.039))*(epsilon_spacer”
0.75)*((sin(theta/2))"0.086);

A=w*h:

%V=8.83*10" - 6; %530 ml/min

V=1*10" - 5; %600 ml/min

%V=7.5*10" - 6; %450 ml/min
%V=1.25*10" - 5; %750 m/min
%V=1.083*10" - 5; %650 ml/min
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u=V/(A*epsilon_spacer);
%L=0.13;

L=0.127;

Kn=l/d_t;

error=1,

N=1000;

dx=L/(N -1);

x=0:dx:L;

Tf in=343;

Tp_in=293;
Tc_up=Tf_ in;
Tc_low=Tp_in;
Tbf(1:N)=343;
Thp(1:N)=293;
J(1:N)=0;

counter=0;

while  error>0.00001 && counter<100

Tc_guess=0.5*(Tc_up+Tc_low);

for i=1:N

x1=x(i);

Tmf(1)=Tf in;

Tmp(1)=Tc_guess;

Tbf(1)=Tf_in;

Tbp(1)=Tc_guess;

J(1)=0;

if O<=x1&& x1<=L
Re_f=(u*density(Tbf(i))*dh)/(viscosity(Tbf(i)))

i?e_p:(u*density(pr(i))*d h)/(viscosity(Tbp(i)))

Pr_f=(viscosity(Tbf(i))*heatcapacity(Tbf(i)))/(
thermalconductivity(Tb f(i)));
Pr_p=(viscosity(Tbp(i))*heatcapacity(Tbp(i)))/(
thermalconductivity(Tbp(i)));
%Nu_f=alpha_s*(Re_f*1)*(Pr_f*0.33);
%Nu_p=alpha_s*(Re_p"1)*(Pr_p”"0.33);
%Nu_f=alpha_s*0.027*(Re_f*0.5)*(Pr_f"0.33);
%Nu_p=alpha_s*0.027*(Re_p"0.5)*(Pr_p"0.33);
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Nu_ f=alpha_ s*0.036*Re_f*0.8*Pr_{0.333*(dh/L)"O
.055; %counter
Nu_p=alpha_s*0.036*Re_p”0.8*Pr_p~0.333*(dh/L)"0
.055;  %counter
%Nu_f=alpha_ s*0.664*Re_0.5*Pr_{"0.333*(2*dh/L

)10.5;
%Nu_p=alpha_s*0.664*Re_p”0.5*Pr_p"0.333*(2*dh/L
)™0.5;

%Nu_f=alpha s*(4.36+0.036*Re_f*Pr_f *dh/L/(1+0.0

011*(Re_f*Pr_f*dh/L)"0.8));
%Nu_p=alpha_s*(4.36+0.036*Re_p*Pr_p*dh/L/(1+0.0
011*(Re_p*Pr_p*dh/L)"0.8));
h_f=(Nu_f*thermalconductivity(Tbf(i)))/dh;
h_p=(Nu_p*thermalconductivity(Tbp(i)))/dh;
h_s=(k_s/delta_s);
h_t=(k _t/delta_t);
U=1/((1/h_f)+(1/n _H)+(1/h_p)+(1/h_5s));
Q=(Tbf(i) -
Tbp(i)+J(i)*heatofvaporization(Tbf(i))/h_t)*U;
%Q=U*(Tbif(i) - Tbp(i));
Tmf(i)=Tbf(i) - (Q/h_1);
Tsp(i)=Tbp(i)+(Q/h_s);
Tmp(i)=Tbp(i)+(Q/h_p);

end

Tf up=340;

Tf low=313;

Tp_up=303;

Tp_low=290;

iter=0;

while  error>0.0001 && iter<100
Tmf2=(1/2)*(Tf_up+Tf_low);
Tmp2=(1/2)*(Tp_up+Tp_low);
T=((Tmf2+Tmp2)/2);

PD=(1.19*(10" - 4))*(T"1.75);

Cm=((3/2)*((tau_t*delta_t)/(epsilon_t*d_t))*((p

*R*T/8*M)N(1/2))+(((tau_t*delta_t/epsilon_t))*

(Pa/PD)*(R*T/M))N -1;

J(()=Cm*(saturatio npressurel(Tmf2) -

saturationpressurel(Tmp2));

Tmfl=Tbf(i) - (Q/h_f);
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Tmp1=Tbp(i)+(Q/h_p);
errorl=abs((Tmf2 - Tmfl)/(Tmf2));
error2=abs((Tmp2 - Tmpl)/(Tmp2));
error=max(errorl,error2);
if  Tmfl>Tmf2
Tf _up=Tmf1;
end
if  Tmfl<Tmf2
Tf low=Tmf1,;
end
if  Tmpl>Tmp2
Tp_up=Tmpl;
end
if  Tmpl<Tmp2
Tp_low=Tmp1,;
end

iter=iter+1;

end
if  i==1

Tbf(i)=Tf _in -
dx*w*Q/(heatcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Thp()=Tp_in -
dx*w*Q/(heatcapacity(Tbp(i))*u*density(Tbp(i))*
A);
else

Tbf(i)=Tbf(i -1) -

dx*w*Q/(hea tcapacity(Tbf(i))*u*density(Tbf(i))*
A);

Tbp(i)=Tbp(i -1) -
dx*w*Q/(heatcapacity(Tbp(i))*u*density(Tbp(i))*
A);
end
Q=U*(Tbf(i) - Tbp());

Tmf(i)=Tbf(i) - (Q/h_f);
Tmp(i)=Tbp(i)+(Q/h_p);
J()=Cm*(saturationpressurel(Tmf(i))
saturationpressurel(Tmp(i)));

end
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counter=counter+1;
error=abs((Tbp(N) - Tp_in)/Tp_in);
if  (Tbp(N)>Tp_in)

Tc_up=Tbp(N);
end
if  (Tbp(N)<Tp_in)

Tc_low=Tbp(N);
end

E=(mean(J)*0.012*heatofvaporization(Tbf(1))/(4.
17*600/60*(Thf(1) - Tbf(i))));

Cf=1700;

Cp=450;

salt R=(Cf - Cp)/Cf;

end
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