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Abstract

This thesis reports a study of recently proposed novel hybrid energy conversion
technique using a combined principle of electrokinetic (EK) and forward osmosis (FO).
The proposed FEEK energy conversiotechniqgue has been demonstrated by using
stacksystem comprising two soibdules, &0 sulmodule and aiK submodule.Under
a salinty gradient a suction force is created induce a hydrodynamic flom the FO
submodulebased orthe principle of FO. Accordingly, electric energy, in formm of EK
streaming potential and/or streaming current, is generated across aglasshsused in
the EK sulnodule. his proposed power generatidgechniqueconverts the salinity

gradient energy into the electric energy withoeéd ofexternalpressurenput

Firstly, two kinds of mathematical models, namalyniform-capillary model and a
heterogeneousapillary model, argresentedo characterize and assess pleeformance
of the proposed=O-EK energy conversiotechniqgue Meanwhile, horough experiments
are carried out to investigat¢he processe and performance ofthe FOEK energy
conversiontechnigueandto validate the theoreticahodels Results show thatompared
to the uniformcapillary model, the heterogeneecepillary model yields better
agreement with the experimental ddta.addition,the generated power densitdecays
with increasng the pore size of the porous glagsd monotonically increaseswith
increasingthe salinity differencebetween the drawolution (DS) and the feed solution

(FS) It is also demonstrated that a maximum power densit§.185 W m can be

achieved by wusing the porous gl asatntywi t h

difference

a



However, concentration polarizatig@P) happenedn both FO and EKsubmodules
greatly reduces the energyonversion performanceof the hybrid FO-EK system.
Consequentlyanother two studies on the CP artecessively conductespecifically on
the FO process and the EK proce@s the one handa seriesof experimentalstudy
based on a micr&O-device is carried out to visualize and quantify thdernal
concentratiorpolarization(ECP) phenomenorn FO processMeanwhile, a steadstate
2D numericaimodelis also developed tmterpretexperimental resultsesearch mainly
focuses on effects of tangential flow rate on theO flow rate,the FO efficiency, the
thickness of ECP layer artde osmotic pressure distribution withihe ECP layerOn the
other handa numericalanalysisis conducted tasstudy the effects ofion concentration
polarization (bnCP) on the energy conversion performance ofptressuredriven EK
flow through a capillary system. €hnumerical study not onlyanalysesthe inner
characteristicof the capillary system, includingistributions of the induced potentials,
the ion speciesand the electric conductivitiesbut also examines the terminal
characteristis, including the overall electric resistagcéhe streaming potentgli.e.,
opencircuit potentiad), the maximum streaming curreras well as the curresuotential
curves Furthermore therelationships between the inner and the termshalracteristis
of the capillary system are also fully investigated throaighlyzingthe lonCPs happened

duringpressuralriven EK energy conversion processhe capillary system.

Finally, based on théwo separated studies on the <R FO and EK process
mentioned abovenothertwo experimental studies acarried outo enhance the energy
conversion efficiency of thdwybrid FO-EK system in particular, theexperiment of

continuous flow mode and thexperiment ofsurface treatment to the porous glasth



an aver age .PResulteshosvithater thé corstimious flow modé&e optimum
operation tangential flow rate happens atrémgion from 30ml min™ to 50ml min™* and

the maximum incrementompared tdahatof the initially applied stack modegaches up

to as much as 9.6 timéggherfor theDS concentration of 0.5 Mnd tangential flow rate

of 40 ml min*. For the surface treatmertioth the ultrasonic treatment and the SDS
surfactantreatment to the porous glass can significantly improve the energy conversion
performance of the pressedeven EK flow. Compared tadhe porous glass without any
surface treatment, the porous glaesated by ultrasonic and SO2 mM yieldsthe best
energ conversion performance with the maximum power densi8.@ Wm™ and the

correspondingncrementof 27.3%.
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Chapterl:l nt roducti on

1.1 Background and motivation

The need for alternative environment al
solar, geothermal, biomass, ocean thermal, wave and tidal, halsdeng hot issue and
becomes even urgent nowadays duentore and moreserious global energy and
environmental problems. Salinity gradient energy harvesting at the river mouth is
completely renewable and sustainaldle?]. Increasing attentions and effoltavebeen
paid on the power generation from such salinity gradient energy ref&:ily

During the past decade, two emerging membizsed energy conversion
techniques pressure retarded osmosis (PRO) and reverse elfiatysis (RED) have
been developed tharvestthe renewable energy from the salinity gradient. In PRO, a
dilute solution is separated from a concentrated solution by a semipermeable membrane
such thatan osmotic pressurgradient is createdDriven by such osmotic pressure
gradient, water migratesfrom the dilute solution region to the concentrated solution
region through the membranieading to an increase of thwdrostatic pressuref the
concentrated regiorPower is then generated via a water turbine which is driven by the
pressuredriven flow of concentrated solutiof7, 8]. However, the PRO technology
possesses numerous problems, such as theofieadgedized membranes to withstand
high hydraulic pressure generated in the sysf8m more severe membrane fouling
issues, and sophisticated peripheral equiprdertto the high pressussvironment. In

RED, specific membranes, i.¢he catiorexchange membranes and the aremohange

f

r



membranes, arelternatelyutilized to selectively separate cations and anions from the
bulk solutiors. The driving force is the concentration difference between the two
solutions on both sides of the membranes where an electrochemical potential gradient is
generated. T h i sermmates ith &lecrodes sitteach &nd to tonvert the
i onic pux into an el e c tredicton reactions.eHowevet,the ough t h
power generation efficiency of RED is greatly affected by the shadow effect with up to
40% decreasg9]. Also, an &ternal source of energy is required to pump salt solsition
through theRED device Nonetheless, the afareentionedissues pose limitations ofeh
PRO and RED tecliques

In addition several other novel technique®re also developedo harvest salinity
gradient energyBrogioli proposed a technique based on capacitance characseoistic
the electric double layer (EDL) of porous carbon electrodes in solutions with different
concentrationsand the technique issually abbreviated aSDLE [10]. Sdes et almade
improvement on CDLE to increase the energy conversion efficidmcyheir study,
anion/catiorexchange membranes are introduced to the CDLE system, wiaglpbe
treated asa combination of RED and CDLE4]. Also, a mixing entropy batteryvas
proposed by a Mantia et al. teextract energy fronthe concentration dierence of two
solutions and store ahiemical energy inside the bulk cryssaiuctureof electrodesThis
kind of battery stores charges through ¢hemicalbonds of the electrode rather than the
capacitanceof the EDL of the electrode in CDLEL]]. A desalination batteryas
reported whichmay be considered aseversed operating process of the mixing entropy

battery[12].



Different fromthoseenergy conversion techniqué&sngs grouprecently developed
a novel hybrid energy conversion systemetdractenergy from the salinity gradient
termed as théorward osmosis (FO) electrokinetic (EK)energy conversiogystem[13,
14]. Two submodule are inclded in this system, namely FO submoduleand an EK
submoduleFor the overall systena suctionforce generateah the FO submoduledue to
the mechanism of FO drawsaterto flow through a porous glass ®ighichis housedn
the EK submodule When such osmotic pressurdriven flow passes across the porous
glass, streaming potential and streaming current are generaddtiey care harvested
as the power source toan external electric circuit.This hybrid energy conversion
techngue could be more advamgeous over the other electric energy conversion
techngues such as the PRO arlde EK mentioned aboveThis isdue tothe following
facts that: on the one hand, compa@dhe PRO systems, the proposed system operates
in low pressure environment, espaly in the FO submodule thus has much lower
requirement on FO membrane and alsoch lessmembrane scaling and fouling
problems. Therefore, it is more cost effecti@n the other hand, unlikéhe other
pressuredriven EK systens where externalpump is needed to provide thpressure
driven flow, the system isdirectly drivenby the salinity gradient energy tgenerate

electriaty without need ofany extra energy inplike pumpng power

1.2 Objective and scopes

With proposing sucl novel hyorid energy conversion teclgque, the mainobjective

of this work is to baracterie andimprovethe novel FO-EK energyconversionsystem



throughcarrying outtheoretical, numerical and experimental studi@saccomplish this

objective, the main scopes a@ecifiedas follows:

1. To develop a theoretical modeland conduct correspondingexperimental
investigatios on the energy conversion performance ofdfaekFO-EK system;

2. To separatelystudy the effects of concentrationpolarization (CP) phenomena
specificallyhappened in F@rocessand EKprocesswhich always reduce the overall
energy conversioefficiency of the FOEK system, on the corresponding submodule
performanceand

3. To improvethe FOEK system based on resultand conclusionsrom studying the

CP phenomena mentionatlove to enhance the energy conversion performance.

1.3 Outline of the thesis

This work mainly consists of seven chaptersovering both fundamental
investigatios and further improvement tthe novel hybrid FGEK energy conversion
technique driven by salinity gradierBrief introductionto each chapteris given as
follows:

Chapter 1 introducegmergingenergy conversioriechniquesdriven by salinity
gradientsandprovidesthe motivationof this study, followed by the objective and scope
of this researchvork.

Chapter 2oresentsa thoroughliteraturereview on basic principleanddevelopment
as well as drawbacksf the EK andthe FO technologiesMeanwhile a brief summary

and comments on the literatueviewareprovided



Chapter 3reportscomprehensive theoretical and experimental studies to assess and
characterize the performance of the stackEtOenergy conversion systemarticularly
two kinds of mathematical models, namely uniform-capillary model and a
heterogeneousapillary model, areproposedto give mathematical description on the
energy conversiorprocessof the proposed FEK system Meanwhile, thorough
experiments are also c¢ed out to investigate the process and performance of tHEKEO
energy conversiorystemandto validate the theoretical studill studies in this chapter
mainly focus onthe effects of thealinity gradients on th&O-EK system performance,
includingthe FO flux, the flow rate, the pressure drop, the generated streaming potential,
the generated maximum streaming current and the output power density.

Chapter4 presents amxperimentaltudy based on a micifeO-device to visualize
and quantify theextemal concentratiorpolarization(ECP) phenomenon in FO process.
Meanwhile, a steadstate 2D numerical simulation based on finite element method
(FEM) is alsoconductedo interpret experimental resultfesearch works mainly focus
ontheeffects oftangential flow rate on the FO flow rate, the FO efficiency, the thickness
of ECP layer and the osmotic pressure distribution within the ECP layer.

Chapter 5presents @limensionless numerical study ¢baracterizeahe effect ofion
concentration polarizeon (lonCP) on the performance ibfe energy conversion process
of the pressurelriven EK flowin a capillary system. The study in this section not only
analysegshe innercharacteristis (including distributions of the induced potentials, the
ion speciesand the electric conductivitigandthe terminalcharacteristis (including the
overall electric resistansethe streaming potentsli.e., opercircuit potentiat), the

maximum streaming currentas well as the curremiotential curves of the capillary



system, but also fully explores thelationships between the inner and the terminal
characteristis throughanalyzingthe lonCPs happened during pressinigen EK energy
conversion procedn thecapillary system.

Chapter 6,based orthe two separated studies on thes@PFO and EK processes
respectively conducted in Chapter 4 and Chapter SJemonstratesanother two
experimental studiefor enhaning the energy conversion efficiency of tipeoposed
hybrid FO-EK system namely the expeiment of continuous flow modeand the
experiment osurface treatment to the porous glass.

Chapter 7 provides a summary of contributions of this research work and also

suggestpossible anghoromisingworks for future studies.



Chapter2:Li t erature review

2.1 Electrokinetic (EK) phenomena

2.1.1Basicprinciple of EK phenomena in micrdnano-
channek

It is well known that majority of substarsceanbe charged immediatelyncebeing
immersed in an aqueous meditimough electrochemical mechanisms of adsorption of
the charged speciemdbr dissociation of the ionizablgroups[15, 16]. For examplea
glass capillaryusually gets negativelychargedwhenin contact withelectrolytesolution
under suitable solution pHue tothe dissociation of silanol groups, SiGH Si0' + H*
[17]. The negatively charged surfacatract positive ions andepebk negativeions,
leadng to the formation oén electricdouble layer (EDL). A widely accepted description
of the EDL is the Sérn model in which the electridayer in agueoussolution is
characterizednto two distinct parts: an immobile inner lay@tern layey dominated by
the electrostatic force aradmobile ouer layer (diffusion laye) dominated by the thermal
Brownian motion[18]. As shown inFigure 2.1, the centers of any ionattachedo the
chargedsurfacei.e., ions in the Stern layazpmprise theSternplane lons whose centers
are located beyond the Stern plane form the diffusbile part of theEDL. The plane,
consisting of the centers of the iooEaboutone or tworadii away from the surfaceés

defined as the shear planeheretheness | i p pui d pow boundary

cor



apply. The potential athe shear plane i®ferred to as zeta potentia) whichis slightly

different in magnitude from th®&tern potentiay 4 [19].
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Figure 2.1 Schematic of electric double layer (EDL) of a negatively charged surface
according to theStern model It shows hee |l ect r i ¢ p qDebye lerigthdandpgheo y | e
overall extent of EDL [19].

The thickness of the EDLcharacterized byhe Debye lengthe; is estimated by
corsidering a balance of electpotentialenergy and thermal ener§®0] which is given

as
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Typically, the Debye length representslzaracteristic distance from ti&ern plane

to a plane where the electric potentialecays to approximately 33% of the surface

potential[19]. A log-log plot of EDL thickness for (1:1yymmetricelectrolyte solution

such as NaGbr KCI solution With|Zk| =1, baedontheEq.(2.1), is shownn Figure2.2.
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Figure 2.2 Loglog plot of electric double layer (EDL) thickness for (1:1) symmetric

electrolyte solutionwith certain concentrations[20].

The term electrokinetics is associated with the relative motion betweenptvases

solid and liquid, with a chargedinterface Generally speakinggectrokinetic (EK)

phenomenare the consequencestbé interaction betweethe EDL andcertainapplied

fields, such aselectric field pressure fieldgravitational field or centrifugal field EK

techniques provide some of the most popular sst@lenonmechanical strategies for



manipulating particles and fluid¥.he most commonly encounteretbur types ofEK
phenomena arelectroosmosisstreaming potentialelectrophoresisaand sedimentation
potential

Electroosmosisas shown irFigure2.3, is referred toastheinducedmotion of liquid
driven byappliedelectricfield across atationarychargedcapillary tube, porous magn
or membraneFor example, \Wwena negatively chargedhicro/nanachannel issubjected
to an applied electric field the excess cations DL, gaining movement due tthe
Coulomb forcedragthe liquid moleculestowards the cathodegerminal Electroosmosis
can be utilizechs apumpgng mechanism to drivequid acrossporous media, capilles

andmicra/nanechannelg21-24].

Electric field
e —
Anode _+_+3I S S e Cathode
_» - —
N |_,| Velocity profile
] Flow
_’ —
+ + + 0+ + + + + + +

Figure 2.3 Electroosmosisin a surface charged capillary{19].

Streaming potential Figure 2.4, is considered asnaopposite phenomenonof
electroosmosisWhen an aqueousolution is driven by a pressure gradiettt pass
through a micrmancchannelcounterionsn the EDL dueto thechannelsurface charge
also flow to the downstream endjving rise toconvection current or streamimgrrent

However, as there is no external electiocuit between the inlet andutlet of the

1C



micro/nanachannel the accumulation of the excess counterions aobtitiet generates a
potential difference between the two ends of thacro/nanechannel which
simultaneously induces laackwardconduction current through the bulk of the liquid.
The induced potential dgfence ighe secalledstreaming potential. At steady state, the
net current is zero whereby the streanmgngentand conduction current sum up to zero.
When the micro/nanaechannelis connectedwith an external circuit, the generated
streaming potentialand streaming current can be harvested as the power source.
Obviously, suchEK process directly converthe hydradynamicenergy intothe electric
energy.Practically, the phenomenomf streaming potenti&urrentcan also bemployed

to determine theetapotentialg of a charged solid surfa¢25).

Pressure P, P,

+ + + + + + + + + +

Electric field Flow

Figure 2.4 A pressuredriven flow through a surface chargedcapillary [19].

Electrophoresisas shown irFigure2.5, is the motion of the charged surface, such as
ions, molecules and patrticles, relative to a stationary lifg6H When a charged particle
is placad in a stationary aqueous solution, the counterions relative to the surface charges
of the particle are attracted and the coions are rejected, generating an EDL around the

charged particle.Overall, the region consisting of the charged particle and the

11



surrounding ionic cloud appears to be neutifathe chargedparticle is subjected to an
electricfield, it will move due to the Coulomb force along the electric fieldwever,the
surroundingmobile couterionsand coionsin the EDL slightly move in the opposite
direction but still around the charged partidd.the steady statéhe forward Coulomb
force on the charged particle and the backward viscous force due to the stationary
agueous solution arenally balanced.Such EK phenomenorcan also be used as an

approacho measure the surface potential of a charged paftigle

Anode Cathode

Patice T3 +

motion _* + +

+ +

==t

+ +
+ —_— > -

Electric field

Figure 2.5 Electrophoresis of a surface charged particlender an externaly applied electric
field [19].

Sedimentation potentialas shown inFigure 2.6, is referredto as the motion of
charged particles relative to the stationary liquid driven bygtheitationalor centrifugal
field. The motion of a dispersechargedparticle disrupts the equilibrium symmetry
structure of EDL.The relatively backward viscous flowrcaund the particle drags
counterionsand coionsin the diffuse layer of the EDL away from the particle, which
results in slight displacememnt a relative position between the charged particle and the

surrounding EDL.Then the region occupied by tbbhargel particle and the counterions

12



in EDL becomes polarized with one etdminatedoy the surface charges of the particle

and the other end dominated by the couteri@wmsequently, an electric field, usually

defined as the sedimentation potengigdient is finally generated from this process.

Electric
field

oo o Particle
motion

Figure 2.6 Sedimentation potential induced by the motion of charged particle§l9].

It is evidentthat among the four types of EK phenomena, streaming potential and

sedimentation potential are tlpeocesss of converting the kinetic energy into electric

energy, and electroosmosis and electrophoresis are complppalgiteprocesses.

2.1.2Development of the steaming potential/current

Recently, power generatiofbased on pressuradriven EK flow has attracted

increasing attentiong27-29], especially with the intuction of liquid slip in

micra/nanachannels[30]. For the performance of such EK batteries, high energy

conversion efficiency and high output power are two critical facibwsachieve better

13



design and process controkegt efforts have been put on developingpre accurate
theoretical models for the floimduced streaming potential.

The mathematical models of the streaming potential and the streaming current
includetwo main governing equations, namely th@ssorBoltzmann(P-B) equationfor
describing elecical potential profile in the EDL anthe NavierStokes(N-S) equation
for describing the fluid flow field31]. Meanwhile,the NernstPlanck(N-P) equationis
employed to describeh¢ iontransport inmicro/nancchannes. Chang and Yang32]
provided a good reviewon the microfluidic-based batterge with thdr conversion
efficiencies ranging from 0.01% to 15%ccording to the analyses of previous works, it
is concluded that the energy conversafficiencyincreases with decreasing mobilay
the monovalentounterios in the aqueous solutidmecause ionic conductance can cause
power dissipation [32, 33]. In this work, the methods and results of the
electrochemomchanical energy conversion reportedanentstudies are summarized in
Table 2.1. This table also includes boundary conditions and sa@meial property
parametersit should be pointed out that thedectric boundary condition to the-B
equation is either constant zeta potential or constant surface charge ddogigyver,
Wang and Kangproved that neither of these two boundary conditions wasratecin
modeling the streaming potential process, and they suggested tlededtiee boundary
condition should bedetermined by a local chemical equilibrium on the shédid

interface[31].
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Table 2.1 Review on the methods and results of the electrochemomechanical energy conversion in precious works

Channel Parameters Solution Propoties Hydrodynamic
Researcher . R o o o = Applied Pressure B B Bound
Size i i Qg Us Electrolyte C i D T V] o} u PP LIzEs Ehecieney c ondit%rz
Yang and.i, 1998[34] |=1cm;w=30em; h=20em (3D) 25, 50, 75 / / Kl 10* / / 298 80 0.9x10° / 0¢p —pr' Lj’“ 200C / / No-slip
|
Yang et al, 2003[28] d=16mm;t=3mm; (glass porous disk) | 5450 / 10% or 10° Pure water | / 168 | o0.9x10° / 80 / 5x10° dpdx=9.81C Pamt | ~ewem® | / No-slip
Poo=0.3(average pore radiuselr8)
Kwok and Yang2003[35] h=40em; 100 / / KCI Infinite dilute / 2x10° / / / / -dp/dx=1C° Pa nt" / / Slip with b=1em
= 9 -
Daiguji, 2004{36] I=8em; h=30nm; K1en? (reservoirs) | / 0-5] 1/ KCl 102~ 10 100 | Do 300 80 10° / _dp/dx=10t Pa i J2eWmM | g5 No-slip
Sintered porous glass plug;
Olthuis et al, 2005[37] Pror=5 (NOMiNal gy f 1.0-1.EM); / / / Fﬂ-lo) 1or16 / / / / / / ?Bofnlaa‘g‘r(.‘;‘:“i‘)m ) 200w / Bxp.
d=60mm;t=3.5mm pr: y Jet pump,
2 _ 5x10°~1x10 ] 3 mobility 3 _ 3 :
Chun et al.2005[38] d=5em; 1=10°m ds<1lor3 ! 7 (1:1) solute | 10°~ 10 ! ©/RIT) 298 80 10 / qp=10bar >1eW cm / No-slip
!
van der Heyden et aR005 |=4.5mm;w=50e m; h=70~1147nm KCI 5.6x10 _ Exp.
[39] 1.5¢1.5mnf (reservoirs) 60 4 / (pH:8) 3-1x10° / / / / / / qp=4bar / 6 No-slip
- 1=5em; h=5~100nm; ¥len? N 2 D'=1.96<10° 3 p.=0MPa )
Daiguiji et al, 2006[29] (reservoirs) ! 1~40 | / KCI 10°~10 10° D'=2.0310° 300 80 10 ! pe=0.5MPa / 5.8 No-slip
Mirbozorgi et al, 2007[40] h=2em; |=2Cem (2D) 25~300 / / KCI 10° 10° D'=D=2x10" 298 78.5 10 / 2x10°Pa / / No-slip
KCI
van der Heyden et aR007 1=4.5mm;w=50e m; h=70~1147nm ) 2 _ 240pW 3.2 for .
[41] 1.5x1.5mnf (reservoirs) 100 82 / I(_;I)il'7) 10%-16 / ! / / ! / aqp=4bar for 490nm h=75nm No-slip
€,=7.3%10° 7 forb=0
Ren and Steir2008[42] h=50, 200nmw/I=1 / 10 / Kl 10° / 0’ 296.15 | 79 0.9%10° / / / 17 forb=25 Slip with b=0, 10, 50
- 37 frob=50
Soong et al.2009[43] 1=304m; h=6.0&m =<200 / / (@:1) solute | 10° 007 | 1 208 7841 | 8922640 |, dPd=4.26%10°Pam [ / slip
1=5em; h=15/30nm; 2mx2em 1,3, KCI 1 a2 3 - i
Chang and Yang009[32) (reservoirs) / 5 10 / (OHT) 1, 10% 10 100 |/ 298 80 10° / -dp/dx=10° Pa mt / 4.78 No-slip
100 for
. glass B 3 1.468%10 7 ~ 0 for glass
Wu and Wang2010[44] h=3cm 20 for / / (1:1) solute | 0.0121 16 |/ 298 785 | 0.9x10 by -dp/dx=0.88<10' Panit | / / 90 for POMS
PDMS
Renksizbulut et 812010[45 1=38.48m; h=3.8%m,; 75 (1:1) solute | 10° 10° 2x10° 298 78.5 10 / qp=5.40 kPa / / Slip
Nomenclaturein this Table:
. . o . .
b Slip length [nm]; Py  Generated power or power density; U  Dielectric constant
C  Concentration [mM]; Ppor  PoOrosity; [ Zeta potential [mV];
d Diameter; t Thickness; d Energy Convert Efficienf%s];
; i 2 1. . [P : .
D  Diffusivity [m“s™; T  Temperature [K]; € Dynamic viscosity [Pa s];
. . . . * i . 2\/-1 <13,
doore Diameter of the pore;, w  Width; € Mobility of ion, (zeD)/(ksT) [Mm*“ V™ s7;
h  Height; U  Conductivity [S mf; J+  Fluid density [kg ri¥];
o - o .
I Length; Us  Surface conductivity [S]; 8 Surface charge density [mC3n
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It was recently proposed that the stipundary conditioron hydrophobic surfaces
could significantly enhance the electroosmoperformancein nanochannel$46], and
this hypothesis was experimentally verifigtl7, 48]. It is known that there are mainly
two kinds offriction in microfluidics which are resulted from interactions between the
solvent and the wall andetweenthe solute and the wall. Consequently, a low density
boundary layer of water molecules occurring ia ¥icinity of hydrophobic surfacd49
decreases thmteraction between the water molecules and the wighce water can
flow over the hydrophobic wall moremoothly giving rise to a noazero boundary
velocity.

Compared with the wetting case with nslip boundary conditions, significant slip
of the liquid in the vicinity of noawetting solid surfaces is investigated both theoretically
and experimentally46, 50-52]. It was found that the charges within the Stkeyer,
usually immobile in the case of hydrophilic wetting surface, can flow bydrophobic
surfaces due to slip.As a result, the charge movemamntribues to the streaming
current by a evenlargea amount in addition tthe incremenof the mean velocity within
the channetlue to the sliprelocity at the interfaceAt the condition of constant surface
charge density,he relatively high hydrophobicity of the solid surface eamhancehe

EK phenomenaby a slipinduced amplificationfactor of (1+eer), where ! is the

effective Debye length anld is slip length[47, 53]. Although such kind of boundary
condition may be not asreciseas the previousnodelingwith constant surface charge
[33, 4]], it shows a more qualitative understanding of the effetigquid slip on the

pressuredrivenEK flow in microfluidics.
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Highly hydrophobic solid surface giseise to high liquid velocity and thus low
pressure consumptiom addition,high surface charge densiybviously,induces a high
zeta potentialldeally mprovemertg in both of these two aspects can greatly enhance the
EK flow in micronanaechannelsHowever, itis known that théess polarizabléhe solid
surfacemolecules arethe more hydrophobic the solid surface Tsis means that the
solid suface hydrophobicity can be increased by diminishnoésurfacecharge density
[54], which simultaneouslyreduces the zeta potentidth orderto improve the energy
conversion performance of the pressdreeen EK flow, ; the one handwe try to
enhanceéhe slipconditionof the micro/nanechannelson the other handve should also
try to create highersurface charge densitfsome approachekave been reported to
address this dilemma bgdding polymers, employing surface modification or voltage
biasing. In fact, there is always tradeoff when balancing strong slip and high surface
charge densityTherefore, howd practicallybalance theetwo aspectdo achievebetter
hydrodynamic and EKperformanceof the microfluidic system is the most challenging

issue for currenaind futureresearchs in this field.

2.1.3lon concentration polarization (lonCP)

Traditional theoreticahnalysisbased on Onsagerdiprocal relationship proposes a

relationship between the induced streampagentialgradient and the applied pressure

Qo
m
Sb

5 Vv , whereUis the dielectric permittivity of solveng,is the

gradient, i.e. 2=~

X

vO_dq_)[
U]- O: O
3>

zeta potential of charged channel surfagtés the dynamic viscosityof the electrolyte

2

-
solution, &P is the electrolyte solution conductivity expressedSas:k—Ta Zkaﬂ@,
B
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, - € tanh(kh)
andm is acoefficientexpressed aél- —
é

1, (ka)/1o( 4)

ka

for slit charged micro/nanchannel

e
with height of 2 and Ql for circular charged micro/narchannel with
é

radius of a [19]. This expression obviously indicates that, for a given charged
micro/nanechannel and a given electyté solution with certainconcentration the
induced streamingootential gradient linearly increases with increasing the applied
pressure gradientlowever, according to tradition#theoreticalstudies, the EK energy
conversion process is assumed only lesmopy in the charged channel regiavhich,
obviously, oversimplifies the real pressuhéven EK processOn the one hand, the
output potential is induced by the accumulation of counterions at the down streaming end
of the charged channeTlhis accumulatn of counterions is actually a kind of ion
concentration polarization dhCP) phenomenormwhich is evidently not included in
traditional theoretical studies of streaming poteni@u. the other hand, the pressure
driven EK energy conversion system is catted withan external electric load by two
electrodes placed in two reservoirs quite nearby channel Ene®xisting big reservoirs
will also greatly influence the flow field at the entrance area ofctitegedcapillary,
inducing anotherdnCP zoon.Those bnCP phenomena, in tursjgnificantly affect the
output energy tahe external electric loadespecially for conditions of high surface
charge dengis, low solution concentrations and high applied pressure gradiBbts
56]. Compared to streaming potential process, much more sero@l phenomena and
thus significant noitinear properties induced by highly applied electric field are
observed in electroosmosis processshown inFigure 2.7 [57-66]. Therefore, most of

existing bnCP studies irelectrokinetic field focus on electroosmosis process. Only in
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recentyears,a few studiesecognizedhat suchkind of lonCP phenomena occurring in
the pressurdriven EK flow procesgliminishesthe generated power and trenergy

conversion efficiency29, 36, 55, 67, 68].

a) Electrochemical equilibrium b) Concentration polarisation with c) Concentration polarisation with
without external field local electroneutrality field-induced space charges
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Figure 2.7 Schematics of ion concentration polarization (lonCP) phenome at the
macropore-mesopore junction happened in electroosmosis proceasd the corresponding
normalized ion concentration profiles. Figure aconcentration distributions of ion species at
Donnan equilibrium in the absence oéxternal electric field. Figure b, when an electric field

is applied, the counterions pass through the negatively charged mesopores, inducing a salt
depletion layer, i.e., convectiondiffusion layer, nearby the inlet of the mesoporeFigure c,
when a stronger electric field is applied, the concentration of ion species at the macropore
mesopore junction are further depleted, generatinga fluid -side space charge region and

alsothe secondkind electroosmosis around the macroporanesopore junction[69].
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2.2 Forward osmosis (FO) phenomenon

2.2.1Basicprinciple of forward osmosis (FO) phenomenon

The spontaneougransport of water molecules between tsautionswith different
concentration separated bysemipermeablenembrangbeing permeable temall water
moleculesbut impermeable tdarge solute moleculesjs widely used in fields of
generatig fresh water or concentrating salts. The driving force ishieenicalpotential
difference of aqueous solutions, i.e., the osmotic pressure differ&tmhmann
provided a detailed derivation ftlnie osmotic pressure of a solution based on the theory
of chemical potentiakquilibrium According tohis analysis, two maiassumptionsre
made the solution with single component solute is separated from the pure solvent by a
strictly semipermeable membrane, and the osmotic system is in equilistaben-or a
solution with molar concentratiar) the osmotic pressureis given as:

p=-RT( .0 +)e (2.2
whereg is the osmotic coefficieng is thestoichiometric numberand thesubscrips &b
and&orepresent anion and cation, respectiJ&[y.

The performance of osmotic process is mainly determined by properties of
semipermeablenembrane, including the permeability of solvent and the rejection of
solute.In addition Figure 2.8 illustrates all theother parameters relatedith osmosis
process which should be considered in calculating the overall solvent permeating flux
across the membran®ased on all parameterh©iavn in this figure four classical

osmosisrelated statuand thé correspondingonstrainsareelaboratedn Table2.2.
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Figure 2.8 Schematic illustration of osmosis pocess Two solutions with different
concentration are separated by asemipermeablemembrane The subscripts 46 and &b
represent solvent and solute of the solutions, respectivelgcd and &6 are respectively the
concentration and the chemical potential, &6 is the hydrostatic pressure andé 6 is the

osmotic pressure,,, is the permeating flux of solvent across the membrane.

Table 2.2 Four classical osmosiselated status and thé& corresponding constrains

. Forward Pressure retarded Osmotic .
Osmosis status . . e Reverse osmosis
0SMosis 0SMOosIis equilibrium
Cj > Cj Cji > Cj Cji > Cj
ci>ci 4 4 4 4 4 4
m < m m=m m> m
Parameters m<m _ _ _ _ _ _
Relations |,0i| > |,0i| il > |pil il > |pi| il > |pil
P = Pi Pj > Pj Pi > Pj Pi > Pj
1= Fl . D R . D: e - D: R
Pit Pi <|piti pi| | Pit Pi =|pii pi| | Pit Pi >|pi1 pi|
Flux (J,) direction | Fromright to left Fromright to left No flux From left to right

Obviously, FO isa spontaneousransport process of water molecutegren bypure
osmotic pressure differenegeross a selectiviemipermeablenembrandrom a region of
higher water chemical potential (i.e., dilute solution, also hamed as feed solution, FS) to a
region of lower water chemical potential (i.e., concentrated solution, also nhamed as draw
solution, DS).In otherwords, he FO separation process directly converts the chemical

potentialenergy into théhydrodynamicenergy withoutneed ofany internal mechanical

21



motion. Furthermore, he significant advantage of FO technologyare that it operates
without need ofany extrahydraulic pressurenput andhas higter rejection of wide range
of contaminants and lower membrane fouling propensity thahin pressure retarded
osmosis (PRO¥eparation process¢gl]. Consequently, compared with PRO systems,
the FO systems areonsiderablysimple and steady and thus need relatively low

operational maintenance casts

2.2.2Development of the forward osmosis (FO)

Due to the advantages mentioned above, Rk technology has beewidely
employed in many applications such asstewater treatmentwater purification,
seawater/brackish watattesalination food processing.controlling drug releaseand
dehydration opharmaceuticals during synthegég, 72]. Although such technology has
receivedintensive attentiom in the past decadest has its own limitationssuch as
ineffective semipermeablemembranes, concentration polarizatid€P) and Ess
sustainableo various pH and performangestability in longtermapplicatiors.

Hitherto, somecommercially availableeverse osmosifR0O) membraness well as
othermembranes based on cellulose triacetate (QVAY1, 73], cellulose acetatéCA)
[74-76], polybenzimidazole (PBIj77, 78 and aromatigpolyamide[79-81] have been
developed for FO processeShung et al.also providedcompaative studies ofthe
performance ofecentlydeveloped FO membrangg2]. Someof the membraneshow
reasonabl y Even sp greatpedforte should beontinuouslyput on solving
problems such as salt leaka@® and membranestability, so that theFO technology

couldget moreand morewide, effecive and economicalpplications.
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2.2.3Concentration polarization (CP)

For FO devices FS and DS are separatelylocated at the two sides of the
semipermeablenembranenhich only allows thgpermeatingof small solvenmolecuks
and stops the permeating of big solute molec@ese the FO process startise solvent
molecules diffuse freelfrom theFS side to theDS side while thesolute molecules are
retardedby the semipermeablenembraneThenthe solutemoleculeswithin theaqueous
layels adjacent to the membrane surfsbecome depletedt the DS side and enrichedt
the FS side. This diluting or concentratingghenomenorof solution in the vicinity of the
semipermeablemembranes the secalled concentration polarization (CP).

In current practical applications alnost all membranesindustrially utilized in
membrane processgmssesghe asymmetric structuravhich is composedof a dense
selective layer(DSL) mechanicallysupportedby thick layers of porous polymer and
fabric woven i.e., poroussupportlayer (PSL) The small solventnolecuks can freely
migrate through th®SL and theDSL while the big solute molecules can omplgrmeate
through thePSL. Therefore, in addition taconsideringthe external concentration
polarization (ECP) occurring in theolution layers immediately adjacent to the
membrane surfasgthe internal concentration polarization (IGBking placewithin the
PSL of the asymmetric membranes should also dmmsidered Then thelower-than
expected wateitux in FOin real applicationsanbereasonaly explaned[82].

Due to the asymmetr characteristicof semipermeablemembranes, theCP
classificationsare usually studied together with theentationof the membranesigure
2.9 showsvarious profiles of the solution concentration and ¢berespondingpsmotic

pressureoccurringin the FO processinderconditionsof different membrane structures
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and orientations.

Figure 2.9.a shows FO with only ECP phenomena occurringaround the
semipermeablenembranei.e.,concentrativeECP at the FS sideand dilutiveECP at the
DS side Taking the NaCl solution aanexample, the convective flgweing induced by
the osmotic pressure gradient betwésn FS and the DSlragsthe NaClsolutefrom the
bulk to thesurface of thelenseselectivemembraneDue to the semipermeability of the
membrane, only ater permeatethis membrangleaving the solute behin@his process
leads tothe enrichment of the solutd the FS side especially at the region near by the
membrane surfaceyhich is known as concentrative ECBimultaneously, when water
permeatsthrough the dense selectimeembrando theDS side the DS in the vicinity of
the membrane surfage diluted by thanfluent water, which is known as dilutive ECP
Both concentrative and dilutiv&CP phenomena reduce tb#ective osmotigressure
difference and thus decrease the wéter through the membrané\pproachessuch as
increasingthe tangential @w velocity or introducingturbulencein the vicinity of the
membrane surfage&an beappliedto minimize the negativeffects of ECP in membrane

separatiorprocessef33].
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Figure 2.9 Profil esof the solution concentration andthe corresponding osmoatic pressurefor
different membrane structures and orientations.(a) A symmetric dense semipermeable
membrane with only external concentration polarization (ECP) phenomena i.e.,
concentrative and dilutive ECPs. (b) An asymmetric membrane with thedense selective
layer (DSL) facing againstthe DS (Normal mode). The prdfile of the solution concentration
illustrat esconcentrative internal concentration polarization (ICP) and dilutive ECP. (c) An
asymmetric manbrane with the porous support layer (PSL) facing against the draw
solution (DS) (Reversemode). The prdfile of the solution concentrationillu stratesdilutive
ICP and concentrative ECP. Keyparameters Cy and C, respectively represent solutions of
high concentration and low concentration, p, is the osmotic pressuref the DS in the bulk,
"p.m IS the osmotic pressurdn the vicinity of membrane surfaceat the DS side, "¢, is the
osmotic pressureof the feed solution ES) in the bulk, "¢, is the osmotic pressuren the
vicinity of membrane surfaceat the FSside,” ¢, is the effectiveosmotic pressure of thé=Sin
Normal mode, " p; is the effective osmotic pressure of thBS in Reversemode, and@ e IS
the effective osmotigressure difference Note that it is assumed that no ECP occuraround

the interface between thePSL and the solutionsincethe soluteis not reflected by ths layer.
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The orientation character of tlEsymmetricmembranes gives rise to two different
modes of FO, i.e., the Normal mode and the Reverse mode, as well as two additional ICP
phenomena shown &sgure2.9.b and c, respectively

As shown inFigure 2.9.b, when the DSlof the asymmetric meméneis placed
againstthe DS (i.e., Normal modg, water can freely pass through the PSL and then
diffuse across the DSL into tH8S side. Meanwhile, solute can also enter the PSL
induced by the convective flow bug blockedby the DSL, which gives riséo the
enrichment of solute within the PSL of the asymmetric membfEme. phenomenon is
the secalled concentrative ICH.herefore, for FO in Normal mode, there are mainly two
kinds of CR, namelythedilutive ECP andhe concentrative ICP.

On the othehand,when theDSL of the asymmetric membrane placedagainstthe
FS (i.e., Reversemodg asshownin Figure 2.9.c, the water permeating to tiS side
dilutes the solution within the PSL of the asymmetric membrEnis.phenomenors the
so-called dilutive ICP.Consequently, for FO in Reverse mode,r¢ghare mainly two
kinds of CR, namelythe concentrative ECP arttedilutive ICP.

CP is the mostsignificantbut commonproblemoccurring inthe membranéased
processeslueto the special operation principle attee module structure, which thus has
been an intensive researtdpic in the past several decadé®, 84, 85]. All CP effects
contribute negatively to the effective osmotic pressure difference, thus reducing the
separation performanc&he negativesffectsincrease with the incread permeatingux,

which is the secalled sellimiting phenomenon ithe osmosiprocesss[86].
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2.3 Summary

This chapter provides a literature reviewtbe two relategphenomenanamely EK
and FO, emplged in thenovelenergy conversiosystem in this studyoveringthe basic
principles, the development in the past, and the main limitabortawbacksA brief
summay specifially to each techniquis given asbelow.

1. For the EK phenomenat is a generic term representirgpnsequences othe
interaction between the EDL ars®mecertain applied fields, such as electric field,
pressure fieldgravitationalfield or centrifugal field.Due to itsspecificcharacteristic
scale and operation principle, the EK techniques are usemlbjoyedto manipulaé
particles and fluids in micro/narsrale.The performance of thEK techniquess
thus mainly determined by th@roperties of the charged solid surface and the fluid
properties Particularly to the pressuredriven EK flow, approachesuch asnducing
slip boundary conditions at the scfidid interface and/or increasing the surface
chargedensity are alwaysitilized to improve the energy conversioperformance
However,the energy conversion efficiency of tipeessuredriven EK flow is still
very low due toits own thermodynamidimitation of requiring high relatively high
hydrodynamicenergy inputin addition,although sufficientesearchehave already
been carried outom different aspect® study the energgonversiorperformance of
the pressurelriven EK flow, only a few of themecognizehatthelonCPphenomena
occurring in theprocess of thepressuradriven EK flow diminish the generated
electricpower and thenergy conversion efficiency

2. For the FOprocessit is a spontaneous transport process of water molecules driven by

pureosmotic pressure difference across a semipermeable membrane from a region of
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dilute solutionto a region of concentrated soluti@gdbviously, he distinctadvantage
of the FO separation process that itdirectly converts thealinity gradieninto the
hydrodynamicenergy withoutneed ofany internal mechanical moticemdor extra
hydraulic pressure inpuConsequently, the FO systems are considerably simple and
steady and thus need relatively low op@agindmaintenance costén practice the
FO techmlogy hasalready been widely engaged in many applications such as
wastewater treatment, water purification, seawater/brackish water desalination, food
processing, controlling drug releasadso on Althoughgreat attentions have been
paid to such g@romsing separatiortechnology the FOtechnologystill has its own
limitations such as ineffective semipermeable membranes)eQBtive effectsand
less sustainable to various pH and performance instability intengapplications.
This work takes advantages of tli&K and the FO techniques, namely the energy
conversion property of thpressuredriven EK flow and thehydradynamic behavior of
the FO process, to developravel hybrid FOEK energy conversion system which
converts the salinity gd#ent into electric energwithout need ofany extra energy input
like pumpng power.In additionto studies on the energy conversion performance of the
FO-EK system intensive studies are also conduciedthis work to investigate the
negative butubiquitous effects of CP phenomena on th® andthe EK processes.
Finally, strategiegor improving the FOGEK energy conversion system and enhancing the
energy conversion performance of the-ER system are consequently proposed and

implemented based oha CP study resulis this work

28



a

Cxk

Dk

N

Nomenclature

Channel radius [m]

Slip length [nm]

Concentration of electrolyte solution [M]
Concentration electrolyte solution [moldnor [mM]
Concentration of thin specis k [mol m*] or [mM]
Diffusivity of ion specisk [m?s”]

Elementary chargfC]

Streaming potential gradient [V'th

Faraday constan€[V™]

Half of the channel height [m]

Zero-order modified Bessel functionr] [

Firstorder modified Bessel functionr] [

Solvent flux across the membrane®[sit m?]
Boltzmann constarjt) K]

Hydrostatic pressure [Pa]

Pressure gradient [Pa’in

Universal gas constant [J#nol™]

Temperature [K]

Valence of théon speciask [-]

lonic number concentration of then specis k [m™]
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Greek symbols

V! Permittivity of vacuum (free space), 8.854 x¥0C m™* v
W Relative dielectric constaift]
6 Zeta potential [V]
d Dynamic viscosityfkg m™ s%] or [Pa s]
9 Inverse of th€EDL thicknesgm™]
& EDL thickness [m]
e Chemical potential [J md]
Osmotic pressure [Pa]
&P Conductivityof dectrolyte solutiorin the bulk[S m'] or [A V™ m]
3 Stoichiometric number-]
G Osmotic coefficient{]
Yd Sternpotential [V]
Ys Surface potential [V]
Subscripts
a Anion
b Bulk solution
c Cation
D Draw solution
eff Effective parameter
F Feed solution
H Solution of high concentration

30



Interface between the dense selective layer and the psuppsrtiayer
lon species

Solvent

Solution of low concentration

Membrane

Solute

Bulk solution
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Chapter3:Char act er oz avtairan osfmofs i
(FOél ectr okiemeetrigey ( EK)

convesgsoam

3.1 Introduction

As elaborated irchapter ofIntroduction,a novel hybridforward osmosis (FO)
electrokinetic (EK)energy conversion teclgque without any requirementof external
energy input istudied in this workThe FOEK energy conversion systeoonsiss of a
FO submodule andn EK submodule. To asseasd characterizéné performance dhe
proposedhybrid energy conversiotechnique,thorough theoretical and experimental
studies are conductéal this chapterSpecifically, theresearchaspectsnclude
1. Theoreticalstudy d the FO sulmodule.In this work,appropriatemodifications are

made based aime existing FO modgl71, 86, 87];

2. Theoreticalstudy d the EK submodule. Twotheoretical modelspnamely uniform
capillary modeland heterogeneousapillary model aredevelopedo comparatively
investigatehe EK phenomenomhrough gporousmedium;

3. Experimentalstudy d the energyconversionperformance of the primarilglesigned
FO-EK stacksetup

4. Assesmentand characteraion ofthe performance of the propose®-EK hybrid

energy conversion techniquey comparing andanalyzing experimentaland
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theoretical results, and then propas further improvement strategiesfor the

primarily designedcO-EK stacksystem

3.2 Theory

S

Semipermeable

us media membrane

Y
o
=
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Reservoirl Reservoirll

Dilute solution
(E.g., river watej
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- L — FO submodule —

. - '
Flow direction

Figure 3.1 Schematic of the proposed FEEK energy conversion system with two

submodules, namely a FO submodule and an EK submodule.

Figure 3.1 showsthe schematic of thggroposed~O-EK energy conversion system.
For such system, athematical models for FO submodule and EK submodillebe
separatelydeveloped firstand thentwo expressiongor pressure drop and flow ravdll

be presentetb link these twseparatenathematicaimodelstogether.

3.2.1Theoretical model for FO submodule

As already discussed ohapter ofLiterature reviewFO isa spontaneous transport
process of watemolecules driven byhe osmotic pressure differencehich is mainly

determined by the solutiotoncentrationin this study, DI water and NaCl solution are
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employed as the feed solutigiiS) and thedraw solution(DS), respectivelyAccording
to the tabulated values of the osmosis coefficient of NaCl solutitnits concentrations
ranging from OM to 6 M a t J88le te osmotic pressurg in unit of Pa,can be
expressed as a polynomial function of concentrationM, i.e.:

p=a31Cc +a BOC (3.1)
wherea, and a, are constants, given &4.112x 10° Pa M* andi 0.349x 10° Pa M?,

respectively.As seen fromFigure 3.1, the DS in the FO submodule is continuously
diluted by the solventThen the absolute value of the osmotic pressure of the DS
decreases with the diluted concentratiéimally, the FO flux is reduceddue to the
diminution in the effective osmotic pressure difference betweenDifeand FS.
Consequently, for the FBK energy conversiosystem with varyindS concentration,
effective solution concentratians; should be employed to calculate th&motic pressure
instead of the initial concentrati@nwhich is given as:

C+(Cj
2

Ceff =

(3.2)

whereci, an experimentally determined parameter, represeniSlwencentratiorwhen
the overall system iat pseudeequilibrium state

In this work, the FO in Normal modas shown inFigure 2.9.b, including
concentrative internal concentration polarization (ICPand dilutive external
concentration polarizatiofECP), is employed in both theoretical and experimental
studies.Based on thdilm theory [89], the model for FOflux in Normal mode is

expressed as:

e alJ,S o 3
J, = AgoF'beXpSeF 9- Ry €XP % (3.3)
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where J,, is the solvent permeating flux, °ns’ m?% A is the solvent permeability
coefficient, m Pas®; "rpand” p, areosmotic pressueeofthe FSand theDSin the bulk
respectively Sis a structure factor of PSL of the semipermeable membrang,isthe
salt diffusion coefficient, ms™; k in unit of m &' is the mass transfer coifient

expressed ar = 0.46R&%* s&*D/d, [90] (HereRe and Sc are the Reynolds number and

Schmidt numberrespectively d, is the hydraulic diameter of the cressction ofthe
channel); and the overall term in bracket is definedtlas effective osmotic pressure
difference o < For an infiniely dilute solution, the salt diffusion coefficient can be

estimatedrom:

o= &zl
(lzl/D.) +(zl/ D)

Since the hybrignergy conversioaystem proposed in this work operates on a batch

(3.4)

process, the pressure drop generaiedgthe flow direction,qP, should be considered.
Part of the pressure drop is consumed by the EK submodule to generate electric energy
and the other part is to overcome the resistance along the pipeline when liquid flows

through. hen the solvent permeating fliscrewrittenas:

e aJ.S o al, 0
J. = Ag exppea— G ex 35
w gOF,b pﬁ c_)' R, EXP ? 8) (35)

3.2.2Theoretical model for EK submodule

When a pressusdriven flow passes across the porous glass housed in the EK
submodulegxcess counterions in the EDL due to the surface chafgbe porous glass
areinduced to flow downstream, which is commonly referred as convection current or

streamingcurrent. However, as there is no external electrauit between the inlet and
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outlet of the porous glass, the accumulation of the excess counterions atittee
generates a potential difference between the two ends, which simultaneously induces a
corduction current in the opposite direction through the bulk of the liquid. The induced
electric potential difference is called streaming potenfl, 92]. When the EK
submodule is connected with an external circuit, the generated streaming potential and

streaming current can be harvested as the psaece.

3.2.2.1EK power generation in a single capillary

Since a porous medium is equivalently treated as a bundle pdralldly packed
micra/nanachannels, to model the pressuireven EK flow throughthe porous glass, the
pressuredriven EK flow through amicra/nanechannel as shown iRigure 3.2 should be
considered firstThe model developmeim based on théllowing assumptions(1) the
distance beteen the centerline of the channel and the shear plane of the EDL
approximates tahe micrdnanechannelradiusa. As a resultthe potential at the shear
plane, i.e., the zeta potent@instead of the surface potentyal is employed to calculate
the potential distribution;(2) the aqueous solution is assumed to be (z:z) symmetric
electrolyte solution(3) the channel aspect ratlda is large such that there i® ionic
concentration gradient along tkelirection i.e., O/ = 0 andthe potentialy due to the
EDL is only a function ofr, i.e.,y = y(r); (4) the flow in the micrtnanachannel is
regarded as steady, unidirectional and falgveloped;5) the electric energyis small
comparedo the thermalenergy i.e., key| < kgT. As seen fronFigure 3.2, the electric
potentialt (r, X) at a given locationr( x) is the superposition of the potential due to the
streaming potentiagradientE, and the potential due to the ERQIr), i.e.,t (r,X) =y(r) 1

XEy.
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Figure 3.2 Schematic of a negatively charged straight circular micrthano-channel. The
radius and the length of the micrdnano-channel area and L, respectively, and the zeta
potential of the inner wall is 6. The pressure gradientP, and the induced electric field
strength E, along the flowing direction are defined asP, = dP/dx and E, = 4§/ &)
respectively. The cylindrical coodinate is used in this EK system withr representing the

radial direction and x denoting the axial direction.

The governing equations and corresponding boundary conditions for the pressure

driven EK flow in anegatively charged straight circular mitranechannelare given as

follows:
1da dv §,, . azey
Linearized PoisseBoltzmann (PB) equation ——aé 5K smha?(— (3.6)
dr - Q BT
iy _ dy|  _
Boundary conditionsy| _, = z and m =C (3.7)
r=0
Stokes equatlonh——gé du, % P vf“—f (3.8
dr¢”dr = 7 X
Continuum equatio:nllux =0 (3.9
iy _ du | _
Boundary conditionsy,| __ =0 and - =( (3.10)
r=0
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wherekg is theBoltzmann constant is theabsolutedemperatureg is thefluid viscosity
¢ is the free charge densityexpresed asj¢ = Bezng with subscriptdo representing

catiors or aniors; Uy is the velocity along direction; s is defined as the inverse EDL

12

. ag e o] . - .
thickness expressed /aséaeizsm’n 5. Here,ngp is theionic number concentration
¢ &% T 2

in the neutral electrolytd} is the @rmittivity of vacuum () is relative dielectric constant
[34, 93-95].

Thevolumetricflow rate of the electrolyte solutio, can be obtained by
Q= f)2oru, (r)dr (3.11)

The overallelectric current along the micro/nanbannel], is determined by

| =2pfju, frdr A, “EF, (3.12
whereA. is the crossectional area of thmicro/nanachannel i.e.,A. =~ g (P is the
. y . 267D .
bulk electric conductivity, expressed 8s —T; and factorF.. is expressed as
B

o 2,

zz 0 1 ., " . . e
F. =1 6—— Nl (ka RPRAF with 1y being thezerah-order of the modified
* E‘i@ T %Zka) o o Peing

Bessel functionthe first termon theright-hand side of EQ.(3.12) is the convection
current which is termedas the streaming curreniy, and the second term is the
conduction current.. Obviously, the maximum streaming currehf; max IS achieved
when potential difference at th&d ends of the channel is zef@ombing the governing
equations and the corresponding boundary conditaes can obtaithe volumetric flow
rate and the electric current in requilibrium thermodynamics fors as:

| =a,E, +aP, (313
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Q=a,E +a,R (3.14)

Herethe nonequilibrium thermodynamics coefficientd, aregivenby:

w’" 1-‘-_"90~’9/7Ag % 1 (3.15

- i
a,=A ¢ §1 é% = ¢ E (3.16)
51722:""8:t (3.17)

wherethe relationshipl, = Uy, is the secalled Onsager reciprocityelationship[96];

1, (ka)
I, (ka)

factorsq andG arerespectivelyexpressed asVv :% andG = with I; being

thefirst-orderof themodified Bessefunction.

3.2.2.2EK power generation in porous glass

For the theoretical study of pressuhgven EK flow in porous media, Yang et al.
treated the porous media as an equivalent bundle of parallel capillaries with uniform
radius, which is termed as the unifeogpillary model in this study as shown kigure
3.3.a[28]. However,it is well known that the channel radius plays an important role in
the electrokinetic streaming potentighenomenonThe energy conversion efficiency
reaches maximum when the channel radius is around two times of the EDL thickness,
typically in nano/submicron scalf68]. For porous media used in this studsn
estimation based on hydrodynamic porous flow shtves the single equivalent pore
radius reflecting the legormal distribution is about several microns. Obvigushis

approach is inaccurate in simulating the flow through the porous media with
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electrokinetic streaming potential effects. Thereftre,authodevelop a heterogenecus
capillary model,as shown inFigure 3.3.b, by discretizing the continuous pore size
distribution and obtaining multepresentative capillary radius which considers the
feature of the represt@tive radii ranging from nanoscale moicroscale, making the

predictions superior to the single pore size based uniéayiilary model.

Porous glass disk

Representative
capillary

(a) Uniform-capillary model (b) Heterogeneous-capillary model

Figure 3.3 Schematic of the capillary models of porous glass in the EK submodule.

Uniform -capillary model with uniform representative radius 7, which is the mean radius

of the equivalent capillaries of the porousglass; b. Heterogeneouscapillary model with

heterogeneous representative radiug,; which is the average radius for a certain range of

the capillary size distribution.

Previousstudiesassumd that the size distribution of the equivalent capillaries of

porous media follows a normal distributip@7-99]. However, the normal distribution
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cannotprovide a good description feine radius distributiowlue to itsdistributionrange
from the negativenfinity to the positiveinfinity. Saksenand Zydneysuggestedhe log
normal pore size probability density distributid®(, which is given as:
s . 2 .
7 an(n/m)+b/2 g1

|
f (r ) = 1 expi : (3.18
p r m AI 2b J

with b:In[1.0+(Gp/sp)2]. The corresponding cumulatiwaistribution functionF(r) based

on the density distribution function éxpresseds:
F(r)= f’jf (rp)drp (3.19
It is important to realize that, in practicsituatiors, the range of the pore size
distribution ofa porous medim shouldbe limitedby a certainvalue rather thagoingto

the positive infinity.Therefore, a discrete size distribution is propasechodify the log

normal distributionand itis ill ustratedn Figure3.4.

Log-normal density distribution function:

e < 2 |
1§ @n(r,/m)+b/2 g
expi 2 !
I {

Density Distribution, f(r,)

p3 Pore Radius, 7, Ton1 Tpmax
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Figure 3.4 Discretization for modifying the continuous lognormal distribution f(rp). rpmax
and rpmin are the maximum and minimum radi of the equivalent capillaries, respectively.
qv, is the step size andh is the number of segments between the maximum and the

minimum radiuses. ry; is the i"™ capillary size. [ is the average radius for the size range

from rpiatory;a n diis ghe cumulative probability correspondingto the average radiusr,; .

The corresponding mathematichscretzation process of modifying the continuous

log-normal distributions given as:

= Pmax__p.min (3.20)

(i 0 (3.20)

Then the average radius frange fronriitori, 7, is calculated as:

| =

" rf rp)drp _
'rm)_ = (rpH) (i 4-n) (3.22

The corresponding cumulative probability to the radjyssi, is given as:

r.
Pi T

—cn

— F(rp'i)' F (rp,i-l)
" ) F () o

It is assumed that the total number of the equivalent capillaries of the porous media

is N. Then the number of capillaries for a certain radius range can be obtained based on

the discrete lognormal distribution as:
N=NQL (i L=n) (3.24)

Two important structurparametes of the porous glass, porosityand tortuosity,

are elaborated her&he porosity of a porous meut is defined as the ratio of the void
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space to the total volume of porous muediunder the assumption that all the void space
is connected101]. However the fluid passes thugh a porous megin in tortuousway
instead of straight wayl'he tortuosity is defined as the square of the ratio of the tortuous
characteristic length of the pore to thgpareniength.For the porous glasssedin our
experimentif Le andty are the Hective length of the equivalent capillary of the porous
glass and théhicknessof the porous glassespectively the tortuosity can be expressed

as:

2,

L €
t, =" ¢ (3.25)

Go -

The porosity of the porous glass, is givenby [28]:
v A 1o aN

J, = A 3.26
A pr CD \%— (329

Then the total number of the equivalent capillaries of the porousumeziin be

determinedy combining Eq(3.24) and Eq(3.26), whichleads to

r2

\/_a L|p|

According to Eq(3.13) and Eq.(3.14), the current and the flow rate farsingle

(3.27)

capillary of radiusr, ; is given as:

(3.28)

l llJ Ex +QZ1R< a=T.

(3.29)

Qp,i =a,;E +a,R ast

At thesteady state, the net current along the porous glasslibsid bezero, i.e.:

n

alNin,i =N( a: La,,; E +é. i I@z,Fx)) 0 (3.30)
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Furthermorethe overall flow rate passing across the porous glaseexpressed

as:
Q, :az N Q,; =N( a: 8 & "an. i ds, E) (331)

The discrete step is a critical parameter to distinguighe uniform-capillary model

andthe heterogeneottapillary model Whenn equals 1, theheoreticalmodel derived

abovebecomesghe uniform-capillary modelNormally n is selected asninteger larger

than 1

3.2.3Relationships between FO and EK submodules

3.2.3.1Fluid flow rate

When the FGEK energy conversion system is in operation, the flow rate of the
dilute solution passing across the porous giEssuld be equal tthat of the solvent
permeating flow rate across the semipermeable membrane, i.e.:

Q, = A, (3.32)

whereAn is the effective area of the semipermeable membrane.

3.2.3.2Pressure drop

The overallpressure drop generated along the flow directgf®, is composed of
two parts: the pressure dropthe porous glassPyiass Which is used to generate electric
energy, and the pressure drop along the pipelifige Which isdue tothe hydrodynamic
friction of the pipelineWith the expressions afPgass = T PxLe and § = (Ldty)?, the

pressure drop itheporous glassan be obtaineds:
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DR

glass

= Jt P, (339

In addition, the pressure drop along the pipeaiReneis given as:

DR

tube

= gh, (3.39

2

fLV
where Iy is the head loss, given by the Dateisbach equatioh; = gg‘I)I) .LpandD,
p

are the length and the diameter of pipeline, respectivalythe averageelocity of fluid;
fc is thecoefficientof surface resistance, usually known as friction fadtor.the case of

Re < 2000, the friction factor is given &s+ 64/Re[102.

3.3 Experiment

Experimens were carried out to assess the performance of theEROenergy
conversionsystem andalidatethe aforedevelopedheoretical modelThe experimental
system is shown ifkigure3.5. The assembly diagrasof the FO submoduland the EK
submoduleare shown in Figures Appendix and AppendixB, respectivelyFor the FO
sulmodule, a flatsheet cellulose triacetate (CTA) F@embrane (Hydration Technology
Inc., Albany, OR) is utilizedFor the EK sulnodule,a porous glass disk (Schott Duf§n
is used in experimental study due to its good chemical and physical properties. It is
established that the electrolyte solution acrdss gorous glass must be of relatively
lower concentratiorior producing larger streaming potentjal7, 31]. Furthermore, at a
lower solution concentration, the Debye lengih relatively thickerwhich contributes
significantly to the streamingurrent and the stamingpotential, and also redux¢éhe
magnitude ofthe conduction currentThus DI water processed by a wateeidnization

system (Millipore Milli -Q Ultrapure Gradient AIQ instead of electrolyte solution, is
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utilized as the fluid passing through the porous glassddition, the NaCl solution with
variousmolaritesof 0.5 M, 1 M, 2 M, 3 M and 4 M are used as B8 in the FO

submodule.
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Figure 3.5 The experimental system(a) and the corresponding schematic of the
experimental system (bwith DI water and NaCl solution as thefeed solution £S) and the
draw solution (DS), respectively A porous glass with radius of 9 mm and thickness of 3.72
mm and acellulose triacetate (CTA) membranewith effective area of 0.0144 rhare used as

the EK porous medium andthe FO semipermeable membrane.

During the eyeriment,the sudbn force created in the FO subdule drives DI
water continuously flommg through the porous glass whehe streaming current anthe
streaming potential are generated. Two Silver/Sitveloride (Ag/AgCl) electrodes of
mesh form areised, and each is placed on each side of the porous glass. Crocodile clips
are clipped onto the electrodes for measurement. The measured results arentogged
computer for subsequent processing and analysis. After passing across the porous glass,
the D water continuously flows tthe FS chamber of the FO saindule to mix with the
original DI water. Finally the mixed DI water mak#s way across the membrane driven
by osmotic pressure difference to tB& chamber. An orificeon the top of theDS
chambe is designed to discharge the excess solution ilD@ehamber into a collection
container, which maintains a constant static head @8wde.

The conductivity of DI wateris measuredas 1 . 1 6 3 & Sharacteristic
parameters of the CTA semipermeable membrane are givérn=ad:2 x 10 m Pa' s,
S=0.625 x 10 m[3], andthe area of the membraig is 0.0144 . In addition, hree
sized porous glasss are investigated in this warkand their detailed structure and
physical parametei@e shown imable3.1.

Other relevant parameters involved are as follolvs: 298 K,} = 10° kg m*, § =
78.5,3=8.854 x 1°C m* V', d=1x 10° Pa sks = 1.381 x 157 J K', e= 1.602 x

10 Candz= 1.
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Table 3.1 Structure and physical parameters of the threesized porous glassused in

experimental study.

Porous | rmax ' g . g t, c .
glass No.| [ € n [%] W | CerlC [mm] | [mm] | [V] Epffmax | U/ &

PG1 50 | 31.16| 3.0 | 0.86

PG2 20 | 2494| 19| 0.8 9 3.72 | 0.055| 0.75 | 0.5

PG3 8 21.33| 1.43| 0.76

3.4 Results and discussion

Three different sets of resulare presentedfor compaison study with one set
obtained from the experimeaait data and the other two sets from the theoretical
predictions of thauniform-capillary modelandthe heterogeneottapillary model With
all the given parameters elaboratedaist sectionthetheoretical models amumerically

solved by using aelf-developed:odewith the software of Wolfram Mathematica.

3.4.1Discrete segments of the capillary model

Since the FGEK energy conversiorsystem is for power generation, the output
power density is a key parameter in assessing the performanceeufettyy conversion
system The output power densitipr this system is defined as a ratio of the generated
power to theoverall volume of micra/nanechannels[103. The experimental results
Figure 3.10, show that the power density generated from this system B&&3gis much
greater than thatising PG1 or PG2 Therefore, to facilitate the study of tligscrete

segmentsthe output power density generated by PG3 is selected for analysis.
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Figure 3.6 presents theffects ofthe discretesegments in the capillary model on
the output power densitywhich shows that with increasing the number of discrete
segmentshe theoretical results better agree with the experimental results. Furthermore,
the two curves of theoutput power densitfor the cases oh = 10 andn = 20 are
indistinguishable, indicating that tmember of thaliscrete egmentdas no effect on the
capillary model result when is greater than or equal to 10. Consequemtly, 10 is
chosen as thetandardnumber of thediscrete egmentsin the heterogeneowapillary

model for later analyses.
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Figure 3.6 Effects of the number of discrete segments used in the capillary model on the
output power density from PG3. UCM and HCM respectively represent the uniform

capillary model and the heterogeneousapillary model.
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3.4.2Flux and flow rate

Figure 3.7 shows theeffects of DS concentration on the permeating fldx which
characterizes the membrane performandderO submodule. The results show that the
theoretical relationship given l5g. (3.5) can explain the trend of the experimental data

very well.

UCM/HCM PG1

15 >\ —="3
12 t /’/——‘"" K %
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Flux, J,, [LMH]
©

6 L
e Exp. PG1
3t mExp. PG2
A Exp. PG3
O 1 1 1 1
0 1 2 3 4

Concentration of draw solution, c [M]

Figure 3.7 Effects of draw solution (DS) concentration on permeating fluxJ,. Here, LMH

means L m?h™,

In addition the experimental permeating flesobtained from three different sizes of
porous glass become larger with increasinglBeconcentratiorbut perform quite close
with each other, especially the low concentration region. This observation shows that
under our experimental conditions the concentration difference betwe&sthed the
FShas a more significant effech the permeating fluxhin the pore size of porous glass.
This conclusion can also be confirmed by the theoretical models. Based on the theoretical

results, both the unifornrand heterogeneowsapillary models yield almost the same flux
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variation curves for each size of porouasg. firthermorejt is seen from the figure that,

at condition of the samB®S concentration, the slight difference between these three
fluxes is obviously induced by the porous glass, showing the smaller the pore size, the
larger the pressure drop withporous glass and thus the lower the fluxaly, it is clear

that a larger concentration difference between B¢ and theFS generates a higher
permeating flux. However, higher permeating flux can induce more s&ooggntration
polarizationeffects,resulting in slow increment of the permeating flux. This isdbe

called selt-limiting effect [86] which can reasonably explain the phenoarethat both
experimental and theoretical fluxes increase sharply at low concentration mgion
slowly at high concentration region.uB to the linear relationship represented by Eqg.

(3.32), asimilar trendcanalsobe concludedor the flow rateQy.

3.4.3Pressure drop

Figure 3.8.a and Figure 3.8.b respectivelyshow the predicted results of the ratio of
the pressure drop caused by t hePgfgoPamus gl a
the ratio of the overall pressure drop to the effective osmotic pressure diffqieioges.
Both the uniform-capillary malel andthe heterogeneousapillary model are included.
One important fact is that for each size of porous glass, these two kinds of ratios do not
change with thé®S concentrationin other words, these two ratios are only a function of
the pore size of pous glass. Also the two ratios predicted from the unifoapillary
model are slightly higher than those from the heterogerempiiary model. As seen
from Figure3.8.a, both theoretical models show a similar trend, namely the pressure drop
in porous glass decreases with increasing the pore size of porous glass. A similar trend is

also noted for the ratiof gP/q  shown inFigure 3.8.b, which indicates that the use of
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porous glass with a smaller pore size generates a larger proportion of the oesslte
drop to the effective osmotic pressure differendéhdugh there is a remarkable increase
of the ratio ofqP/qp « with decreasing the pore size, a maximum ratio of 0.149% is

noted according to the heterogenecapillary model.
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Figure 3.8 Theoretical predictions of both the uniform-capillary model (UCM) and the
heterogeneousapillary model (HCM) for (a) Ratio of the pressure drop caused by the
porous glass to the overall pressurél r o PyasdgfP and (b) Ratio of the overall pressure
drop to the effective osmotic pressure differencgP/qo .

3.4.4Streaming potential and maximum streaming current

52



0.7

o6} °ExpPCL __--UCM PG3
> ® Exp. PG2 JPtias
% 05| 4Exp.PG3 e agl
] gl
S 04f ot 1 ____-—}HCM PG3
6 /" P e -
> 03 | ~ --"
g 1', ‘,"”I
/ Pid
g 0.2 "/l ,'/'{
73 01_’,:/{ ___________;__—-;UCMPGZ
Wl —=—F " — 4 —— -iHCMPG2
0 fég'_—i.%ucmmcm PG]

0 1 2 3 4 5
Concentration of draw solution, ¢ [M]

a
8

g * Exp. PG1 _.-- UCM PG3

= = Exp. PG2 ot

% O [ aExp.PG3 ol

= e _.--- HCM PG3

.E ”/ —”__—

g 4 r I/ ’,—’——

8 /’, —”"— {

(@)] /’ '/"

£ ,’ g

S e

s

B "",I . — — —_UCMPG2

x i ——G=—=——4—— HCM PG2

= ey UCM/HCM PGl
0 1 2 3 4 5

Concentration of draw solution, ¢ [M]

b

Figure 3.9 Effects of draw solution (DS) concentration on streaming potentialt & (a) and

maximum streaming current l g max (D).

Figure 3.9.a andFigure 3.9.b present theeffects ofthe DS concentration on the

generatedstreamingpotentialt ¢, and maximumstreaming currenkgr max respectively.
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Both theoretical and experimental results show that for a given size of porous glass, the
streamingpotentialand themaximumstreaming currencrease with increasinipe DS
concentration; the increment is sharper at low concentration and slower at high
concentration. As shown froiigure 3.9.a, for each size of porous glass, the generated
streamingpotentias predicted by the heterogeneerapillary modelare more consistent

with the experimental results, while the unifecapillary model overestimates the result
Figure3.9.b shows that, compared to te&perimentamaximumstreaming currest the
heterogeneousapillarymodel provides good predictions for PG1 and PG2, but a slightly
overestimated prediction for PG3. However in general, the heterogeceguliary
model shows better agreement with the experimental data than the ucdpilfary
model.

In addition, both heoretical and experimental results show thoata given DS
concentration the porous glass of larger pore size, such as PG1 or PG2, yields relatively
lower streaming potentiabnd maximum streaming current than the porous glass of
smaller pore size like ®3. Thus t can be concluded that porous glass of smalee

size performs better in E&nergy conversion process

3.4.50utput power density

At a certainDS concentration, the electric poweonvertedfrom the induced EK
flow in porous glass is the multiphtion of potential with current. Since the streaming
current is a linear decreasing function of teeninalpotential difference under the open
circuit condition, the maximurpoweroutput occurs at the half of tlsreaming current

where the current is axtly the half of thenaximumstreaming currert32, 36], namely:
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1 ..
Ppower,max:Zfstr Dstr,ma (335)

If the ratio of the generated powerttee overall volume of mic/faanachannelds

introduced as the power dens[t§03], PD, the maximum power density is given by:

P
PDmaX — __power max (336)
VQJQ

whereVy 4 is the overall volume of micfoanechannelsBased on tis equation, we can
obtain both the theoretical and the experimental maximum power densities which are
plotted in Figure 3.10. A nearly monotonously increag relationship between the
maximumpower density and thBS concentration i®bserved in this figurdn addition,

the curves of the maximum power density predicted from the heterogeceguliary
model are consistent with the experimental results. However, the urchpitary model
overestimates thmaximumpower density, especially for the porous glass of sma# por
size like PG3Furthermore, ie maximum power density predicted by the heterogeneous
capillary model i9.241W m™ and the maximum experimental power density.l65W

m3; both can be achievésy using the porous glassth anaverage pore sizes net a4

M DS concentrationln addition, if typical seawater (equivalent to 0.5 M NaCl solution)
and rive water (equivalent to 0.005 M NacCl solution) are employed d3Slaad theFS
respectively, the generatedaximum power density can bpredictedas 0.03 W m*
based on our theoretical modklis shown that thenaixmumpower density obtained in
this study is about the same order of magnitude as the power dehdity power
conversionreported in a similar porous materj@i8]. The difference is that, rather than

being driven by the salinity gradient utilized in this stuthe EK power generation
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process reported in the literature is due to pressuven flow induced by external

pumping.
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Figure 3.10 Effects of draw solution (DS) concentration on the maximum power density
PDrax-

Alternatively the power density can also be defined as the ottbhe generated
power to theeffective surface area of a semipermeable membiafi. such surface
power density, the order of magnitude of the calculated power density for PG3 is about
10° W m. Although this value is much smalleoroparedto the other two membrane
based power gemation technologies, PRO and RED, with their power densities of order
about 1W m? [3], the proposed EKFO techniquehas a great potential to be further
improved.On the one hand, as shown kigure 3.8.b, the pressure drop caused by the
pipeline and the porous glass is generally no more @he40%of the effective osmotic
pressure generated in the FO mddlule. This means that the Ekibsnodule could be
greatly scaled up to make the best use ofefifective osmotic pressure and thus gives

rise to much higher power density. On the other hamtesthis ®w hybrid energy
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conversion system is still ifts initial stage,it is expected togreatly increase the
generated power density through further improvement in design and operation, such as
the use othecontinuous flow mode instead of the curtgrappliedbatchmode andthe
surface treatment to FO sgarmeable membran@or less polazation) and porous
glass(for strongelEK effect)etc

The energy conversion efficienas is defined as the ratiof the useful energy
outputto the total energy inputSpecifically, for this study, the generated power is the
useful energy obtaineavhich is given by Eq(3.35), and the energy flow rate delivered
from the spontaneous mixing of two solutions with two different concentrations is the

energyinput, which is given ag3]:

é o ~ o
® G %-F& 8 v C 1 \YA
Ppower, mix — ZRTngcDIn _C}_\D/ T"'CF—F In J% (337)
F

g8 GGy oG ey
where R is the universal gas constar@@; and C4 are respectivelythe concentrated
solutionconcentratiorand the dilute solutiononcentratiorin unit of mol m®, V. andVy

are volumes of the concentrated solution and the dilute solution being Matedgthe

typical seawater and river water as example, the energy conversion efficiency can be
estimated as 0.15%. This estimation shows that the hybrid energy conversion technology
reported in this study isf competitivecompared to thether pressurdriven EK paver
generationtechnologies, such as thmechanicaklectrokinetic battery{27] and the

electrokinetic micrénanechannel battery[28] with maximum energyconversion

efficiencies of 077% and 0.@5%, respectively.
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3.5 Summary

In this chapterboth theoreticabnd experimentadtudiesare conductetb assesthe
performance othe proposedFO-EK hybrid energy conversiorsystem. Two different
mathematicaimodels are presentednd they are the uniforeapillary model and the
heterogeneousapillary model. The following conclusions can be drawn:

1. Underthe experimental conditionshé performance athe proposedhybrid FO-EK
energy conversion systeis better for a porous glaggth a smallerpore sizeandit
almost monotonously increases wittisreasing thé&®S concentration

2. The heterogeneowspillary model fits well with experimental results when the
discretesegments argreater than or equal to 10, and it yields more ateussults
compared to the uniforroapillary model

3. Themaximum power density predicted by the heterogeneapslary model i9.241
W m* and the maximum experimental power densitp.is665W m>; both can be
achievedby using the porous glassith an average pore size & mat the DS

concentration 4 M.
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Nomenclature

Radiusof capillary[m]

Osmosis coefficient,4.112x 10° [Pa M"]

Osmosis coefficient,0.349x 10° [Pa M"]

Water permeability coefficient [m P&

Crosssection area of capillary [th

Crosssection area gforous glass disk with radiug[m?]
Effective area of the membrane applied in FO submodui [m

Crosssection area of the representative capillary with raQiLﬁEnz]

Solute permeability coefficient [m'b

Concentration of electrolyte solution [M]

Concentration of th®S when the=O-EK energy conversiogystem isat
pseudeequilibrium statgM]

Concentration electrolyte solution [moldnor [mM]

Hydraulic diameter [m]

Diameter of the equivalent center pore of the porous glass [m]
Salt diffusion coefficient [Ms?]

Diffusivity of ion specisk [m?s”]

Diameter of the pipe along the pipeline [m]

Elementary charggC]

Streaming potentiaradienfV m™]

Probability eensity distribution functioi-]
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Coefficient of the surface resistaneg [
Cumulativeprobabilitydistribution function-]
l1(d Hlo(® R[]

Faraday constan€[V?]

Friction loss [m]

Total head loss [m]

Minor loss [m]

Electric current density vector [A

Overall electric current [A]

Conduction currentA]

Convection current or streaming curr@hj
Electric current along axial flow direction [A]
Zero-order modified Bessel functidn]
Firstorder modified Bessel functidn]
Solvent flux across the membrane®[sit m?|
Mass transfer coefficient [m's

Boltzmann constarjt) K™

Minor loss coefficien{-]

Solute resistivity [s ]

Effective length of the equivalent center pore of the porous glass [m]
Length of the capillary [m]

Effective length of the equivalent capillary of the porous glass [m]

Length the pipe alonthe pipeline [m]

60



Ny
N

N

PD

I:)power

Qg
Q

I'p,max

rp,min

Total umber of the steps between the maximum and minimum exifjis
Amount of the fiction losses along the pipelire [

lonic number concentration tife specie k [m™)]

lonic number concentration of the cations’m

lonic number concentration of theions [m?]

Total number of the equivalent capillaries of the poigiasg]-]
Hydrostatic pressure [Pa]

Power density [w ]

Output power generated in porous glass [w]

Pressure gradieritdP/dx[Pa m’]

Overall pressure drop [Pa]

Total volumetric flow rate in capillary micheanechannel [m s7]

Total volumetric flow rate passing through the porous glass disk{m
Total volumetric flow rate passing through the representaingle capillary of
the porous media [frs”]

Radius of the equivalent capillary [m]

Mean radius of the equivalent capillaries of the porous media [m]

Radius of the" capillary [m]

Averageradius for a certain range of the capillary size distribution [m]
Maximum radius of the equivalent capillaries [m]

Minimum radius of the equivalent capillaries [m]

Step size of the capillary radius [m]

Universal gas constant [J'kmol ]
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Re

Sc

Reynolds numbdr]

Structure factor [m]

Schmidt number-]

Thickness [m]

Temperature [K]

Velocity along the axial direction of the capillary [ffis
Volumeof the equivalent center pore of the porous glass
Total volume of the porous glassim

Void volume of the porous glass i

Absolute value of the valence for (z:z) electrolyte

Valence of théon specisk [-]

Greek symbols

o go Co

Permittivity of material [C m V]

Permittivity of vacuum (free space), 8.854 x£C m™* v
Relative dielectric constai]

Zeta potential [V]

Dynamicviscosity [kg m' s*] or [Pa s]

Inverse of theEDL thicknesgm™]

EDL thickness [m]

Cumulative probability of the radius range from tor;
Chemical potential [J md]

Mean radius of the equivalent capillary [m]
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Osmotic pressure [Pa]

Q Osmotic pressurdifference[Pa]

Iy Free charge density [CTh

) Fluid density Kg m™]

&P Conductivityof dectrolyte solutiorin the bulk[S m'] or [A V™ m™]
Up Standard deviation of the radius of the equivalent capillary [m]
U Tortuosity []

3 Stoichiometric number-]

L Overall electric potential [V]

o Electricpotentialdifference between the two endstioé porous glas§V]
L sir Streamingpotential [V]

G Osmotic coefficient{]

% Potential due to the electric double layEDL) [V]

Ys Surface potential [V]

q U [m? Vst

t Porosity []
Subscripts

a Anion

b Bulk solution

c Cation

D Draw solution

eff Effective parameter
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max

mix

Feed solution

Porous glass disk

lon species

Parameters related to the solvent
Membrane

Maximum value

Mixture

Parameters related to the solute

Bulk solution
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Chapter4:Ext er nal concentrati

(ECP) 1 n forward o0s mq

4.1 Introduction

Concentration polarization (CP)ncludingexternal concentration polarization (ECP)
and internal concentration polarization (IGPp a significant inherent phenomenon
occurring in membranbased separationprocesses, which decreases the dbam
potential gradient across the membrane, and thus reduces the solvent permeating flux,
and finally diminishes the separatioafficiency. Different from reverse osmosisRQO)
suffering from high externally imposed presswatthe high concentration side, the
forward osmosisHO) process operates withoo¢ed ofany extra pressur@herefore, the
asymmetricsemipermeable membrane used in FO process has lower propensity to get
series ICP, especially when the poraugpportlayer facing against dilute solutiorin
fact, studies havelemonstratedhat the ECP effectparticularly at the concentrated
solution side, play®verwhelmingroles indeterminingthe performance of FO process
[104, 105. However, most of those previous studies always straightforwardly start their
research based on higgingentialvolume flow rateln this situation the ECP layer can
be well controlled in a quite thin region near the membrane surface and then studies
proceed to focusing on the other effects such as[dP106-109, properties of feed
solution (FS) and/odraw solution(DS) [82, 110116, membrane structurg¢g7, 78, 80,

117128, flow patterns[129-131], etc. Evidently, higher tangential volume flow rate
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definitely gives rise to lower ECP, but also induces higher propensity of fouling and
scaling of membrangl32 and higher energy consumptigkbove all, the FCefficiency
does not always increasggnificantly with the growth of tangential volume flow rate.
When the volume flow ratbeyonda certain value, the FO efficiency will be kept level
off [104]. Although the ECP effect plays significant role in FO process, to the best
knowledge of authomeitherexperimental studyas been systematically conducted to
invesigate the properties of such ECP layear the experimental visualization and
guanttative characterization

In addition, for existing theoretical studies, two classical theories about FO process
are film theory[86, 87, 131, 133-137] and convectiodiffusion theory[138147. Film
theory is a onglimensional(1D) analytical model based on assumptions that, solvent
permeating flux along the membrane is axially invariant and it has no effect to the axial
velocity field [143. In real FO processhowever, the solvent permeating flux will
definitely dilute theDS, which, in turn,decrease the permeating flux at the downstream
region. Meanwhile, once the solvent permeates across the membrane inf@Sthe
chamber, the axialelocity profile must be &ried due to the constant cressction area
of the chamberConversely, the convectiediffusion theory, composed by mass transfer
eguation, momentum equation and conveetidfusion equation, can provide much
more actual predictions to the FO procesgssiit is free of assumptions proposed in film
theory.

Furthermore, it is also found that, from the pioneer proposal of FO coft&pt
144 to its application,most of performance studiesn FO are conducted from

macroscopic perspectivdensen, Lee et al145 studied FO on a chip with channel
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dimensionsin order of micrometer, but only focusexh functional study ofosmosis
pump rathethan mechanism study of FAs well known that, compared to conventional
technologies, microtechnology could providequantity ofpotential benefitswhich,
particularly for the FO study in microscope, include enhancing watmsport
improving system performance, ricreagng separation efficiency, and facilitating
experimental studies on FO mechanism.

Consequently, the objective of thibapteris to study the ECP phenonwnin FO
process based on miteachnology.In particular, experimental study isstly conducted
to investigate the variationsf FO flow rate and FO efficiency witincreasingthe
tangential volume flow rate and to visualize and quantify the ECP phenomenon in FO
process through a microchannel devieeorder to furtheinterpret experimentalstudy,
corresponding numerical simulation is also conducted based on conveifftision

theory.

4.2 Experiment

4.2.1Design and fabricationof FO device

To study FO process with focusing on properties of ECP layer on DS side, a
microchannel system fgstly designed and fabricated in this work which consists of two
identical FO chambers for DS and FS as sketchdelgare 4.1.a. Fluorescensolution
together with microscopes utilized to visualize the ECP layer. In order to get a clear
view on the platform of microscope, the FO device should be transparent and as small as
possible and the sidesurfaces of the channel device perpendicdahé FO flux should

be kept smooth enough Inspired by conventional photolithographgchnique in
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fabricating polydimethylsiloxane (PDMS) micfoancchannels, araluminouschannel
mode with four smooth sidwalls for casting PDMS is prabricated by mling and
grinding.Basedon ths specially designed FO mode, these basic requirements for channel
device mentioned above could be easdtisfied For this FO device, two chambers share
the same channeaitructue, being composed of one main channel fofDiSSand two
subordinatechannes as inlet and outletSchematicof the DS chamberand the
corresponding main dimenisons atewnin Figure4.1.b. Lengthly and widthwg of the
crosssection of main channel facing agaitisé semipermeablmembrane are 25 mm

and 500um, respectivelyThe heighthy of the main channel is 1 mm. In addition, the

crosssection of thenlet/outletchannel is 50@um | 500 pum with height of 10 mmThe

overall FO device ignechanicallyassembled together by two cover sheefsabymethyl
methacrylate PMMA) and two bolts.The size of the membrane should be a little bit
larger than the crossection of main chamber but smaller than the esession of PDMS
block. Only in this way, the FO membrane can be well sealed in betthedtt andthe

DS chambers without any fluid lleage.
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Figure 4.1 a. Schematic of main components of the FO device; Blain dimensionsof the DS
chamber. In figure b, the dashedline represents the semipermeable membrane, and ug
are respectively the initial concentration and the inlet velocity of DS; hy, and |, are
respectively the height and the length of the main DS channel; andJ,, is the solvent

permeating flux due to osmotic pressure difference betweehe DS andthe FS.
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In thiswork, a kind offlat-sheet cellulose triacetate (CTAD membrane (Hydration
Technology Inc., Albany, ORJs utilized as the semipermeable membrane due to its
remarkable property of high water permeability coefficiefitis kind of membrane
consiss of athin selectivelayer and a thickembeddegbolyesterwoven porous support
layer. Theoverall thicknessvaries from 30 tdc 0  depending on different locations.
This thickness propertygneets well with the requirement assemblinghe FO device
since that sch thin FO membrane induceggligible deformation to the soft PDMS
blocks. The dense selective layer of membrane is placed agairndSthehich is the
most common assemblyatternappliedin FO separationprocess.Since this kind of
semipermeable membrahas a high salt rejection of more than 93be salt flux across
the membrane can be reasonably ignored.addition, this specially designed FO
membrane can effectively diminish the ICP due to the significantly reduced thickness of
the porous supporayer compared with conventional FO membrgri€$]. Meanwhile,
the DI water is employed as the ESfurther reduce the ICP effects to almost zéno.

those situations, the ICRthe FS side could breasonablylecoupledrom FO process.

4.2.2FO experiment setup and procedure

The FS and the DS used in this study are DI water and NaCl solutionawith
concentration of 1 M. In order to visualize the ECP phenomenon, Fluorééaein
(SigmaAldrich  Corporation Singapore), a kind of fluorescent solute with
excitation/emission wavelength of 460 nm/515 nm, was utiliZdee concentration of
FluoresceirNa solution was prepared at 55.4M. The diffusivities of NaCl and
FluoresceifNa are 1.4810° m? s* and 4.2%10%° m? s' [146), respectively.An

epifluorescence microscope (Carl Zeiss, Germany) illuminagedmercury lamp (Zeiss,
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mbqg 52ac) was applied to observe the fluorescein soluioooupled charge device
(CCD) camera (Sensovation AG, Germany) together with objective lens was
employed tocapture the optical images which wersimultaneouslystored inb a
computer througlsoftwareSensovation SamBa Eseries, IEEE 1394n addition, a twe
channel syringe pump (KDScientific, USA) was employed to provide continuous volume
flow rate to FS and DS. A precious analytical balancZBC, Fisher Scientific) wh
readability of 0.0001 g was usealmeasure the FO permeating volume flow rate. For all
experimental study, eourrent flow of FS and DS wasdoptedto balance the pressure
generated in two chambers beside membr&ner to each test, FO devicghould be
cleaned and rinsed by DI water in atlirasonicmachine for 30minutesand dried by

compressed air.

4.2.2.1Relationship betweenFO efficiency and Reynoldsnumber

Experiments in this section mainly focus on characterizingeletionshipbetween
the FO volume flow rateand thetangential volume flow rateThe schematic of the
experiment setup is shown kigure4.2. The DI waterand thel M NaCl solution mixed
wi t h NbPuordsceaNasolutionwere employed as the FS and the DS, respectively.
Since theweightmeasurement was significangnsitiveto external noise, all slits on the
glass cover of balance were required totipbtly sealed. Two syringes together with
syringe pump were used to provide tangential flow through the FO dévaiebubbles
were trapped inside the chambers or tubesglaehivolume flow rate waappliedto flush
awaythosebubbles Measurements of weight variation of FS were conduittexighout
all experiments in this section since that, different with DS, the density of FS was

constant for all FO process no matter how the tangential volume flow rate changes.
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Figure 4.2 Schematic ofthe volume flow rate measuranent system

For calibration experiment, both chambers of FO device were injected with FS so
that there was no osmotic flux across the membrdfith syringe pump running at a
certain volume flow rate (5, 10, 20, 40, 60, 80, 100 and di5fin™), the weight
vartiation was accurately monitored and recorded by data logger which could be further
processed into the real volume flow rate provided by syringe pbBarpneasurement of
FO volume flow rate, DS and FS were separately filled intoctirresponding chamber.
Along with FO running, the FS permeated across the membrane into the DS chamber,
diluting the DS Meanwhile, the weight variation of FS was also recorded which could be
later processed to another volume flow rdtee difference bigveen these two kinds of

volume flow rate is just the FO volume flow rate.

4.2.2.2Relationship between CP layeand Reynoldsnumber

The mainfocus of this experiment is to visualize the ECP layer and quantify the

osmotic pressure distribution within the ECP layer at different Reynolds nurbang.
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with FO proceeding, the DS is continuously diluted by the permeating DI water from the
FS side but alo simultaneouslyefreshed by the injected DSinally, the DS reaches a
steady state withhlarge concentration gradient within the layer nearby membrane but
almost zero at the region far away from membr&esed on the same mechanism, the
fluoresceinNa solution should also bdiluted and refreshed and finally reaches such
steady state. The concentration variation of Fluoreddaircan be easily detected by
microscope with exciting illuminatioTherefore, the Fluoresceda was utilized here to
indirectly visualize the ECP layer of NaCl solution.

Experiments showed that, evém the situation of no FO flux, images of the DS
channel taken under exciting light exhibiteeterogeneoudistribution of gray value due
to theinevitablefabrication defectionln order to decouple this intrinsic noise, calibration
experiment should be conducted firdthe schematic of ECP layer visualization
experimenis shown inFigure4.3. For calibration experiment, DS was injected into both
DS and FS channels by syringe pump to puketyalizethe DS channel, so th#te
microscope couldaccurately capture the background ew of the DS channel.
Visualization experiment of ECP layer was then conducted based arelthetion
experiment In this experiment, DS and FS were simultaneously injected into the
corresponding DS channel and FS chanRet. both experiments, syringes were fixed
onto a syringe pump which was previously set at a required volume flow raterso?,
100 ¢l min™ or 150l min™. Meanwhile, five observation points with equal intervals
along axial direction of DS channel veedeterminedavith assistane of tick marks on the
object stageAll those images taken from calibration experiment and visualization

experimentat the predetermined observation pointwere then posprocessed by
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softwareof Adobe Photoshop CS¥Volfram Mahematica &andimagedto figure out the

pure images of ECP layer at different axial positions and different Reynolds numbers.
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Figure 4.3 Schematic of external concentration polarization (ECP) layer visualization

experiment

4.3 Numerical simulation

4.3.1Governing equations

In order to interpret experimental results, a twdimensional (2D) numerical
simulation about the steady FO process confined in a microchammbercordingly
conductedThe CP effectt the FS side could beeasonablygnored due to that the DI
water is employed as FS and the hsgliirejection CTA membrane is utilized as the
semipermeable membrara.this situation, analysis only focuses on ECP layer at the DS
side with assumptions that parameters including fluid densijtydiffusivity D, and

dynamicviscosityd are independent on solution concentration and the FO membrane is
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strictly semipermeable with 100% rejection to s@tie simplified 2-D configuration of
the DS tannel is bown asFigure4.1.b. The convectiordiffusion theory is utilized here
by combining momentumequation continuity equation and convectiosdiffusion

equation. Scaling analysis is recommended in numerical stublpn-dimensional

variables are defined agi =h, 1 G=—, p=hPh c=C Re= R pe= Yl
Uy hy (o h D

Re and Pe are the Reynolds number adaliePnumberBased on those pefined non
dimension parameters, governing equations for steady fluid flow without any body force

and source terrare given as:

Momentum equationRegiO ® g = p D’ (4.1)
Continuity equation &= 0 4.2)
Convectiondiffusion equationPegi® © g =d (4.3)

Moreover, FluoresceiNa is utilizedin experimental part to visualize and quantify
ECP layer. Therefore, in addition to the mass trarsfieiationfor NaCl, another mass
transfer equatioror the fluorescentsolution concentratiorshouldalso be counted imo
the governing equation&or theFO process, it is assumed that the osmotic pressure is
only created by the NaCl solute since the concentratioRlwdresceirNa could be
reasonablyneglectedcomparedo that of NaCl.Meanwhile, it is assumed tltgffusion

processes of these two kindssofutes have no mutual effect with each other.
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4.3.2Boundary conditions

Referring to Figure 4.1.b, boundaries of the simulation domain can be generally
categorizedinto four types: the inlet, outlet, membrane and waldémensionless
boundary conditions am@nalyzedn this section.

For momentum and continuity equatioms]ocity at the inlets unit atthe outlet, the
pressure is treated as zetioe permeating flux of DI wateperpendiculato membrane

surfacedue to osmotic pressure difference is expresseé‘—%gﬁq with A, R, T and

u0
subscript 416 representing water permeability coefficient, universal gas constant,
temperature and NaCl salt;4sbp boundary condition is applied to all the walls.

For mass transfeequationfor the concentration distribution of &€l solution,
concentratiorat the inlet is unit whichs freely developed with the fluid flow at outlet
mass insulation boundary is reasonably senambrane andll walls. All boundaries
conditionscorrespondingo mass transfezquationof fluorescentolution are same with

those of NaCl solution except that the fluorescent solution concentration atsiget

normalized bycy, with subscriptérepresentindluorescensalt.
Here the neslip boundary isnathematicallyexpressed a8 = 0. And the insulation

boundary is generally defined as that the electrolyte flux due to convection equals to that

due to diffusion, i.e.: én ebn €ic @.

Numerical simulations were performed by usingmmercially available finite
element software, Comsol Multiphysics 3.5a (Comsol Inc., Sweden), with coupling three
build-in modes. One incompressible Navitokes mode was applied to solve the

velocity filed and two convectiowliffusion modes were used investigate mass transfer
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of NaCl and FluoresceiNa. Known parameters are given aAs= 2.2 x 10 m Pa' s*
[3], R=8.314 J K mol*, T = 298 K,} = 10% kg m®, d = 1 x 10° Pa-s.In addition,
totally five dependent variables waaehievedhrough simulations which an&, V, p, ¢
and¢,. The liner system solver UMFPACK was selecédohg with relative convergence

tolerance of 18 and maximum iterations of 2Mesh independence were also tested for
all simulations.The computation processes were conducted on an Inter (R) Xeon (R)

CPU E52643 0 @ 3.30 GHz, 128 GB random access megmmnputer.

4.4 Results and discussion

4.4.1FO flow rate and FO efficiency

In this section, the calibration experiment data and the corresponding fitted function
between volume flow rate shown by pump and actual volume flow rate are shown in
Figurein AppendixC. All the later experiments were conducted based on this calibrated
relationship.

Figure4.4 shows relationships of FO flow raf&o versus Re and FO efficiendyo
versus ReGood consistenciebetweennumericalresults and experimental results are
observed from this figure for boffO flow rateand FO efficiency. In particular, the FO
flow rate sharply rises with the growth of Re only at the region of 0 < Re < 1, which later
increases slowly at the region of Re > 1. Correspondingly, witteasng the Re of
tangential flow, the F@fficiency drops rapidly at the region of 0 < Re < 1 first and then
afterwardsgetscloser and closeto zero.It is well known that the FO fluacrossthe

membrane iproportioral to the concentration difference betwdaim solutionsat both
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besides of thenembrane Since the DI water is used as RBenthe FO flux can be
equivalently treated as only a function of DS concentration on the membrane surface.
When there is no tangential flow, i.&ke = 0, the DS is continuously diluted by the
pemeating DI water from the FS side which in turn slows down the FO process as well
as the diluting process to the D”though the FO process getting more and more slowly
due to the continuously diluted DS concentration onntleenbranesurface, it still ges

on according tothermodynamics However, once there is a tangential flow on the
membrane surface at DS side, even with a small value, the diluted DS on the membrane
surface will be refreshed and then the osmotic pressure will be dramatically enhahced an
finally the FO flow rate increasesubstantially as shown at region of 0 < Re < 1.
Although both FO flow rate and tangential flow rate increase, themmarespeed of the
former is far lower than that of the latt@hereforethe FO efficiency, accordg to the
definition, decrease significantly at this region. With continuouly increasng the
tangential flow rate after Re = dincethe ECP layer has been already compresstin

a thin layer nearbythe membranesurface it only shrinks a little and thus the DS
concentration on the membrane surfageonly slightly increasedt this Re region
Further elaborations about those variations of the ECP layer and the corresponding DS
concentration on the membrane surfag# be given in the following section.In this
situation, the FO flow rate increases quite slowly and the FO efficiency almost

approximates to zero
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Figure 4.4 Relationship between FO flow rateQro and Re shown as diamongymbolsand
dashed line and relationship between FO efficiencyro and Re shown as squarsymbols
and solid line. Thecontinuous curves represent numerical results and discrete points are
obtained from experiment.Here, the FO efficiency is defined as the ratiofdhe FO flow rate

across semipermeable membrane to the tangential volume flow rate, i.@:0 = Qro/Q..

Studies in this section providegorthy optimizing methodo FO processAt low Re
numberrangingfrom 0 to 1, the ECP phenomenon predominatidtermines the FO
flow ratedue to the seriouslgeducedosmotic pressure within ECP layétlthough the
FO flow rate is low at this Reumberrange, the F@fficiencyis high. On the other hand,
at high Renumberlarger than 1, the ECP is greatly redubgchigh tangential flow rate.
However, the enhancement in FO flow rate is not significant due to the little variation of
ECPlayer and membrane surface concentratiorthis situation, if higheFO flow rate is
wanted, methods such as reducing ICP or qudigh performancesemipermeable

membrane are preferred insteasgioply increasinghetangential flow rate.
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4.4.2Region of CP layer

Figure 4.5 The discrete data and the continuous curves at the bottom part, separately
obtained from experiment and numerical simulation, represent variation of the ECP layers
with axial position at three different Re. The upper curves represent thenumerically
obtained relationship between dimensionless DS concentration on the membrane surface

Cm/Co and axial position at three different Re.

In order to experimentally visualize and quantify the ECP phenomaiiive DS
side, an indirect measurement method wiied in this study aselaboratedn Section

4.2 Here, it is reasonably assumed that the gray value of the captured image of DS
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