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Introduction

INTRODUCTION

One of the most important challenges in the 21sttwyg is the development of
technologies for the utilization of alternative emesources. This is necessary due to (i)
the increasing energy demand, (ii) the progresdaetion of the conventional fossil
resources and (iii) the environmental issues, pellution phenomena and global
warming. Therefore, in the last decades researstbban prompted towards renewable
energies based on renewable resources, that ceuddsb economically competitive. In
this framework, thesalinity gradient power(SGP) can play a crucial role. It was
estimated that a significantly high theoretical bglb potential is available from the
mixing of seawater and river water, totalling a powalue of 2.6 TW. Moreover, unlike
wind and solar energy, this form of energy is gsjected to time fluctuations.

Reverse Electrodialysis (RED) is a very promisieghhology that converts SGP
directly into electric energy. In RED two salt sidms flow in alternating channels,
separated by an alternated series of anion anohcatichange membranes. The chemical
potential difference between the two solutions gates an electric potential difference
over the membranes and thus a selective ion transpooss themselves, from the
concentrated channels towards the dilute oneshétetectrodes, the ionic transport is
converted by redox reactions into a current oftede&xs supplying an external load. In
the last years, the technological advancement la@deduction of the membranes cost
have strongly enhanced the efficiency of the REGress, making it the most promising
SGP-based technology. Further improvements alenstiessary, but in the near future
they may well be achieved, so that RED could startbe commercialized at the
industrial scale.

The process performance depends on a number ofoptera interacting at various
scales. The key aspects of the process are: therétiving force, Ohmic resistances,
non-Ohmic resistances (due to concentration changesl pumping power. All
parameters identifying the stack configuration effen a complex way these aspects.
However, fluid dynamics represents a fundamentgnfaature and can be identified as
the flow and concentration fields occurring in thestem. They are established by the
interaction of stack geometry, flow rate and fepdsperties, and determine a strong

influence on all the key aspects, except the thisatalriving force.



Due to the complex influence on the process peidors, fluid dynamics is crucial in
RED systems, thus needs to be thoroughly investigdfo this aim, modelling can be
very helpful. On the other hand, the mathematiesicdption of the RED process by a
thorough model is a hard task, due to the compleaft phenomena involved and
geometry. An integrated model conceived by a hahiaal strategy of analysis with
separation of scales can address effectively thsifaulation problem.

This work is carried out within the REAPoweRdverse Electrodialysis Alternative
Power Productiol project, which focuses on RED processes usingaea or brackish
water as dilute solution and brine as concentrai@dtion. The project is aimed at
optimizing the system by a multi-scale modellinglt@and experimental tests. The
Computational Fluid Dynamics (CFD) simulations ata#l scale are the basis of this
model. CFD is the technique to study fluid dynaméecsl associated phenomena by
means of numerical methods in computer-based stioota Therefore CFD is a
powerful predictive tool to test a number of casgsequiring fewer equipment and time
compared to the experimental investigation andotdetailed analyses at small scale.
This work focuses on fluid dynamics and mass trarigghenomena in RED systems, by
a suitable CFD model. The general aim is buildipgaupredictive tool for the stack
design and optimization and the evaluation of trestneffective operating conditions,
which represent crucial aspects for efficiency aadnomic competitiveness.

With the purpose to fill some major gaps in therhture, the specific objectives pursued
and the activities performed are identified. A abie 3D CFD model to investigate
effectively channels for RED systems at low scale heen developed. Fluid dynamics
and mass transfer phenomena have been studied\iggsthe fluid flow governing
equations (Navier—Stokes and continuity) and aspart equation suitable also for
concentrated solutions, of a binary electrolyte@Naderived from theStefan—Maxwell
equations by assuming the local electroneutralitye periodic domain of a single
channel has been simulated with suitable boundanditions (membranes are not
simulated). Spacer-filed channels and profiled-beane channels have been
investigated, comprising geometries not simulatedas. Woven spacers are commonly
adopted and offer some potential benefits, suclbedter mixing and lower shadow
effect. Profiled-membrane channels represent a igingnalternative to the spacers. In
this work, these kinds of geometries are simulaigdFD environment for the first time.

Moreover, the analysis has been carried out atRaynolds numbersRg typical of
2



Introduction

RED stacks, while usually highdRe pertinent to other membrane processes are
investigated. The simulations provide the localriistion of the variables of fluid
dynamics and mass transfer. The effects of chageminetry,Re and feeds features on
concentration polarization and pumping power aralated by means of process
parameters, i.e. dimensionless numbers as Shermwmtber and power number. Thus,
the features that a high performance RED chanmelldipossess can be identified.

The validation of pressure drop results for a ceupi spacers has been done. Also,
simulation results were compared with experimeatal CFD data on pressure drop and
mass transfer from literature.

A different scale has been also investigated, deoto assess the effect of the features
of the entire hydraulic circuit of a stack on theid dynamics performance. An
improved design of manifolds devised in rectangglometry has been simulated. The
influence of manifolds and stack lay-out on thesptge loss and on the flow rate
distribution within the channels has been evaluated

Finally, the results provide input data for the qass simulator (higher levels of
modelling) in order to identify the optimal channebnfiguration and operating

conditions.

In the following an outline of the present thesisaported.

Chapter 1 reports fundamentals and review of the pertiniggrtature.

Chapter 2 describes the CFD model developed.

Chapter 3 is devoted to the fluid dynamics investigatiorspacer-filled channels with
different slip condition imposed, the validationtiviexperimental results on pressure
drop, the evaluation of porous fibrous media aredimulation of the whole hydraulic
circuit of stack.

Chapter 4 focuses on commercial spacer-filled channels, pdttticular attention to the
concentration polarization and the various quatitin which it depends.

Chapter 5 completes the previous chapter by a thorough tigagson of geometries in a
parametric analysis of woven and non-woven spaesd,a comparison with CFD and
experimental data from the literature.

Chapter 6 investigates profiled-membrane channels in anqtheametric analysis.






Fundamentals, state of the art and literatreview

1 FUNDAMENTALS, STATE OF THE ART AND LITERATURE
REVIEW

Abstract
Reverse electrodialysis (RED) is a promising tebtupp for electric power generation
by converting the chemical potential differenceaofalinity gradient, within a stack
equipped by selective ion-exchange membranes. Téeegs performance depends on
some crucial aspects, which are influenced in aptexway by various factors
identifying the stack configuration. Fluid dynamiagthin the system is a prominent
factor affecting the power producible.
The theoretical driving force depends mostly on ridio between the activities of the
two salt solutions. The voltage generated is redune the internal resistance, due to
Ohmic and non-Ohmic resistances. The Ohmic resistaare due to the contribution of
membranes, diluted channels, concentrated chaanelslectrodic compartments. The
non-Ohmic resistances represent losses of voltage () to the streamwise
concentration change in the bulk of the solutiond &ii) to the concentration
polarization in the boundary layers. When river evadnd seawater are used, they are
comparable to the Ohmic resistances, and at low fites can be the dominant ones;
when concentrated solutions are used (as seawaddorane) they can be negligible, as
the relative concentration changes are lower whencbncentration increases. The net
power obtainable depends on the pumping power copoan. The reduction in power
output due to the pumping power amounts normally-10-20% at the flow rate that
maximizes the net power; also, the pressure drophe manifolds can represent an
important contribution or even the main contribotto the overall hydraulic loss if they
are not properly designed.
Stack geometry, flow rate and feeds propertiesesst fundamental factors for the
process performance. In order to maximize the gpusger, a dilute solution as river
water or brackish water (0.02-0.1 M) and a conedett brine (5 M) should be used. The
inter-membrane distance and the channel shapedsheukuitable for minimizing the
pressure drop; on the other hand, they affect Olamit non-Ohmic resistances, as well
as the mechanical stability of the channels. Tleegfthe identification of the optimal

channel configuration must take into account themlex influence on all these aspects.
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Net spacers are usually adopted as mechanical gupitlain the channels and as mixing
promoters (reduction of the boundary layer restanOn the other hand, a non-
conducting spacer exhibits the drawback of highemi@ resistances and pressure drop.
As an alternative, profiled membranes can be usét,the benefits of reduced Ohmic
resistances and hydraulic loss, although theyem® dffective in the mixing promotion.
The geometry of the distribution/collection systeam affect significantly pressure drop,
flow rate distribution among the channels and fiate distribution along the width of
each channel, with a consequent influence on pupiower, leakage issues, non-
Ohmic resistances and thus on the net power adiieeva

Modelling of the RED process is an arduous chabermpnd the numerical models are
based on simplifying assumptions on the domain kitad and on the mathematical
description of the phenomena involved. The REAPomreject focuses on the power
production by RED technology using seawater or kishicwater as dilute solution and
brine as concentrated solution. Among the actwitgarried out in four years, the
development of a simulation tool was achieved. Atirsgale model was built, based on
the Computational Fluid Dynamics (CFD) analysisoat scale. The project ended with
the installation of the first prototype RED plantdenerate electricity from brine at the
salt works of Marsala, which also produced the maxn gross power achieved so far
from a RED stack.

11 I ntroduction

In the XXI century, the depletion of energy souregsl environmental problems, as
pollution phenomena and global warming, have preshpesearch towards renewable
energy sources that can be sustainable and ecoamlbmmompetitive. Renewable
energies based on inexhaustible resources as suwater, are the most attractive. In
this regard, th&alinity Gradient Powe(SGP) is a renewable energy form which can be
drawn by the chemical potential difference betwéen different salt-concentrated
aqueous solutions. It was estimated that the glpbtntial power from the mixing of
seawater and river water is 2.6 TW [1]. As wellths typical benefits of renewable
energy technologies, SGP is less subject to ismlated to time fluctuations in power
production, which in contrast are unavoidable indvand solar energy due to variations

in wind speed and sunshine.



Fundamentals, state of the art and literatreview

Different technologies have been proposed in oitdeexploit this energy source:
Reverse Electrodialysis (RED), Pressure RetardedoSis, Capacitive Double Layer
Expansion and Mixing Entropy Battery. In RED a colied mixing between two
differently concentrated solutions is obtained bgams of selective ionic exchange
membranes. The consequent ions transport genesatedectric potential difference
which can be drawn as electric power [2]. In 19%4tIE [3] introduced the concept of
energy from mixing of fresh and seawater and detnatesl it through an apparatus
named “hydroelectric pile”, now known as RED. Faveral years the scientific
community has not been very interested in thidfiddut in the last decade, several
research efforts have been devoted to RED prodéssiadays RED is the most
promising process among the technologies basetie@®GP, since it exhibits the best
performance thanks to the technological advances the cost abatement of the
membranes. For the optimization of the processthnd for the commercialization in
large scale of RED plants, further improvementsséitenecessary.
Pressure drop and polarization phenomena can resigadicantly the efficiency of
membrane processes. In fact, pressure drop is nsip® of an energy consumption
increase, while polarization phenomena lead to drighower consumption in non-
spontaneous processes and lower driving force amtapeous processes [4-14]. In the
specific case of RED, pressure drop and conceatrgtolarization can affect strongly
the power output obtainable: the former reduces riée power produced; the latter
decreases the gross power. Also, a certain “spaseparating the membranes is
compulsory (i.e. the empty channel should be resghwhly as an ideal condition). The
channel geometry optimization should take into aotoseveral aspects related to
mechanical stability, mass transfer, electricaltaace and hydraulic friction.
This chapter is focused on the state of the att) particular reference to the aspects
investigated in the present PhD work, such as fldythamics and mass transport
phenomena. In particular, it is aimed at:

i) Analysing the working principle and the key issoéthe RED process;

i) Reviewing the pertinent literature;

iii) Briefly describing the REAPower project, in whidetpresent PhD work

is carried out.



12 Principle of Reverse Electrodialysis (RED)

Reverse Electrodialysis is a technology to drawctdle energy from the mixing of
solutions at different salt concentratior&alinity Gradient PowerSGP). In particular,
RED allows the production of electricity harvestiegergy from the difference in
chemical potential between two saline solutionsvitgy in alternate channels separated
by selective ion exchange membranes (IEMs) [3].t&cls contains several repeating
units (ell pairg, each consisting of a cationic exchange membr@@EM), a
compartment fed by a more concentrated salt solufeg. seawater), an anionic
exchange membrane (AEM) and a compartment fed fopra dilute salt solution (e.g.
river water). Spacers are usually employed in otddi) separate the membranes, thus
creating the channels and (i) promote fluid mixifthe classical plate and frame
configuration is usually adopted.

The chemical potential difference between the twatt solutions generates an ion
transport from the concentrated solution towardsdifute one in each cell pair: cations
move selectively through the CEMs and anions thinathg AEMSs, towards the cathode
and the anode, respectively. In particular, coritynof the electrochemical potential
through the system causes the chemical potentffdreinice to generate an electric
potential difference at each membrane-solutionriate, referred as Donnan potential;
as the membrane is in contact with two solutionsglifferent concentration, a potential
difference between the two solutions is establisheférred to as membrane potential
[15]. The sum of the voltages generated over allntembranes is the overall difference
of electrical potential available at the electrod&sthe electrodic compartments (end
compartments), the ionic transport is convertedréwyersible redox reactions into a
current of electrons supplying an external load.eWlhe circuit is open and thus no
current is circulating, the maximum voltage acrdss stack is established at the
electrodes. This is named Open Circuit VVoltage r@ptdesents the electromotive force of
the RED generator. A schematic representationRIER stack is reported in Figure 1.1;
more details on the principle of working and on fis&tures of a RED typical system can
be found in the literature [3, 16-18].

The open circuit voltage, i.e. the electromotivecéoarising from the chemical potential
difference between the solutions separated by thmbmanes, can be evaluated as the

sum of the Nernst potential difference over the GE\hd over the AEMs due to the
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Fundamentals, state of the art and literatreview

cations and anions respectively [13, 19]. For teemf a monovalent binary electrolyte,

the open circuit voltage is [14]

Eoey = N

| S
zF

ca (1.1)
where ar, is the mean apparent permselectivity of the mengggratio between the
obtained membrane voltage and the theoretical ge)td\,, is the total number of
membranes,R is the universal gas constant (8.31 J/(mol-Kl),is the absolute
temperaturez is the valence of the iong € 1 for monovalent electrolyte); is the
Faraday constant (96485 C/mol), C is the electeolywncentrationy is the activity
coefficient (the producC+y is the activity of the electrolyte), and the sigoeiptsconc
anddil refer to the concentrated and diluted channelecsgely.

When the circuit is closed by an external load,\tbkage obtained over the electrodes
(U) produces an electrical currenifA/m?) and is reduced due to the internal resistance
of the stack itselfR (m?))

U =Eoey —iRy (1.2)

Following Vermaas et a[14], the potential drop due to the internal resise can be
written as the sum of the voltage drop due to Ohregistances and two non-Ohmic

voltage drops, as expressed by the following eqnoati
U =Eoey ~/ac _UBL_iRohrr (1.3)

wherer,. is a loss of voltage due to the streamwise conaton change (i.e. along the
compartment length) in the bulk of the solutiop, is a loss of voltage due to the

concentration polarization in the boundary laydRs,, is the standard Ohmic areal
resistance. This last term takes into accountHerrésistance of: AEMs, CEMs, diluted

channels, concentrated channels and electrodic atments [14, 17].



The losses due to non-Ohmic effects can be compregtle Ohmic loss when are

divided by the current density, so that are exg@ss non-Ohmic resistances

U= EOCV_(RAC+ RBL+ thr) i (1-4)

Therefore, the total resistance inside the stack bxeen split into three different
contributions.
The voltage and the current density depend ondsistance of the external load; in fact,

from the Ohm’s law the current density is

- Eocv
Rnt + Road

i (1.5)

The power density per membrane unit area (Yvan be found from Kirchhoff's law

as

i’R,q _ U E2cy Roa
Pd - EI d - N_ = OCV R1 d > (16)
m m Nm ( Rnt + Fgoad)
The maximum power density is obtained wiij, is equal tdR,
— EéCV (1 7)

P =
e 4Nm I%nt

The power efficiencyrowe) represents the thermodynamic efficiency of ttecpss and
is the fraction of total power extracted by an extload with respect to the total power

consumed (the latter term corresponds to the exdegsease per second) [18, 19]

ileoad/Nm - |%oad
iZRnt +i2Road )/ Nm Rnt + R)ad

/7power = ( (18)

10



Fundamentals, state of the art and literatreview

When the power density is maximuiRqtq = Rin), the power efficiency is theoretically
equal to 50%. A higher efficiency can be achieveldwer power densitiedR(aq > Riny)-
The energy efficiency is the ratio of the extracéergy and the incoming exergy [18,
20, 21].

Finally, it is important to highlight that a consption of energy is required for pumping
the feed solutions through the stack, which cameceddramatically the net power. In
other words, the net power obtained is given bytragting the pumping power to the
gross power produced [13] and in terms of denstyrpembrane area is

b —p _ am 1.9
d,net d N An ( . )

where the pumping power consumption can be obtdied the pressure drop over the

inlet and outlet of the feed solutions, their floate and the pump efficiency as [13]

B ApconCQconc+Apdileil
Poump = (1.10)

I7pump

Finally, the net energy efficiency is the ratiotbé net energy and the incoming exergy
[18, 20].

11
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Figure 1.1. Schematic representation of a reverse electradsabtack. The sketch highlights one

cell pair including the spacer-filled channel.

13 Key aspectsand critical issues of the RED process

The process performance depends on a number ofopteara occurring at various

scales and interacting with each other. Accordimghie previous section, the power
production of the RED process depends on the faligvkey aspects: (i) theoretical

driving force, (ii) Ohmic resistances, (iii) non-@it resistances and (iv) pumping

power consumption. Many factors affect in a complay these aspects and thus the
performance of the RED process [16, 21-24]: pragerof components such as
membranes, spacers and electrodic systems, but silstk geometry, operating

conditions and feeds properties. Table 1.1 summsiizhematically the key aspects of

the process and the factors affecting them.

12
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A parameter can determine his effect directly amtépendently on the other parameters
(e.g. the spacer affecting the Ohmic resistanced,the ionic species influencing the
electromotive force) and/or combined with othertdas. Fluid dynamics is identified as
the flow and concentration fields occurring withire system. They are established by
the interaction of various factors, and determiomigined effects on three key aspects:
Ohmic resistances, non-Ohmic resistances and pgmomer. In this PhD work, the
aspects analysed are (i) non-Ohmic resistancesadbeundary layer and (ii) pumping
power, and the parameters investigated are stamkefey, flow rate and feed properties.
In Table 1.1 the ¥” symbol indicates the fields of interest relevemthis thesis. Ohmic
resistances are related to fluid dynamics in teofmsolutions conductivity and are not
considered in the modelling developed in this work.

The electrodic system is important mainly for tmieonmental and economic point of
view and is less significant for the power prodoict[22, 23]; thus is not considered in
this analysis. The stack geometry includes the gtonof the channels and also the
geometry of the distributor and collector. The fegdmode indicates the relative
direction of the two feed solutions in the channafsl can be co-current, counter-
current, cross-flow. The feeds properties and tiverooperating conditions comprise:
ions present, concentrations, density, viscosifyt diffusivity, temperature. Finally,
phenomena of osmotic flux, electro-osmotic fluxgrskcut currents and solution leakage

are not considered in the simplified scheme of @dbl and the subsequent analysis.

Table 1.1. Key aspects of the RED process and factors tfettahem.

Theoretical Ohmic Non-Ohmic Pumping
driving resistances resistances power
Membranes properties [ ] ] -
Stack geometry - n v v
Flow rate - 4 v
Fluid "
dynamics Feeding mode - (] (] -
Feeds properties & i . v v

Other operating conditions
v indicates that the factor affects the key aspedtiaranalysed in this work

m indicates that the factor affects the key aspadtjdnot analysed in this work
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- indicates that the factor does not affect the keyeat

1.3.1 Theoretical driving force

The theoretical electromotive forcEdc\) depends on theatio between the salt activity
in the concentrated channel and the dilute one(1EQ). Usually, standard solutions are
considered solutions of NaCl 0.017 M (river wat@ng 0.5 M (river water), because in
the industrial applications a RED stack could ofena the coastal areas near the mouth
of a river. The use of more concentrated solutiamseful to reduce the internal
resistances, could decrease H,, although the salinitgradientis increased. As an
example, if the dilute channel is fed by seawatérN and the concentrated by brine 5
M, neglecting the influence of the activity coeifiots, the ratio between the
concentrations and thuSscy are reduced with respect to the case of river maiel
seawater [25]. Alsdgocy depends on the valence of the ions.

The open circuit voltage is proportional to the rbeames permselectivity, which is
often close to 1, but when concentrated solutioms aalopted, it can undergo a not

negligible reduction [13, 25].

1.3.2 Ohmicresistances

The Ohmic resistances are due to the various tanitophs of membranes (AEMs and
CEMSs), diluted channels, concentrated channels @edtrodic compartments. The
resistance of the electrodic compartments begimgigiele when the stack contains
several cell pairs. The resistance of the chandefsends on the conductivity of the
solutions and the inter-membrane distance. Whedithte compartment is fed by a low
concentration solution as river water, often itegithe main contribution to the Ohmic
resistances [17, 21, 26]. On the contrary, wherenconcentrated solutions are used, the
Ohmic resistances are dominated by the membrasissamgece [25].

The Ohmic resistances are also influenced by thegmce of a spacer. Non-conductive
spacers cover part of the membrane area (spacegowshetfect) and impose a tortuous
path for the ions in the feeds compartments [14, THe Ohmic resistances can be
increased more than 50% by the spacer [17, 21,7254 spacer with a more open
structure can decrease significantly the Ohmicstaste of the channel [28]. lon

conductive spacers can almost completely eliminthte spacer shadow effect, thus
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obtaining a significant decrease in the Ohmic tasises [29]. This effect is achieved
also by adopting profiled membranes instead of tilaglitional non-conducting net
spacers; the conducting profiles offer a path lieribnic flow, so that the shadow effect
is eliminated. Therefore, the Ohmic resistances lmameduced with respect to stacks
equipped with spacers; for example, Vermaas ef38l report a reduction of 30%,
confirmed by similar findings in a subsequent wi28].

Fluid dynamics can have an effect on the Ohmicstasces when they are dominated by
the resistance of the dilute channels, as it ocoarmally when the stack operates with
river water-seawater solutions. In fact, the cotiditg of the river water increases due
to the ions transfer through membranes from thevata compartment; this increment
is larger as the flow rate decreases, i.e. thelease time increases, because of the
higher quantity of ions transported. As a consegegthe Ohmic resistances can be

lower at low flow rates [21, 28].

1.3.3 Non-Ohmicresistances

The non-Ohmic resistances are reductions of theingriforce due to concentration
changes that result in a voltage lower than thertteal one. For convenience, these
voltage losses due to non-Ohmic effects are quedtif terms of resistances in order to
be compared to the Ohmic ones.

They are given by two contributions to the reductad the driving force: (i) along the
fluid flow direction due to the streamwise concatitn change in the bulk of the two
solutions (caused by the ions transport from theceotrated channel to the diluted
channel) Ryo); (i) at the membrane-solution interfaces dueth@ concentration
polarization in the boundary layeRg().

Concentration polarization phenomena consist of centration gradients in the
boundary layer between the membrane surface anfiuidebulk, due to the mass flux
through the ion exchange membranes, accompanie@ lo§fference between ions
mobility in the membrane and solution phases [ RED, concentration polarization
phenomena result in an increased salt concentratiothe membrane surface in the
dilute channel and a decreased salt concentratiothea membrane surface in the
concentrate channel [2, 31]. As a consequence,ctimeentration difference at the

membrane-solution interfaces becomes smaller thHsn doncentration difference
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between the bulk solutions, the resulting electriiweoforce becomes lower than the
theoretical value, and a lower voltage over theksis obtained [21].

The non-Ohmic resistances are determined in a ¢oatel manner by all the factors
which identify the configuration of the stack. Qlgathe non-Ohmic effects are linked
to the ionic flux across the membranes, i.e. todimeent density. In a stack where the
current density tends to increase by using lesista@d membranesk,c and Rg_ are
increased, but with a negative feedback that m#mgathe current density itself.
However, the effect of the membranes resistanamli indirect. In general, since the
non-Ohmic resistances are actually loss of voltayery factor affecting the Ohmic
resistances has an indirect influence on the nomi©bnes. Moreover, stack geometry,
flow rate and solutions properties have also sigaift direct effects on the non-Ohmic
resistances.

As well as on the ionic fluxe®.c is dependent on the channel geometry and the flow
velocity, i.e. it is determined by the residenameti within the channels [21], and it
depends strongly on the solutions concentratioBk 2 standard condition where river
water and seawater are used, at low flow rRigscan represents the highest term of the
stack resistance; at higher flow rates it can lpaiicantly decreased, but at the flow
rates in which the maximum net power is obtainedait play still an important role,
being comparable to the other resistances [21, 32§, Conversely, when higher
concentration solutions are adopted, the streansuiseentration changes relative to the
inlet concentration are lower and their effectdarms ofR,c decrease (notice that the
voltage over the membranes is given by o of the solutions activities); therefore
R.c can begin negligible [25].

Concentration polarization phenomena are determayetthe mixing within the channel
between the fluid bulk and the membrane-solutidarface. The concentration field in
the channel and thuRs, are established by channel geometry, flow rate soldtion
properties. In dimensionless terms, the Sherwoodhben SH depends on the
geometrical features of the channel, the Reynolasl®r Re and the Schmidt number
(S9. Also, the bulk concentration has a strong infeee on the effects due to
polarization (as in the case Bfc). When river water and seawater are usggl,is an
important contribution to the overall stack regist, and decreases by increasing the
flow rate [4, 21, 26, 30]. At the flow rates thdliba gaining the maximum net power,

R, is lower than the Ohmic resistances, but is coaigarwith them [21, 25, 30].
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In the case of higher concentration solutions,dtecentration change in the boundary
layer relative to the bulk concentration is lowerddrs, decreases till to begin even
negligible at high concentrations, as the voltagerdhe membranes depends on the
ratio of the solutions activities [25]. The effect 8 on the concentration change in the
boundary layers is of minor importance.

Sizes and shape of the channel can affect significaRs,. A spacer-filled channel
reducesRg, with respect to an empty channel [27]. A smakinnembrane distance and
a more effective spacer in promoting mixing, ressrthe boundary layer thickness, thus
reducingRg, [21, 28]. Usually, profiled membranes have geoimstthat enhance less
mixing, therefore lead to high&g, than spacers [28, 30].

More details on the boundary layer resistance facer-filled channels and profiled-

membrane channels are reported in section 1.4 &nd 1

1.3.4 Pumping power and net power

The energy consumption for pumping the feed sahstican reduce considerably the net
power achievable (see Eqgs. (1.9) and (1.10)). Timmping power is obtained by
multiplying the flow rate times the pressure drdpe pressure drop through the stack is
influenced by the stack geometry, flow rate andpprtes of the feed solution. In
dimensionless terms, the power numbem) (depends on the Reynolds numbRe(and
the friction factor ), which in turn depends on the geometrical featwedRe Also,

the hydraulic loss is due to various contributiologalized drop in the manifolds and
distributed loss along the channels.

As the flow rate increases, the non-Ohmic resigarare reduced and thus the gross
power density increases asymptotically till the maum value. On the other hand,
higher flow rates lead to increased pressure dtgpa consequence of these opposite
effects, the net power density has a maximum vatuen optimal flow rate of the feed
solutions which depends on the specific configorabf the stack [2, 14, 18, 20, 21, 28,
30]. The reduction in power output due to the purgppower (pumping power/gross
power) reported in literature amounts normally th0-20% at the flow rate that
maximizes the net power. Moreover the maximum (gepiic) gross power is reached
at higher flow rates by consuming a pumping powecimnhigher of it, thus a negative

net power is obtained. The loss of power with respe the maximum value of gross
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power ((maximum gross power-maximum net power)/mmaxn gross power) is much
higher. This parameter quantifies the loss withpees to the theoretical maximum
achievable, and from literature data is estimatelet usually ~25-45% [18, 20, 21, 28,
30, 32].

Very thin channels are used in RED stacks. The ro#athickness is usually ~100-500
um, and the typical linear flow velocities at whitfe maximum net power is obtained
are around 1 cm/s, corresponding to very low Relgmaumbers (lower than 5) [17, 18,
20, 21, 25, 28, 30, 32]. Therefore, the fluid flowgime is perfectly laminar.

Overall pressure drop depends strongly on the gegni&hape and sizes) of channels
and manifolds. The hydraulic loss per unit lengtimiuch higher compared to that one in
an empty channel of infinite streamwise and spamvestend, with increments of
one/two orders of magnitude [14, 19, 21, 28, 3(, Bbtice that the pressure drops
localized in the manifolds distributing and collagtthe feed solutions can represent an
important contribution or even the main contribntim the overall hydraulic loss [14,
18, 20, 28, 30, 33, 34]. Nevertheless, an imprayedmetry of the distribution system
can reduce dramatically this localized loss, batititrement of pressure drop along the
channel due to a spacer remain quite higher witheet to the empty channel [28].

The experimental works on RED stacks show thasfiazer features have a significant
impact on hydraulic loss [21, 28, 32] and that pedf membranes can have geometries
which reduce significantly the friction with respeo the net spacers [14, 28, 30]. The
inter-membrane distance and the channel shapedsheubkuitable for minimizing the
pressure drop; on the other hand, they affect Otamitnon-Ohmic resistances (as seen
in the previous sections), as well as the mechhstedility of the channels. Therefore
an optimal configuration depending on the othetulesss of the stack should be found.
Conversely, the flow path length should be as sherpossible, for minimizing both
pressure drop argc.

Finally, the influence of the solution propertié®msld not be neglected. In particular, for
highly concentrated solutions (i.e. brine 5 M) dgnsnd, especially, viscosity can
increase significantly, thus determining an impatriacrease in pressure drop.

More details on pressure drop and pumping powereperted in section 1.4, 1.5 and
1.6.
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1.3.5 Optimization strategies and key aspects analysed in thiswork

On the basis of the analysis carried out in theiptes sections, the main optimization
strategies for the RED process can be identified.

The ion exchange membranes are an essential elémaninvestigated in this work),
thus their properties play an important role, maimcause of the effects of selectivity
and electrical resistance on power density [13, 26, 35]. The technological
improvement in the membrane manufacturing shoulowathe development of cost
effective membranes (very important to make econamihe process) with low
resistance and high permselectivity also when intaxt with highly concentrated
solutions.

The feed properties have a strong influence onga®performance, since they affect all
the key aspects. A larger salinity gradient incesabke open circuit voltage. On the other
hand, both Ohmic and non-Ohmic resistances areceeddrastically when high
concentration feeds are used [25, 31]. Also, thenbtanes permselectivity is sensitive
to the concentration of the solutions, but his odidm is of minor importance with
respect to the decrease of the internal resista@early, the optimum concentrations
for the two solutions are dependent on these diffeeffects and on the other several
parameters that define the stack configurationh sas the membrane resistance, the
intermembrane distance, etc. Nevertheless, for miaikig the gross power output the
couple of solutions of NaCl was identified as: mtgi solution with concentration close
to river water concentration (0.02 M) [25] or a ¢kish water 0.1 M [13], and a
concentrated brine close to the saturation (5 N8) PB]. The potentialities of application
are linked to the availability of the feed solusopplications with natural concentrated
solutions (i.e. from salt ponds) or artificial cemtrated solutions (i.e. from industrial
processes) are possible. Also, a closed loop, witheresolutions are regenerated from
low grade heat in a range of temperature betweefCs@nd 100 °C (e.g. solar and
geothermal energy or waste heat), may be promising.

However, the use of one diluted solution is unaabld. Therefore, the issues relevant
the Ohmic and non-Ohmic resistances stemming fréma presence of a low
concentration solution in the stack should be asir@. Moreover, the “real” power
obtained is given by the net power, thus the ogttnon of the process must take into

account for the pressure drop, which in addition ic&crease a lot for the concentrated
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solution (effect of density and viscosity). Ultimt, stack geometry, flow rate and feeds
properties represent crucial factors for Ohmic stasices, non-Ohmic resistances and
pumping power, which play a fundamental influencetibe system performance; thus
fluid dynamics of the system needs to be thoroughtgstigated in order to optimize the
RED process.

The optimal channel geometry in terms of inter-meamb distance and shape is one that
maximizes the net power. This does not mean simptucing pressure drop. If a
channel configuration exhibits lower pressure drige pumping power decreases.
Hence the net powewould tend to approach the gross power. Also, a lowesgure
drop would enable higher flow rates, whickould reduce the non-Ohmic resistances
thus enhancing the gross power. Therefore, theameérwould approach even more the
maximum gross power (as a function of the flow yatdevertheless, the channel
configuration has an influence also on the grosseppdetermined by means of the
internal resistances (Ohmic and non-Ohmic). Theegfihe identification of the optimal
channel configuration must take into account themlex influence on all these aspects.
As an example, a higher channel thickness incradbge®sistances, but reduces pressure
drop; as a consequence, an optimum channel thislexsts. The same applies to the
channel shape [21, 28].

In this regard, net spacers are usually adoptedezhanical support within the channels
and as mixing promoters. A spacer-filled channdloesRg, with respect to an empty
channel [27], with an influence that depends onsihecer features [21, 28]. On the other
hand, a non-conducting spacer exhibits the drawloddigher Ohmic resistances [17,
21, 25-28] and pressure drop [14, 19, 21, 28, B8]an alternative, profiled membranes
can be used, with the benefits of reduced Ohmisteeses and hydraulic loss, although
they are less effective in the mixing promotiongfteér Rg,) [28, 30]. Among the few
examples of channel configurations tested up to, tba/net power densities have been
found higher for stacks equipped with profiled meantes [28, 30], although a thorough
investigation on the various spacer geometriesibibeen carried out.

As concerns the channel length, it should be ast sisopossible in order to minimize
R.c and pressure drop, and thus maximize the net poweexample of the impact of
the channel length can be found in the theoretiaddulations of Vermaas et al. [14],
which show a remarkable increase in net power tefei small cell lengths. Moreover,

the drastic reduction of pressure drop in shornoké would allow higher flow rates
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and lower inter-membrane distances, resulting welopolarization phenomen&d,)
and Ohmic resistances. Another benefit can be aetlian short empty channels, where
the entry effects could redud®. [27]. Nevertheless, the possibility to achieveyver
short channels poses issues of mechanical stabilityhe typical plate-and-frame or
spiral wound stacks, especially for large scale with hundreds of cells. A new stack
concept is required, but none has been testedebe@oly Veerman et al. [19] proposing
a new design with “fractal profiled membranes”this system, deep feed channels and
thin reactor channels with a cell length of ~1 nma pressed in the membranes.

In the optimization of the RED process, other intgor hydrodynamics aspects to be
reckoned are the pressure drops contribution ofdieibutor and collector channels,
and the flow rates distribution within the channeighe stack. Wide manifolds are able
(i) to reduce significantly the pressure drop lomad in the distribution/collection
system and (ii) to ensure a uniform fluid flow withthe channel, which reduces the non-
Ohmic resistances [28, 36].

Summarizing, various factors interact in a compl&y influencing the key aspects that
determine the net power output. The identificatidrthe optimal configuration of the
stack should take into account many parametersh Ygpect to the issues investigated
in this work, the study is focused on the analgéithe three factors identifying the fluid
dynamics of the system and affecting the procesdorgmeance, by means of
Computational Fluid Dynamics (CFD) modelling: staggometry, flow rate and feeds
features. The effects on concentration polarizgtieenomenaRg,) and pumping power

is evaluated.

14 Spacer-filled channelsfor membrane processes

Net spacers represent an essential element of RiiRssand in general of many other
membrane processes in flat sheet and spiral wowdles as: electrodialysis, reverse
osmosis, ultra-filtration, nano-filtration, membeadistillation, etc. A spacer consists of
a net of polymeric flaments and can be made wahying geometrical features. For
example, commercial net spacers can be eitherwagtlen or non-woven wires. Spacers
are adopted as mechanical support for the memhrgiviisg dimensional stability to the

channel, but they can also promote fluid mixingstiheducing polarization phenomena.

On the other hand, the presence of a spacer inflisaslvantages, as increased pressure
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drop and reduced membrane active area, as welln@gased electrical (Ohmic)
resistance in RED.

As regards mass transport in spacer-filled chanrfels membrane processes,
experiments and simulations provide average andéai values at the wall of the mass
transfer coefficient or Sheerwood number, whichegan indirect quantification of the
actual effects that would occur in a RED processeims of reduction of the voltage
achievable. Moreover, there exist measurement tgobs for the evaluation of the
boundary layer resistancBg() in RED stacks. The next two sub-sections are qaely
devoted to a literature review of these two topieporting also the relevant analysis of
fluid dynamics for spacer-filled channels (in gexdeand net power in RED stacks with
spacer-filled channels, respectively.

However there exist also various techniques ofaligation of the concentration profile.
They are not discussed thoroughly here becauseeninent this work. Only some
examples are mentioned in the following. Choi ef3r] measured the potential drops,
corresponding to the applied currents, at variois¢éadces from a cation exchange
membrane (two compartments cell), obtaining theceatration profile in the depleted
side, by using a mobile micro-electrode. Tanaka] [8Btained the electrolyte
concentration near the ion-exchange membrane Img tise Schlieren-diagonal method,
i.e. by measuring the refractive index, in a thteepartment optical glass cell.
Grigorchuk et al. [39] and Shaposhinik et al. [4]-émployed laser interferometery in
an electrodialyzer. Experiments in empty channdlian conducting spacers were done,
highlighting that the local boundary layer thickeesan vary significantly due to the

presence of the spacer.

141 Fluid flow, pressure drop and mass transfer in spacer-filled
channels

Several works can be found in the literature ondkperimental characterization and
modelling of spacer-filled channels, aiming to istigate the effect of spacer geometry
(filament spacing, filament diameter, filament shagngle between crossing filaments,
flow attack angle) on fluid dynamics features sashflow pattern, recirculation, shear
rate distribution, flow regime, pressure drops amthss transport phenomena.

Performance in terms of mass transfer in spadedfithannels for membrane processes
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is often evaluated by the limiting current densdp electrodes or ion exchange
membranes [7, 37, 43-47], from which the Sherwoathler can be obtained. Also,
experimental works on pressure driven processepratide data on mass transfer.

In the analysis of spacer-filled channels for meanler processes, computational fluid
dynamics (CFD) is a very effective predictive methor a detailed evaluation at small
scale and for testing a number of different ca3és. Navier-Stokes equations and the
continuity equation are solved as governing equatifor fluid dynamics; when mass
transfer is analysed too, the convective-diffusik@nsport equation is added to the
equations system.

Isaacson and Sonin [48] carried out limiting cotremeasurements in an six channels
electrodialyzer (one cell pair, two guard chanreld the two electrodic compartments)
in order to investigate the spacer performancerelations among Sherwood number
(Sh, friction factor f) and Reynolds numbemRR€ were found for strip-type eddy
promoters at various spacings. The optimal spaeiag about four times channel
thickness, and it exhibited performance comparuaiitle traditional spacers.

Schock and Miquel [49] carried out tests of somenweercial spacers, collecting
experimental data on pressure drop and mass tramsfepiral wound modules for
pressure driven processes. Correlations among thmendionless numbers before
mentioned were obtained, and a performance caicolaiming at optimizing spiral
wound elements was addressed.

Da Costa et al. [50] analysed in more detail thacep characteristics developping a
semi-empirical model which permits the evaluatidrspacer performance (specifically
for ultrafiltration). The angle between the filantemvas found to be the most important
parameter and the optimal value was 90°, becaulsads to the maximum mass transfer
coefficient along with low pressure drop.

Schwinge et al. examined fluid flow [51] and masmsfer [52] for cylindrical spacer
filaments that were orientated transverse to theénnilow direction, by a two-
dimensional CFD modelling. The effect of differespacer configurations was
evaluated. Recirculation regions were found betore after each filament. A pressure
loss increase was found by increasing the Reynulotsber and the filament diameter
and by decreasing the mesh length. A large megitHeallowed redevelopment of the

boundary layer between the filaments. Mass trangfereased with the filament
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diameter; however, at a smaller filament diamethe overall spacer performance
increased, as indicated by a high mass transfereeiment to pressure loss ratio.
Karode and Kumar [53] applied the 3D-CFD simulatimnseveral commercial spacers.
The dependence of the total drag coefficientRnwas found in agreement with the
experimental data. Simulations showed that for epsawith a low mesh length, the fluid
bulk flows parallel to the filaments and the pressdrop was found to be largely caused
by an abrupt change in the direction of the veloaiectors across the plane of
intersection of the spacer filaments; for high ealwf mesh length, the fluid bulk flows
parallel to the channel axis. It was also obsetheatl symmetric spacers (equal filament
diameters) typically lead to higher pressure dr@msl more uniform shear rate
distribution at the walls. Finally, the influencé spacer geometry on the average shear
rate was found higher by increasing the fluid vitjoc

Li et al. [54] carried out CFD simulations to deténe mass transfer coefficients and
power consumption of net spacers. The mesh letigglangle between the filaments and
the flow attack angle were the geometric paramateestigated. They introduced a
dimensionless power numbd?r) in order to quantify the pumping power consumptio
The optimal spacer geometry was with the filameuaceg divided by the channel
height equal to 4, the angle between filament df°l&nd flow direction bisecting this
angle. The same authors validated experimentalgethsimulations in a subsequent
paper [55], obtaining mass transfer coefficientsthy limiting current method. This is
also the only paper where spacers with woven filgmare investigated. The entry
length in the channels was found equivalent to aimee to five repeating flow cells
along the mean flow direction.

Tanaka [56] performed limiting current density m@asnents on anion and cation
exchange membranes in a six channel electrodialy2erdiamond spacer with
overlapped filaments was used in the measuringredaResults showed that the spacer
adopted did not increase the limiting current digngdrobably because of the dead
spaces between the spacer and the membrane; gpacar could eventually not have
effects on mixing enhancement.

Balster et al. [57] tested performance of differspacer configurations by limiting
current density measurements in a six compartnlentredialysis stack. Conventional
non-woven, modified, twisted, and multi-layer spaceere tested. The presence of a

spacer clearly enhanced mass transfer respect tentpty channel. Results showed that
24



Fundamentals, state of the art and literatreview

twisted rectangular filaments can provide bettekimg than round filaments due to
swirling flows, although channel performance iseaféd too by the angle between
filaments and the flow attack angle. At the sdPmethe best multi-layer spacer tested
showed a 20% increment in mass transfer with redpea conventional spacer. In the
multi-layer configuration, the middle spacer moves flow from the bulk towards the
channel walls; here, the thin spacers decreasbahedary layer thickness by creating
vortices near the membrane.

Ranade and Kumar [58] showed that a “unit cell’rapph can be used successfully in
CFD simulations, allowing to resolve in detail shsaale flow features. Also, the
contributions of form drag and viscous drag todkierall pressure drop were quantified
and spacers with different cross-sections werdestiud

Santos et al. [59] investigated spacers made @aémgalar cross-section filaments, by
means of CFD direct numerical simulations on peciagtlls and experiments, finding
that all the fluid dynamics variables were detemsdimainly by the transverse filaments.
Results showed that the transition from laminartremsitional flow regime can be
rigorously determined by the slope of the frictfantor-Reynolds number curve.

Koutsou et al. [60] carried out CFD direct numerisianulations in a periodic unit cell
and experimental tests on diamond spacers, by afarigje mesh length and angle
between the crossing filamentg).(As expected, pressure drop tends to decrease by
increasing the mesh length and reductiyghe smallest values of wall shear stresses
were near the contacts spacer filaments/walls. sSEme authors published a systematic
study (CFD simulations and experiments by limitiogrrent) on mass transfer [61].
Lower values ofSh were obtained as the mesh length was increasedasfi was
increasedShand time/space-averaged shear stresses exhilgitgcgimilar dependences
onRe Also theShdependence on the Schmidt numi&g) (vas studied, finding a power
law with exponent near 0.4.

Shakaib et al. [62] analyzed by CFD the effectspcer geometry in terms of spacing
and thickness of the two sets of filaments, flowa@t angle and angle between the
filaments, on pressure drop and shear stress. dine suthors investigated also mass
transfer [63]. A comparison between shear stresdrildition and mass transfer

coefficient distribution was done. Also, the averagass transfer coefficient was found
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to increase in (i) spacers with increased transvétament thickness and (ii) spacers
with filaments inclined towards channel axis whistolve zigzag nature of flow.

Li and Tung [64] have evaluated different cell tyder periodic boundary conditions in

CFD simulations of overlapped spacer-filled chaspelhowing that for symmetric

spacers all the possible cell types reported éndttire are suitable, while for asymmetric
spacers the best cell type is when the filamentslap at the centre of its lateral faces,
because only in this case the lateral areas aieadejot.

Some papers have been devoted to study the unsleadyegime [65, 66], other ones

have been focused on multi-layer or non-conventi@pacers [57, 67-71] and some

papers addressed the CFD modelling of pressurerdmembrane processes [72-74].

142 Boundary layer resistance and net power in RED stacks with
spacer -filled channels

Literature data on boundary layer resistance anga@er in RED stacks equipped with
spacer-filled channels are reported and analysethis section. The measurement
techniques for the evaluation Bf_ in RED stacks are (i) chronopotentiometry and (ii)
electrochemical impedance spectroscopy coupleddiiéitt current measurements.
Jagur-Grodzinski and Kramer [32] carried out experit by investigating the effect of a
modified spacer. The surface of a commercial spaesrmodified by chlorosulfonation
and subsequent hydrolysis to make it less fricliana cation conducting. The hydraulic
loss was considerably reduced and the gross powsrincreased when the modified
spacer was adopted, by obtaining an increase opower of ~55%. Only ~10% and
~4% of the energy produced was spent for pumpirigtisas, for the case of the
unmodified spacer and the modified spacer respagtiat the flow rate that maximizes
the net power. These percentages were low dueetdithh thickness of the channels,
equal to 0.85 mm and 0.65 mm.

Post et al[17] employed the chronopotentiometric techniqae the case of a stack
provided with spacer-filled channels either 0.5 mm®.2 mm thick, concluding that the
stack resistance was mainly Ohmic, but a non-Ohragistance of 6% and 16%
respectively was also present.

Dlugotecki et al [26] employed direct current measurements coupleith

electrochemical impedance spectroscopy in a stétkthhe same spacers used by Post et
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al. [17]. From these experiments, it is highlightédht: (i) at low flow rates,
concentration polarization phenomena can accounthf® dominant resistance; (ii) the
spacer shadow effect (which contributes to the @hesistance) is significant.
Dlugofecki et al. [29] employed the same technique forestigating the effects of ion
conductive spacers. Results show a reduction obtleeall stack resistance by a factor
~2 and an increase in power density of a factor c®#hpared to the stack with non-
conductive spacers with the same open area ane . shhjs performance improvement
is due to a significant reduction of the Ohmic stmice by eliminating the spacer
shadow effect. On the other hand, an increadgginwas found when ion conductive
spacers are used, due to the contribution of theespsolution interface to concentration
polarization phenomena.

Dlugofecki et al [4] carried out experiments by the same technifuea two
compartments cell (without spacers), in order tcasnee all the contributions to the
resistance across an ion exchange membrane: pungbnamee resistance, diffusion
boundary layer resistance and double layer resistaBxperimental data reveal that, at
very low salt concentration (0.017 M NacCl), the dioamt resistance is the diffusion
boundary layer resistance, while the other two rdoutions are of minor importance. At
higher salt concentration (0.5 M NaCl), the puremheane resistance is the dominant
one, the diffusion boundary layer plays a consiolerarole and the double layer
resistance is not significant. Note that in thesmgarisons, the Ohmic resistance of the
solution (which depends on the distance of the m&as electrodes) is not considered.
Also, the beneficial effect of the flow rate in teihgRg, is shown.

Veerman et al. [18] carried out experiments on acélls stack with spacers 2Qfn
thick. The maximal net power is reached at a lifeaw velocity of ~0.7 cm/s. At this
optimum the pumping power reduces the power oulgu25%, while the reduction of
the maximum gross power can be estimated to be ~38&pressure drop as a function
of the flow rate is fitted by a parabolic curve, intg due to the contribution of the
manifolds (80% of the total [34]). This emphasitleat the design of the manifolds is
crucial.

Veerman et al. [20] compared the same stack of i8] a large stack with 50 cells 25
x 75 cnf. At the maximal net power density, the energy lassydrodynamic friction is

13% and 16% for the small stack and for the latgeks respectively. Also, the authors
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concluded that the main contribution to the hydcawsistance is due to the spacer-
filled part of the compartments just around thepdyiand drain holes. With respect to an
infinite wide and long empty channel, the total gs&e drop per unit length is
incremented of 715 times, as highlighted in [19].

Vermaas et al[21] performed experiments by chronopotentiomdtnyevaluating the
performance of four different spacers with thicisxed 60, 100, 200, 48am. The
Ohmic resistances (mainly due to the resistancthefriver water compartment) were
predominant at high flow rates, as the non-Ohmgistances were decreased. For a
given flow rateRg, increases as the spacer thickness increasesp@sted). At the flow
rates that give the maximum values of net powgr,is comparable witlR,c and Ry,
and it is comprised from ~16% to ~25% of the tatédrnal resistance. The maximal net
power is obtained at Reynolds numbers lower thahhg. reduction of the gross power
due to the pumping power is about 44%, 18%, 14%68ador the spacers in ascending
order of thickness, while the difference betweemn rtaximum net power obtained and
the maximum gross power achievable is >50% (noy éasevaluate from available
data), ~47%, ~28% and ~25%. The total pressure pgeopnit length through the stack
is ~35 times the pressure drop per unit length nnempty channel with infinite
streamwise and spanwise extend, (inversely prapwtito the cubic power of the
thickness).

Vermaas et al[14] proposed a method to predig, from design parameters only: they
assumed that the degree of mixing in the boundaygrs depends on the velocity shear
at the membrane-solution interface. Also, the ¢ftéche channel length was evaluated,
showing that a very short path length can increagaficantly the net power, especially
if low resistance membranes are used.

In [28] experiments were performed using variouarctel configurations. In particular,
a standard woven spacer (24f) and a twisted spacer (238) made by single wires
as a weft and two twisted wires as a warp, werel.usbe twisted spacer shows the
following performance with respect to the woven cgra significantly lower ohmic
resistance (decrease of 15%), due to the more apenand porosity, which reduce the
spacer shadow effect; slightly higher non-Ohmidstasces, but at the flow rates that
maximise the net poweRg= 3 vs 2.5) they are practically equal and condistl®% vs
~22% of the total resistance; higher gross powasithe due to the reduction of the

Ohmic resistances, which were the dominant onegerd@ressure drop (~3/4) due to the
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more voidage; higher net power density, with a otida of the gross power due to the
pumping power of ~10% for both spacers, and a miffee between the maximal net
power obtained and the maximum gross power of ~8%oth spacers, with values
slightly lower for the twisted one. To the authol@w non-Ohmic resistances were
found, due to a uniform feed flow distribution oube whole width of the channels that
avoid the presence of dead zones ([36]). This whieaed by means of wide manifolds
for the distribution in the stack used for thespegiments. Also, a tremendous reduction
of the pressure drop localized in the manifolds whtained, but the overall hydraulic
loss for the normal spacer was ~10 times higherpeoed to a profiled-membrane
channel, although large standard errors occurréteimeasurements.

Up to now, Daniilidis et al. [25] have carried dlé only work addressing the evaluation
of the performance of a RED stack fed by differenncentrated solutions. NaCl
concentrations ranging from 0.01 M to 5 M were us€He spacer adopted had a
thickness of 10@um. The membrane resistance is dominant at higherdrations, while
the Ohmic resistance of the channel and the noni©Ohesistances are reduced
significantly at high concentrations. On one hathe, higher conductivity reduces the
Ohmic resistance; on the other hand, the effectshef non-Ohmic phenomena are
affected strongly by the solution concentration.fdot, the streamwise concentration
change relative to the inlet concentration anddtwcentration change in the boundary
layer relative to the bulk concentration are lowsithe average concentration increases.
Since the voltage established over the membranendspon theatio of the solutions
concentrations, the lower relative reductions ohaamtrations reduc®,c: and Rg,
which at high concentrations (for example 0.5 MMPpbegin negligible. The maximum
gross power output was found for the couple 0.025W.

Pawlowski et al. [27] carried out measurements imiting current conditions and
chronopotentiometric measurements in under-limitingent conditions, in a stack with
either spacer-filled or empty channels 8@®n thick. Limiting current density
measurements showed that the double layer thickdess not depend on the NaCl
concentration within the investigated range (108 80 g/l solutions). The presence of
spacers reduced the boundary layer thickness by &5¥e lowest linear flow velocity
investigated (~0.2 mm/s) and 60% at the highest(e8e cm/s). Also the entry effects

in the empty channel were studied. The concentrdtéd becomes fully developed at a
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certain distance from the channel inlet (~10 crmore), i.e. the Sherwood numb&t(
reduces up to an asymptotic value, although thgestd the curve is much higher near
the entrance; also, as the linear flow velocityréasesSh settles at a longer channel
length. In a spacer-filled channel, convective $gort favours mixing, but also reduces
drastically the entrance effects, which are comfimea small region near the inlet [55,
63]. Therefore, the use of short empty channets &5 cm) could even redu&y,, as
the entry effects could enhance mass transfer tharethe convective motions induced
by spacers. Chronopotentiometric measurements afi©bnd non-Ohmic resistances
for the two channel configurations were performé&te spacer increased the Ohmic
resistances and reduced the non-Ohmic resistaramepaced to the empty channel,
while at higher concentrations and higher flow eéles the two contributions to the
resistance were decreased. The following data wlati@ned below 1 cm/s of linear flow
velocity, which is the range of major interest REED (in terms of maximum net power):
(i) at the concentration of 1 g/l (0.017 M) the r@hmic resistances accounted for
~14% and ~32% for spacer-filed channel and emptgnael, respectively, with a
reduction of the total resistance in the empty aehof ~35%; (ii) at 5 g/l (0.085 M) the
non-Ohmic resistances were of ~8% and ~21% forespldted and empty channel,
respectively, with a reduction of the total resis& in the empty channel of ~54%; (iii)
at 30 g/l (0.511 M) the resistances were signifigatower and the non-Ohmic
resistances had the relative influence furthereedu

15 Profiled membranes

Profiled membranes represent a valid alternativehto traditional net spacers. The

profiles, present either on one or on both sidesamh membrane, can be obtained by
hot pressing and perform the function of spaceparsting the membranes and thus
generating the channels for the feed solutions]emmaintaining good chemical and

mechanical characteristics [75]. The use of prsfirade by ion-conductive material

reduces the Ohmic resistances of the stack, asirttlesired spacer shadow effect is
avoided, and the membrane active area can be gexteaAnother important advantage
is the reduction of the friction factor comparedatepacer-filled channel; this fact allows

operating either with lower power consumption fammping, or at higher Reynolds

numbers thus promoting mixing and reducing thedezsie time. On the other hand, at a
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given flow rate the net spacers provide enhancedexiive transport which improves
mixing. Finally, cost savings should not be forgatt

In the next two sub-sections a literature reviewperformance of profiled membranes is
reported. Section 1.5.1 is devoted to the analysfiiid dynamics and mass transfer in
profiled-membrane channels, while section 1.5.2mspdata from the few works found

in the literature on RED stacks with profiled meenes.

151 Fluid flow, pressure drop and mass transfer in profiled-membrane
channels

In the literature, some examples of profiled membrapplications in electrodialysis
experiments can be found. Measurements at limitimgent density and overlimiting
current densities provide mass transfer coefficient Sherwood number for the
characterization of mass transport phenomena.

Scott and Lobato [76] carried out limiting currefgnsity measurements, and proposed
an experimental correlation relating the Sherwdelynolds and Schmidt numbers for a
cross-corrugated module, valid in the rarige = 50-1000. A flow regime with an
irregular flow path was caused by the membraneugations (which disturb and break
the boundary layers), thereby enhancing mass trareid providing flow features
typical of a turbulent flow [77].

Nikonenko et al. [78] suggested a semi-empiricgbrapch to predict mass transfer
characteristics of electrodialysis and electrodiemtion stacks used for the desalination
of dilute solutions in overlimiting current modeshigher increase in the mass transfer
coefficient due to mixing promotion was obtainedr fohannels with profiled
membranes, as compared to spacer-filled channadsafacourse empty channels).

In the work of Larchet et al. [79], a stack withofiled membranes exhibited a lower
hydraulic resistance and a higher mass transfer tlein a stack with spacer-filled
channels. Also, profiled membranes were effectivthe overall range of concentrations
investigated, while non-conducting spacers werectiffe only at feed solution
concentrations higher than 0.002 M.

Balster et al. [80] prepared and characterized \elnmembrane design, referred as
“membrane with integrated spacer”, where the pefivere obtained by capillary forces

of a drying polymer solution in contact with a spiacer. This membrane was tested in
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an electrodialysis stack, showing (i) an enhancexbsmtransfer and (i) a reduced
electrical resistance of the stack compared t@tie=sponding flat membrane.
Strathmann [10] carried out experiments of ED wittofiled membranes, obtaining
lower stack resistance and higher limiting curensities than in a stack provided with
flat membranes and net spacers.

Moreover, several papers can be found in the titeeaon hydrodynamics and heat
transfer predictions via CFD in corrugated channeiginly with reference to heat
exchangers [81-85], but very few woks have beerotdelto mass transfer phenomena
in such geometries. Zhang [86] carried out CFD riimde of fluid flow and mass
transfer in a cross-corrugated triangular ductibytating water vapour transport in dry
air; correlations of friction factor and Sherwoaghmber with the Reynolds number were

proposed.

152 Boundary layer resistance and net power in RED stacks with

profiled-membrane channels

An increasing interest towards the RED technolaggdticeable in the recent years, but
very few works have been devoted to studying thdopmance of RED stacks with
profiled membranes. As reported in the literatu#8][ the adoption of ion-conductive
spacers improves the system performance in terngsost power density compared to
the use of non-conductive spacers, but of courss dot affect the hydraulic loss. First,
Brauns [31] proposed the use of profiled membrénmea RED stack. Later, Veerman et
al. [19] introduced the concept of “fractal profilenembranes” in order to have short
and spacerless reactor channels.

Experimental data ofRz_ in RED stacks with profiled membranes are obtaibgd
chronopotentiometry. The first real applicationpobfiled membranes to RED is in the
experiments by Vermaas et al. [30]. Profiles havargrjuare cross-section arranged and
running along the entire channel length were obkthihy hot pressing of commercial
membranes. The wet ridges were 245 for the CEMs and 23pm for the AEMs and
placed at 1 mm of distance. The performance ofstaek with these membranes was
compared to the performance of the stack with paters 24@m thick. The maximum
gross power density of the stack with profiled mesmles was found to be only slightly

larger than that relevant to the stack with netcepa In fact, although the profiled
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membranes gave an Ohmic resistance decreased W, By also causedRy,
significantly higher (increment of ~175% at thewloate that maximises net power) due
to a poorer mixing promotion. The maximum valuesef power were obtained f&e

~ 5 for profiled membranes ariRle~ 2.5 for spacers. In the condition of maximal net
power, with respect to the total resistan@g, was ~36% for profiled membranes and
~12% for spacers. On the other hand, the hydrédadis was 4 times lower in the stack
with profiled membranes, resulting in a net powensity increase of 10%. The gross
power was reduced by the pumping power by ~13%pfofiled membranes and ~20%
for spacers, while the difference between the marinmet power obtained and the
maximum gross power was ~44% for profiled membraared ~40% for spacers. The
total pressure drop per unit length through thekstaith profiled membranes is ~20
times the pressure drop per unit length in an erapannel with infinite streamwise and
spanwise extend. In another work [14] (see alstaed.4.2) higher net power densities
were theoretically calculated for stacks with pgexfi membranes compared to stacks
equipped with net spacers.

Further experiments are shown in [28], where d#férchannel configurations were
tested: two kind of spacers (see section 1.4.2fjlpd membranes as those used in the
previous work [30] (although here the channel thads is declared to be 2gfh), and
profiled membranes with additional sub-corrugatiohsriangular shape with height of
50 um, perpendicular to the fluid flow. Due to the udevide manifolds, the stack used
for these experiments ensured (i) a uniform feed fllistribution over the whole width
of the channels without dead zones and thus lowQiamic resistances, and (ii) low
pressure drop, compared to those measured in TB@}efore different performance for
the profiled membranes was found compared to teeiqus experiments [30]. The stack
with profiled membranes exhibited the following feemance at the maximum net
power (obtained forRe =~ 4): non-Ohmic resistances equal to ~31% of thal tot
resistances, low reduction of the gross power du@ed pumping power (<5%, but with
large experimental errors), difference betweenntlaaimal net power obtained and the
maximum gross power of ~37%. The total pressure ger unit length was found only
slightly higher (~doubled) than the theoretical ama finite rectangular channel, due to
the improved distribution system. The configuratiaith sub-corrugations did not

exhibit a decrease in non-ohmic resistance bectngssub-corrugations employed did
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not act as mixing promoters at the low Reynolds lners typical of RED systems. Also,
higher Ohmic resistances and hydraulic frictionuestl the gross power and the net
power. For a comparison with the performance ofsicers, see section 1.4.2. Here, it
can be highlight that, with respect to the nornmadcer, the profiled membranes: (i)
reduced of ~50%R,; (ii) exhibited practically the same non-Ohmiciséances at the
low Reynolds numbers that maximize the net powerilevat higher flow rates are
reduced by the spacers; (iii) reduced drasticasgure drops, which account for ~10%;
(iv) increased gross power and net power respégtofe-60% and ~76%.

Another advantage of profiled membranes is a deitgitto fouling much lower
compared to stacks with net spacers [87]. Finglhpfiled membranes which do not
disturb much the fluid flow can be adopted for shdrannels in order to exploit entry
effects reducindRs, [27] (see section 1.4.2), as well as for decrepBie and pressure

drop.

16 Influence of the distribution system on the RED stack performance

The total pressure drop through the stack fromtinte outlet includes various
contributions. In general, it can be divided in) ¢he pressure drop in the
distribution/collection system and (ii) the pressuairop in the channel, provided by a
spacer or a profiled membrane. Experiments on dalesstack show that the measured
hydraulic loss per unit length is significantly hay than that one in an empty channel
with infinite streamwise and spanwise extent. Dmtntioned in section 1.4.2 and 1.5.2
shows that these increments can be of one or e@prders of magnitude, and also that
the hydraulic friction in the manifolds is an impamt contribution and often is even the
main one [14, 18-21, 28, 30, 34].

It is important to remark that in all works cited $ection 1.4.2 and 1.5.2 the classical
plate-and-frame geometry is adopted for the REkstand usually a cross-flow
configuration for the two solutions is adoptedalmost all these cases, spacers, gaskets
(integrated or not integrated) and membranes arehmd; therefore the fluid moves
along the ducts created by these holes and ehgihainnels if encounters the spacer or
goes on if encounter the gaskets.

According to Veerman et al. [20] the following padf this kind of stack that contribute

to the total pressure drop can be identified: @nifolds (intended as external tubing),
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(ii) bores through the stack, (iii) spacer-filledrpof the compartments near the supply
and drain holes and (iv) part of the spacer-fibeanpartment where a uniform flow can
be assumed. In the stack used for these experirtemtsxternal tubing was purposely
over dimensioned, while the channels formed bybthres were only 3 cm deep; thus the
first and the second contribution can be neglec@mhversely, the initial part of the
channels around the inlet and outlet holes wasat&gdo be very high. In fact, the feed
solutions enter the compartments in radial directiorough these holes with relative
high fluid velocities compared to the cross-sectidhe channel with the whole width.
This part was referred as “radial spacer resistariegperiments were performed in a
large stack with 50 cells 25 x 75 €in two operation modes: vertical, i.e. along arsho
flow path (25 cm), and horizontal, i.e. along addiow path (75 cm). The trend of the
pressure drop as a function of the flow rate wamdoalmost the same for the two
configurations, despite the significant differemeehe flow path length. With respect to
an infinite wide and long empty channel, the tqtaéssure drop per unit length is
incremented of 715 times, as highlighted in [1%e3e facts demonstrate that the radial
spacer resistance is dominant compared to thetaeses offered by the channel where
the flow can be assumed uniformly distributed.

In the experiments of Veerman et al. [18] (50 cstck with spacers 2Q0n thick) the
trend of the total pressure drop (measured outsidestack) as a function of the flow
rate is fitted by a parabolic curve and is mainbe do the high losses localized in the
manifolds. In fact, pressure measurements in theeagfilled channels showed a much
lower pressure drop [34]. Therefore, the residusdsgure losses are caused by
distribution/collection system, which amount to 80%ihe total one.

The profiled membranes used by Vermaas et al. §88dte empty channels, although
with finite width. Even in this case the total pese drop per unit length was ~20 times
than in an infinite wide and long empty channeltHa stack with spacers, the increment
is obviously higher (~80 in this work and ~35 irL]R Only a minor part of this excess
is due to the finite width of the profiled-membrasteannels. Taking into account of the
width (1 mm), the theoretical pressure drop is titi@s lower than that measured.
Therefore the major excess in hydraulic frictiorc&ised at the inflow and outflow of

the compartments, where the flow moves radialljywsharp corners and high velocity.
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All these findings highlight that some action aeeded in order to reduce the pumping
power consumption due to the distribution/collectgystem. For example, it would be
recommended to make more inlet and outlet holes.

Pawlowski et al. [33] developed and experimentadliidated a model for predicting the
total pressure drop inside a RED stack. In theksti@sign simulated, the partial pressure
drops taken into consideration are: in (1) distidmu ducts, (2) branches, (3) beams, (4)
due to sudden section expansion between the beath@mompartment channel and (5)
in the compartment channel (spacer-filled or sp#ss). In lab-scale stacks simulated,
the pressure drop in the compartments was domieapgcially for narrow channels and
low fluid flow rates. A non-uniform fluid flow disibution among the channels in the
investigated stack geometry was due to the pressnage in the distribution duct and,
especially, in the sudden expansion and contrattianches, where the pressure drop is
calculated proportional to the squared fluid vetjpclor large-scale stacks dimensions
with an increasing number of cell pairs (200), pinessure drop in the branches increases
(as the total flow rate has to be incremented tintaim the same average flow rate in
the channels); moreover, its relative weight canobge important as fluid flow rate
increases (higher than 2 cm/s) and/or the charnekrtess increases (i.e. 0.8 mm),
causing a less uniform distribution of flow ratedlanreduction of the net power density.
Tanaka [12] applied hydrodynamics equations forifam flow to an electrodialysis
system in order to evaluate the parameters thatribesthe performance of the stack.
The main parameters were: the static head differbetween an entrance and an exit of
a current-passing section and that of a passagethayspacer friction factor; the
distribution coefficient of solutions flowing intevery cell. The solution flow in a stack
was classified as: (i) a one-way flow system, whtiie flow direction in an entrance
duct is identical with that in an exit duct; (ii)tevo-way flow system, where the flow
direction in an entrance duct is opposite to timaam exit duct. It was found that for
operating the stack stably by maintaining a mordgoum pressure drop between the
entrance and the exit ducts and thus a more uniffiom rate distribution, it is
preferable to adopt one-way flow system, reducepteesure drop in the distributor and
reduce the number of channels. From the non-eqiuitibthermodynamics, the overall
mass transport equation was introduced in ordesveduate solution leakage due to
pressure difference. In this equation the ionicx fig expressed by the terms of

migration, diffusion and leakage of ions, and tlsume flux is expressed by the terms
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of electro-osmosis, concentration-osmosis and tpakaf solutions. The solution
leakages were found in both directions, i.e. fronfeaalting cell to a concentrating cell
andvice versabecause the pressure in a desalting cell bectargey in some part and
smaller in another part than that in a concentgatiell. These events are caused by non-
uniform distributions of linear velocity and frioti head in desalting cells. Therefore,
ensuring a more uniform distribution of flow ratethe desalting cells of the stack and
decreasing the spacer friction factor should suggies strategies for reducing the
solution leakage.

The above literature review emphasizes that thegded the manifolds for the stack is
crucial. Among the experimental works on lab-sd#D stacks, Vermaas et al. [28] are
the only to having used a completely different gesif the stack. The feed solution is
supplied by means of a short duct crated by a imé&PMMA casing, then passes in a
manifold of width equal to the channels, and fipadhters the compartments. The two
solutions are fed in cross-flow configuration. Asgat was at both sides of either spacer
or profiled-membrane parallel to the flow directicioses the channel to the other
solution. The performance of this stack in term@@f-Ohmic resistances and pumping
power was better than the stack used in [30]. lohsa system the preferential
channelling is avoided, i.e. a uniform feed flowtdbution over the whole width of the
channels without dead zones is obtained; as a quesee low non-Ohmic resistances
occur. Also, the contribution to the total pressute®p due to the manifolds is
significantly reduced. In fact, profiled membraresibited a pressure drop which is
close to the theoretical value in a finite rectdagahannel (~doubled). In addition, also
the high thickness of the distributor channel couédre beneficial effects, favouring a
uniform distribution of flow rate among the chamsl a stack with several cell pairs.
Summarizing, the geometry of the distribution/cdtilen system can affect significantly
pressure drop, flow rate distribution among thencieds, flow rate distribution along the
width of each channel (preferential channelling alehd zones), with a consequent
influence on pumping power, leakage issues, noni@nasistances and thus on the net

power achievable.

17 Process modelling

1.7.1 Multi-scale approach
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An essential element for the optimization of eleatembrane processes is represented
by an effective modelling tool, capable to prediith good accuracy the behaviour of
the system involving a sustainable computationahated. In fact, the performance
improvement and the design of the optimal confijaracan be achieved by the support
of a suitable process simulator. Neverthelessdimglup a comprehensive simulation
tool is a very hard task; this is due to complermdmena which interact each other and
occur over several scales. For this reason, tleetdgimulation of the complete system
by one only tool appears to be impossible.

An integrated simulation tool based on a multi-ecalodelling approach can be the
effective way to address the full problem [88]. dingh a structuregeparation of scales
the detailed analysis at small scale on fluid flawd mass transfer inside the channel can
be correlated with the membrane modelling, reprasgnthe higher scale of
investigation (meso-scale). From the simulatiorpb&énomena at small scale the local
distribution of the variables within the channeloistained; therefore, these results are
used to develop the constitutive expressions,the.functions correlating the process
parameters such as mass transfer coefficient aaotiofr factor with the parameters
describing the operating conditions and the chagaemetry. At the meso-scale the of
the transport through the membrane is treated bgnmef a suitable mathematical
model integrated with the modelling at lower scétets the cell pair in a RED stack can
be simulated. Finally, a larger spatial domaimigestigated, up to the simulation of the
whole stack.

In this work, the spatial scale investigated is nyathe small scale inside the RED
channels. A literature review of CFD modelling ipaser-filled channels is provided
above in section 1.4.1 (along with experimental kspr The mass transfer in those
works is addressed by means of a convective-diffutiansport equation. In the next
section, modelling of mass transfer phenomenaedoted-membrane processes, and thus

involving the migrative flux, at the small scaleioferest for this work is devised.

1.7.2 Modelling of masstransfer in electro-membrane processes
In an electrolytic solution, ions are charged spedthat interact with each other as well
as with the solvent. These interactions are guitaptex and difficult to model, but a

simple approach lead to the Nernst—Planck equatiencommon equation adopted in
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the literature to describe the ionic flux. This egaxh is based on the so-callathciple

of independencef the ionic fluxes: the flux density of a specids determined by its
electrochemical potential gradient only, and not tme electrochemical potential
gradients of other species. This means that crbesgmenological coefficients are
neglected in the transport equations for ionic E®ci.e. there are no short-range
interactions among ions. The Nernst—Planck appraachly strictly applicable to dilute

solutions, where the probability that two ions glese is relatively small [45]. The flux

of the ionic species( ji) is expressed as

3=-D0G-D7G O+ ¢ (111)

where,D; is the ionic diffusion coefficienC; is the concentratiorg, is the valencey is
the electric potential, and is the velocity vector. The total flux of the spd is given

by the sum of the diffusive, the migrative and toavective fluxes. As well as the flux
of mobile ionic species, the complete system ofatiquns describing mass transfer in
electrolytic solutions comprises the expressiongmass balance of the components,
conservation of mass (continuity equation) and muoma (Navier—Stokes equations),
current density and a condition for the net chadpnsity. Usually the local
electroneutrality condition is assumed, which statieat the local electrical charge

density vanishes everywhere
2.2G=0 (1.12)

Actually, the rigorous relationship is the Poissoequation, which for a medium of

uniform dielectric constarntis

Tp=T Y26 (1.13)
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The proportionality constarfi/c is quite large (for water ~ 7.08 x 10"° F/m), so that a
negligible deviation from electroneutrality woulelad to a considerable deviation from
zero of the Laplacian of the electric potentialother words, an appreciable separation
of charge would require prohibitively large electforces [89]. However, whenever the
electric field varies with position there are deias from local electroneutrality. These
deviations occur in the electrical double layemégrfaces IEM-solution and electrode-
solution, and are confined in a quite narrow redibyi0 nm [89]). Although they are
irrelevant in terms of chemical composition of tbelution, they are crucial for the
electrical contribution to the electrochemical poi& of charged species. For example
the space-charge region has a relatively constahi@av charge density (typically less
than 0.1 eq/m) that is essential for sustaining overlimiting remt through the boundary
layer. Also, at overlimiting current the space-gjgaregion expands beyond the electric
double layer from the IEM [90]. For the solution wnsport problems in regions of
locally charged solution, Poisson’s equation isdeee Therefore, the so-called Nernst—
Planck—Poisson (NPP) model has been used. Duestsmiall numerical value of the
permittivity of water, the NPP model is classifi@sla singularly perturbed problem. It is
a complicated mathematical problem, but there aversl solution methodologies in the
literature [90-97].

As the energy required to charge a macroscopiesy$s very high, and the double
layer is confined in a very narrow region, whemsgort phenomena are investigated at
higher scale, normally electrolytic solutions asuwmed electrically neutral and the
Poisson’s equation is replaced by the electroniytondition, with a simplification of
the mathematical treatment of mass transfer. Sewen&s based on the Nernst—Planck
approach and the electroneutrality conditions Haeen carried out [6, 38, 40, 47, 98-
104].

On the other hand, in concentrated solutions anisasurrounded not only by solvent
molecules but also by other ions. In such a sibmatshort-range interactions become
more important, thus additional frictional forcas @resent. In other words, the accurate
description of transport processes in concentra@dtions requires more transport
coefficients than those required by the Nernst-¢Maapproach as well as a more
rigorous approach. According with the Stefan—Maxvegiproach [45, 89], the basic
scheme for the transport equations is the followiriying force = friction coefficient x

relative velocity(see section 2.4.2). Very few examples of appbeoabf this approach
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on ion exchange systems can be found in the litexatl05-107]. Kraaijeveld et al.
[105] used the Stefan—Maxwell equations, assuntiegeiectroneutrality condition, in
order to model electrodialysis. The followed appfoavas able to provide a thorough
description of the process simulated. However, thedel was based on several
parameters not easy to get.

Modelling of mass transfer in electro-membrane psses is a very complex topic.
Beyond the approach and the consequent equaticstensyadopted, one needs to
choose: the domain to be simulated, from the baynidger between the fluid bulk and
the membrane-solution interface up to the realityglic” unit consisting of the cell pair;
the dimensions to which extend the simulation, 2D, or 3D; the components of the
convective transport, if it is included. Moreovehe properties of the membranes
(resistance, diffusion coefficient of ions, etcar)d the appropriate boundary conditions
are important. The complete system consists ofllgpaé@ simulated in 3D, taking into
account the three component of the velocity, thanakl geometry (e.g. presence of
spacers), and the membranes properties. It apmézas that such a system is very
difficult to simulate and would require a huge catgtional effort for an accurate
spatial resolution. As a matter of fact, all therkgoin the literature are based on some
simplifying assumptions. 1D or 2D simulations aaeried out usually [6, 38, 40, 47, 98-
104], convection is considered in some cases [681@0, 103, 104] and a cell pair is

simulated rarely [6].

1.7.3 Modéling of masstransfer in RED

The complete prediction of the performance of a REE&rk could be possible only by
simulating the entire stack and taking into accaalhthe phenomena involved in the
process. However, it would be unsustainable froempbint of view of the computational
effort, as well as very complex for the phenomegimal modelling. Published
computational studies of transport phenomena imméla for RED are only few. Brauns
[31] used the Lacey [2] approach, based on a siieglconcentration polarization layer
model, to evaluate the effect of various parameiarslectrical power output. However,
mass transfer is not addressed directly and thadaowy layer thickness is assumed at a
given value. In other words, the small scale of pheblem is not analysed. The same

author refined the analysis by using two-dimendidinge element modelling [108]; the
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steady state salt ion flux through the membraned #me corresponding ion
concentration distribution within the solution coanments were investigated. In this
case, mass transfer inside the channel is addréssedl scale analisys).

Kim et al. [109] carried out a numerical study nwestigate power generation by reverse
electrodialysis in ion-selective nanochannels mlabetween two KCI solutions. Mass
transfer was treated by the Nernst—Planck equafwithout convective transport)
coupled with the Poisson equation and by impodiegpbtential difference between the
two reservoirs as boundary condition. The currexteptial characteristics of the
nanochannels and the power density were calcul@tesl numerical results indicate that
the power density can be maximized by: using th@&r@ nanochannel length, which
can be determined by an equation purposely fousidiguthe nanochannel with the
smaller cross-sectional area; coating the nanoaiasurface with materials having
strongly acidic or basic functional groups in orderincrease surface charge density;
keeping the concentration difference between twemmirs as large as possible.

Kim et al. [110] developed a simplified model irder to simulate a RED unit composed
by a concentrated channel and a diluted channdbygoulsatile flows. Empty channels
were considered. The diffusion-convection transpoiitNa™ was treated in a 2D
framework. The membrane domain was not simulatetthe transport of cation across
the membrane (only by diffusion) was expressed @sndtary conditions. Also, the
cation diffusion coefficient in the membrane an@ thartition coefficients between
membrane and solutions were needed. A subsequeht[®#hl] was based on the same
modelling approach in order to investigate a RE&rlstfed in serial configuration, i.e.
seawater and fresh water leaving a compartment éhée subsequent one. As the
number of cell pairs increases from 1 to 8, the imar (gross) power decreases, but
the maximum energy density increases. The effecinofeasing fluid velocity is
inverted.

Jeong et al. [112] proposed a more complete nualemodel, although still based on
several simplifications. A cell pair of empty chais was simulated in 2D; also,
membranes were not included in the computationahaio, but were modelled by
suitable boundary conditions at the membrane-soiutiterface. The equations system
for mass transfer and fluid dynamics comprises:sn@mservations of ions, ions flux
expressed by the Nernst—Plank equation, currensityerelectroneutrality condition,

Navier—Stokes and continuity equations. The sidis erfi the domain were placed at half
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of the channel width, with the boundary conditioof velocity and concentration
gradients equal to zero and a fixed value of degotential. The latter condition is
somehow equivalent to a fixed external load. Théecef of solution velocity,
compartment width, and membrane resistance on pgereration was investigated.
Results show that for a given membrane resistatiee,net power output can be
maximized by optimizing the flow velocity and conmpaent thickness. The maximal
net power density was obtained by a channel wifith1&0 um and a fluid velocity of
~2-4 cm/s. Also, the results from the 2D model #rmake from the 1D model based on
the assumption of uniform concentration in the ctios perpendicular to the membranes
were compared. The comparison showed that the grudaet power densities can be
overestimated when concentration change in the deryriayer is neglected; also, since
the concentration field is developing within thenfety) channel, the fluid velocity affect
the discrepancies.

A similar but more rigorous model can be foundid3]. A 2D model was developed
for a computational domain consisting of a cell geid a further diluate channel needed
for practical reasons in order to impose the prgpemiodic boundary conditions. Of
course, periodic conditions apply only to conceidres and fluxes of species, but not on
the electric potential, due to the generation i@ RED system. However a suitable
function of the software used, allowed the impletagan of such conditions.
Membranes were part of the computational domain &ede characterized by two
adjustable parameters obtained by the model ctibboravith experimental data, i.e. the
counterions/co-ions diffusion coefficient and cariins/co-ions mobility for the flux
expressed by the Nernst—Planck equation. Also.etbetroneutrality condition within
the membranes took into account the concentratibrthe fix charges. Partition
coefficients were used to relate the concentratiomembrane-side to that at solution-
side of the membrane-solution interfaces. At theserfaces, the jump of voltage was
calculated as Donnan potential, i.e. by assumiegetijuilibrium condition between the
two phases (the electrochemical potentials ofalkiin the two phases are equal); the
activity coefficients were assumed equal to 1. Maassfer and fluid dynamics were
solved by the same equations system mentioned dbo{&12], and the performance of
a stack withN cell pairs was evaluated by calculating the curdemsity, the electric

potential and the gross power produced (varyingekiernal load). The model was
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validated with experimental data. Moreover, stackhweither conductive or non-

conductive spacers were simulated.

The literature review of the few works carried satfar shows that modelling of RED
process is based on unavoidable simplifying assiomgt For example, the choice of
simulating a single cell pair hinds the modellirffigh® distribution system (as well as the
electrodic compartments); simulations of the wholannel length are done by 2D
modelling, but they can predict only qualitativealye behaviour of the system. Also,
characteristic parameters of the membranes areasyt to find, and models calibrated
on experimental data provided by specific appaestussk to be predictive with non-

negligible limitations.

18 What is still lacking in theliterature?

In the literature, no attempts have been spedyicdvoted to develop a suitable model
for a 3D depth investigation of fluid dynamics as$ociated phenomena in channels for
RED systems. Also, mass transfer of ions is treatedhe basis of the Nernst—Planck
approach, which is strictly valid for infinitely Idied solutions; conversely, no specific
models have been developed so far on the Stefanwdbapproach, which describes
mass transport by more rigorous equations valiccforcentrated solutions. This aspect
could be important as concentrated solutions amg peomising for enhancing the
process performance. Moreover, a specific invesitigadevoted to geometries such as
woven spacer-filled channels and profiled-membramannels for membrane processes
has not been addressed (section 1.4.1 and 1.5HJugh in RED experiments woven
spacers are commonly used (reported in sectio?)lahd profiled membranes appear
promising from the few studies performed on theecifen 1.5.2). Another significant
aspect not yet investigated is the analysis ataiveReynolds numbers typical of RED
systems, as the other membrane processes areyushallacterized by higheRe
Finally, layout configuration and fluid dynamics tife whole stack are issues poorly
considered in the numerical studies, but which oabe neglected.

The present work is focused on the CFD analysiRBD systems in order to provide
what is missing in the literature, according to RiEEAPower project aims (next section)

and on the basis of the modelling described inildetthe next chapter.
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19 The REAPower project
The work of the present PhD falls within the comtefkthe activities of the REAPower
(Reverse Electrodialysis Alternative Power Produgtiproject [114, 115]. It is an EU-
FP7 funded project carried out by an internationallti-disciplinary consortium
involving universities and private companies (sefe 1.2). The aim of the project is
optimizing the RED technology in order to guararitealevelopment and spreading. In
particular, this project focuses on the power potidn by RED technology using
seawater or brackish water as dilute solution aimebas concentrated solution, which
allows reducing strongly the stack electrical nagise and thus increasing the power
achievable [116, 117]. There are several sourceswater with very high salt
concentration: (i) brine from industrial procesdiés oil drilling, coal mines, textile
industry or some food industries; (ii) natural lerifrom solar ponds in sea salt
production facilities, salt mines, or very saltkda as the Dead Sea, which has salinity
over 250 kg/m The first prototype RED plant to generate eleitirifrom brine was
installed by REAPower in the sea salt productioailifies in Marsala Ettore and
Infersasaltworks, Sicily, see Figure 1.3), and the maximgross power achieved so far
was produced.
The specific objectives of the project are:
i. To create/select and optimise materials and compsrtailored to the process
requirements, such as membranes, spacers, electndelectrolytes;
ii. To optimise the system design by means of a compuiedelling tool
purposely developed;
iii. To verify the model, and assess the developed malteicomponents and
design through tests on lab-scale;
iv. To evaluate and improve the performance througls s a prototype fed with
real solutions (brine from a salt work);
v.  To analyse the economics and assess the persgeatitree technology;
Vi. To define the next R&D activities that are needéaliregy at an eventual
commercialisation of the technology.
The “Universita degli Studi di Palermo” (UNIPA) paipated as the leader partner for
activities on:

i. Selection of redox couples and electrode materials;
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ii. Multi-scale modelling and process simulation:
a. Fluid dynamics and transport phenomena by mea@s-6f (the object
of this PhD);
b. Development and validation of a process simulaioafRED stack;
c. Simulation of the prototype unit;
iii. Design, installation and test of the prototypeddiraccennare qui che mi sono
occupato un po’ anche di questo?)
Also, UNIPA contributed to lab-scale performancstitey.
The work carried out within the PhD represents mdémental part of the project in
order to achieve its goals. The CFD analysis ohph&na at small scale is the basis of
the modelling activities of the project, carried by a hierarchical strategy of simulation
and aimed at building up a predictive tool forg@rformance evaluation and (ii) design
optimization of the RED process.
The REAPower project started in 2010 and termin@&teS8eptember 2014. As well as
the economic evaluation and the analysis of pets@sc the last period of the project
was devoted to the activities relevant the protetigsted on site, in the saltworks of

Marsala.
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TECHNOLOGY

NIVERSITA
EGLI STUDI
I PALERMO

Figure 1.2. The partners of the REAPower project.

Figure 1.3. Installation site of the REAPower prototype pilaant: Ettore-Infersa saltworks

facilities in Marsala (Italy, Sicily).
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2 MODEL DEVELOPED

Abstract
In reverse electrodialysis (RED), complex phenomémaracting each other over
several scales occur, and fluid dynamics is crdoiathe process performance. Dealing
with the process modelling, which is fundamentaltfe design and the optimization, is
a very complex topic. On the other hand, Computalié-luid Dynamics (CFD) is surely
suitable for the simulation of RED systems, as show the several literature works on
spacer-filled channels for membrane processes. i€Rpowerful technique that studies
fluid dynamics and associated phenomena by couplimgical models and numerical
methods in computer-based simulations. CFD offergeml advantages over the
experimental investigation, including the possipilio test many cases withost
effective resultsand the effectiveness as predictive tool anddéiled analysis at
small scale.
In this work, a 3D CFD modelling tool has been msgly developed for the analysis of
fluid flow and mass transfer in RED systems. Thadel is devised in the framework of
a hierarchical simulation strategy of the RED pesceand is the tool aimed at
investigating at small scale thoroughly and effedti spacer-filled and membrane-
profiled channels for RED applications. Fluid dyniesnand mass transfer phenomena
were studied by solving the fluid flow governing uatgjons (Navier—Stokes and
continuity) and a transport equation of a binargceblyte (NaCl) suitable also for
concentrated solutions. This electrolyte transpqgration was derived from ttgtefan—
Maxwell approach by assuming the local electroradityr condition. Simulations of an
empty channel showed that the concentration fielgréatly controlled by the diffusive
transport, while the migrative one had an impadindely negligible. Therefore, it is
shown that mass transfer in RED channels can Heslagply by a convection-diffusion
equation. In the transport equation implementedntigrative term was neglected and
the migrative fluxes were simply superimposed wiita diffusive ones and reflected in
the boundary conditions. A weak non-linearity ie #iffusive term, which depends on
the concentration itself, makes the transport egualightly different to an ordinary

convection-diffusion equation. Also, the Navierd4&® equations and the transport
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equation were suitably manipulated by adding a ouerm, in order to simulate a
periodic domain.

In fact, the Unit Cell was employed as main apphoat the present model, i.e. a
periodic repetitive unit of a channel, where fullgveloped conditions can be assumed,
was simulated. Membranes were not included in tmeputational domain and a single
channel was simulated with suitable boundary cosmt

Spacer-filled channels and profiled-membrane chianwere simulated. The geometry
of spacer-filled channels was built taking into @amtt measurements made by optical
microscopy and micrometer; also, the compenetramnpression of filaments were
somewhat taken into account in order to reproduealistic geometries in the
simulations. The computational domains were dismadt by multi-block grids
composed either by hexahedral volumes, for the gtdes where this was possible, or
by hexahedral-tetrahedral volumes (hybrid grid$)e Bensitivity analysis of the results
to the discretization degree was carefully testediminarily, in order to carry out the
subsequent simulations with suitable grids for ilitg accurate results along with
acceptable computing times.

The commercial software AnSYCFX, based on the finite volumes method, was used.
The simulations were performed by high-speed coerputith a double-hexacore or a
double-octacore CPU.

In order to analyse the RED channels performareestmulation results are then used
to calculate synthetic parameters (dimensionlessbeus) quantifying pressure drop and
mass transfer. The features that a high perform&®P channel should possess are
identified. CFD data are then used as input infaionaor the higher level of modelling,

i.e. the process simulator.

2.1 Introduction

Modelling of electro-membrane processes is a vempiex topic (section 1.7.2). The
numerical models proposed are based on simpliffasgumptions on the domain
simulated and on the mathematical description efghenomena involved. Few works
have been devoted specifically to fluid dynamicd amass transfer in RED. Therefore,
in the literature various aspects have not bednastiiressed (section 1.8). This work

was carried out in order to investigate these dspemnd is part of the activities of the
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REAPower project, which pointed to the developnaa modelling tool based on the

CFD analysis at low scale (section 1.9).

In the next section, a brief description of the yiecities of the CFD technique is

reported. Then, the modelling approach proposetthimthesis is described: modelling
strategy, governing equations, computational donaaid boundary conditions, model

assumptions and numerical details are describe@; hepecific aspects, as cases

investigated, grids generated, etc. are contaimélel pertinent chapters.

2.2 Computational Fluid Dynamics[118, 119]
CFD is the technique that studies fluid dynamias associated phenomena by means of
numerical methods in computer-based simulationd €Buples physical models and
numerical methodologies, aiming at simulating flfilws and heat and mass transfer
phenomena related to them, using computers to penfeodelling, calculations and data
processing.CFD arises from the impossibility to solve analgtig the governing
equations for the fluid motion, except for caseshwiery simple geometries; thus in
most cases of real interest, a numerical appraactquiredPhysics of any fluid flow is
described by the following three fundamental pphes:

1) the conservation of mass;

2) the conservation of momentum (Newton’s second law);

3) the conservation of energy.
In particular, for a Newtonian fluid (whose visdgsis invariant with the velocity, thus
the stress tensor is a linear function of the strate tensor) from the principle of
conservation of momentum the Navier-Stokes equatiare obtained. However, the
mathematical equations expressing the three fundi@nprinciples in an infinitesimal
volume control are partial differential equatioBy. means of CFD these equations are
discretized and solved numerically in the compatal domain with the appropriate
initial and boundary conditions, obtaining the disition in space and time of the fluid
dynamics variables (velocity and pressure fieldsyl associated quantities (solute
concentration and temperature fields).
There exist various discretizations methods ofdbmain. In the finite volume method,
commonly used in CFD codes, the domain is dividechany control volumes and the

governing partial differential equations are retent with integration over the discrete
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control volume. Using the Gauss’ divergence thegreaiume integrals that contain
a divergence term are converted to surface integvdiich are then evaluated as fluxes
at the surfaces of the finite volume. Other methaxs finite element, finite difference,
spectral element etc. The equation discretizatam loe done by various schemes and
generates an algebraic equation system that carsobeed by different iterative
numerical methods and algorithms (implicit, sempiitit or explicit).
CFD applications to problems of more and more tetad sophistication require the
manipulation of a huge amount of numbers; thus aces in CFD are related to
advances in hardware of high-speed supercompugeipped with high memory storage
capacity. Moreover, during the years several comiakerCFD codes have been
developed and have found widespread use. Curr€@flyp is used in research and
industry in all fields of application involving fild mechanics to study all physical and
physical-chemical processes whose outcomes angeided by the flow field. Some
examples of application are: fluid dynamics in wdtedies, meteorology, aerodynamics
(aircrafts, spatial vehicles, cars...), macchineraici e motrici (pumps, compressors,
and turbines), unit operations, chemical reactbisengineering and medicine (blood
flows).
CFD offers various advantages over the experimémeaktigation:

e testing many different cases;

e request forfewer resources of equipment and time with sigaificcost

effective results;
« effectiveness as predictive tool in design andmoigtion;
e analysing at small scaley providing practically unlimited level of detaolf
results;
e studying systems under hazardous conditions or eviilmsv conditions are

difficult or impossible to reproduce in experimdntedel tests.

221 Stepsof CFD modelling

The CFD simulation follows an analysis procedureiddid in three phases: pre-
processing, solving and post-processing. In theppoeessing is often the most
substantial part; it consists of defining the pewblto be solved and comprises the

following operations:
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1. definition and creation of the geometry, i.e. tbenputational domain;
discretization of the domain, i.e. generation @&f thesh;
definition of the physical model:

a) equation system;

b) eventual turbulence model;

¢) boundary conditions;

d) initial conditions;

e) fluid properties;

4. definition of the numerical model:

a) equations discretization scheme;

b) equations resolution algorithm;

C) convergence criteria.
Some observations about the discretization of tmputational domain are done in the
following. The fineness of the mesh has to be blétéo the fluid dynamics regime, the
geometry complexity, and the kind of simulation tfwiturbulence model or not).
Hexahedral computational cells are preferable du€(i} higher accuracy, due to the
higher number of faces where the variables arecagpated; (ii) higher control of the
user during the grid generation; (iii) possibilitp use structured grid, i.e. with
computational cells identified by indexes, whicltilitate the work of the resolution
algorithms and the achievement of convergence. &@usely, tetrahedral cells offer
higher flexibility and can be used for any domaeogetry. When hexahedral meshes
cannot be used, hybrid grids with hexahedra amdhetira are commonly employed;
other polyhedra such as prisms and pyramids areseaty in the interfacial zones.
Often it is recommended to increase the discrétimategree in the critical zones of the
domain, where higher gradients are expected. M@mrdkie sensitivity analysis of the
results on the discretization degree is useful ita fthe grid that minimizes the
calculation time without affecting the results amy (grid independence).
Once defined the pre-processing, the CFD codeedd tsresolve the equations system.
The numerical solution requires very variables cotimg times that depend on the
physical and numerical model and on the computefopeance (CPU, RAM). By
subdividing the mesh in more partitions, the corapabal burden is divided among

more processors for a parallel run. This speedseigalculation, but an optimal number
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of partition should be set, as an excessive pamtiig could slow down the solving due

to high communication time among the different psses. Generally, the software
user’s guide gives instructions on that.

Finally, the results obtained are visualised aralyaed in the post-processing. The post-
processor provides complete insight into fluid dyies simulation results predicted.

This step is performed by image generation, diadtulations on results data and

manipulation of them in external software and da¢as.

2.2.2 Noteson flow regimes and turbulence modelling

In order to solve the flow equations and catch ghgsical structures of all sizes, the
computational grid (spatial discretization) mustéecells smaller than the smallest
significant structures to be resolved. Also thewation has to be conducted by using
time stepsit (time discretization) small enough to resolve tihee dependent behaviour
of the various quantities.

The fluid dynamics regime depends on the domaimgéy and the Reynolds number
(Re ratio between the inertial and the viscous foraeing on the fluid). In a given
geometry, beyond a criticaRe the fluid flow loses the steadiness and transition
conditions are established. Periodic or quasi-péicegimes can occur, and for higher
Re fully turbulent conditions are obtained. The tudmi regime is characterized by
multi-scale temporal and spatial fluctuations iaafic conditions.

If Reis small enough, the flow is laminar, i.e. viscdasces prevail over the inertial
ones avoid the chaotic behaviour. The significquatial structures of the flow field are
then of the same order of magnitude as the physstalctures present in the
computational domain (duct height, obstacle siie).eAlso, if the boundary conditions
and the forcing terms do not vary with time (oryar a periodic fashion), the problem
has always steady-state or periodic solutions gusHollowing a transient, depending
on the initial conditions). Therefore, for lamirflows it is generally possible to attain a
sufficient space- and time-resolution, and to abtadmputational results which are
independent of the particular discretization usetd in good agreement with
experimental data.

For higher values dRe the flow becomes turbulent. Turbulence is comgasfeeddies:

patches of zigzagging, often swirling fluid, movingndomly around and about the
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overall direction of motion. In turbulent flow, thfeow field varies in a non-periodic
fashion with time (even for constant boundary ctods), exhibits a sensitive
dependence on the initial conditions, and lacksiapsymmetries even if the problem
presents geometrical symmetries. The spatial strestidentifiable in the flow field
(“eddies”) cover a wide range of scales which eagefrom the scale of the physical
domain down to that of the “dissipative eddies"wihich the kinetic energy of the eddy
motion is eventually dissipated into heat by visaffects. This range of scales
increases with thdre and, for fully turbulent flows, may include sevemders of
magnitude. In few words, turbulence is a chaotantinuum (the smallest scales of
turbulence are much larger than any molecular feagale), diffusive, dissipative, three-
dimensional phenomenon.

The most renowned interpretation of turbulencéés“energy cascade” by Kolmogorov,
enunciated in 1930. The energy cascade procesk/@sva transfer of turbulent kinetic
energy (per unit mass), from larger to smaller esldDissipation of kinetic energy to
heat through the action of molecular viscosity asat the scale of the smallest eddies.
It can be imagined that large eddies brake in smadnd smaller eddies till the
dissipative scale (named Kolmogorov scale) in whitie energy is completely
dissipated and thus the existence of turbulentsires of even smaller scale is avoided.
The direct simulation of turbulence captures thalkst physical structures by using
computational cells with sizes lower than the Kofomv scale Direct Numerical
Simulation DNS). This approach is still possible only fother simple flow cases at
relatively low Reynolds numbers, as it would requmo fine grids. An estimation of the
number of grid points and of time steps necessarya fDNS follows from considering
the Kolmogorov-Obukhov scales of dissipative eddiesan be demonstrated that the
number of grid points must increaseRe& and the number of time stepsR&’”. It is
evident that the rapid increase of these paraméteas absolute obstacle to the direct
simulation of highReturbulent flows, even using eventually high-sipel aspeed super-
computer or clusters. Therefore, DNS provides tdqghlity data that describe in the
most precise way physics of the problem and arehmmogre detailed than experimental
data, due to the fine spatial and temporal resmiution the other hand, the

computational effort limit the use of DNS, whichmains applicable only for
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simulations that are not prohibitive and are corlymtwith the available computational
resources.

To overcome this difficulty, turbulence models ¢aadopted to simplify the resolution
of the constitutive equations of fluid flow througppropriate filters. Two basic
approaches to turbulence modelling have been felbwo far. The Large Eddy
simulation (LES) operates a spatial filtering, whihe Reynolds-Averaged Navier-
Stokes Equations (RANS) applies the concept of-twveraging.

The LES approach is founded on the theory thasthall scales of turbulence possess
universal features that do not depend on the gegragamined, while the large scales,
which transport the turbulent energy, have speadifi@racteristics affected by the
geometry. Thus, in LES the large eddies are redaheeurately and the small scales are
simulated by a subgrid-scale model. By applyingjtaring operator, a variable can be
expressed as the sum of the resolved componenthendnresolved fluctuation. The
governing equation are written with the by replgcthe variables with the sums of
resolved and unresolved components. Thereforeilteeetl equations contain additional
terms that depend on the unresolved fluctuationd laswve dimensions of stresses
(subgrid terms). These terms have to be approxiynaiedelled in terms of large-scale
(resolved) quantities in order to close the turbaéeproblem. A vast amount of LES
work has been based aradient diffusionmodels in which, by analogy with the
molecular stresses, subgrid stresses (or at legistdeviatoric components) are assumed
to be proportional to the large-scale strain rateth®e subgrid viscosity (Boussinesq's
hypothesis). Then the sub-grid model closes théesysBy far the most popular sub-
grid model is that first introduced by Smagorinskich relates the subgrid viscosity to
the resolved strain rate and the filter width. Hoere the capability of any subgrid
model to capture the effect of unresolved fluctuadiincreases with the grid resolution.
Therefore, large-eddy simulations give the bestltgsf very fine grids are usedAs a
consequence, large-eddy simulation is usually moreputationally demanding than the
more traditional Reynolds-averaging approach.

Reynolds-averaging is by far the more common amprdéa turbulence modelling and is
based on the timmean of the generic flow quantity. As in the LERSe tvariables are
replaced in the governing equations with the sunthefresolved component and the
unresolved fluctuation. Thus, the RANS containingya terms (turbulent stresses) are

obtained. The set of equations that gives the Rdgrgiresses as a function of the time-
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averaged variables represents the turbulence madthele are two main classes of
turbulence models for the mathematical closure lprab (i) gradient-diffusionmodels
(e.g. ke model), computing thegddy viscosity (ii) direct models (e.g. Reynolds Stress
Model, RSM), expressing directly each of the Regleddtresses. Trgradient-diffusion
models are the most used. In these models the Risystresses are assumed to be
proportional to the resolved strain rate by theyedicosity. The eddy viscosity is
related to the turbulent kinetic energy and thesigegion rate of the turbulent kinetic
energy. Then the problem is closed by adding onevordifferential equations: in the
former case, the system is closed by the balangatieq of the turbulent kinetic energy
and an algebraic equation of the dissipation rétéhe turbulent kinetic energy as a
function of mean values of the flow field; in thster case, the two balance equations for
turbulent kinetic energy and the dissipation ratethe turbulent kinetic energy are

adopted.

2.3 Modelling strategy adopted

Pursuing the goals of the PhD, a CFD modelling toad been purposely developed.
This work was carried out in the framework of arliehical strategy of simulation (see
section 1.7.1), where the modelling is based omtagrated approach that involves the
use of CFD and process simulation softwaeriputer Aided Process Engineering -
CAPB. The CFD modelling carried out within this workthe first step of a structured
simulation tool and represents the support baséhhigher levels of modelling in the
multi-scale process simulator, which is object mbther work [120].

CFD is a powerful tool for a detailed analysis mia#i scale and for testing a number of
different cases; therefore, the simulations areiedirout at low scale by a 3D CFD
model, in order to investigate thoroughly and effedy spacer-filled and membrane-
profiled channels for RED applications. Fluid dynesnand mass transfer phenomena
have been studied by solving the fluid flow govemiequations (Navier—Stokes and
continuity) and a transport equation suitable &socconcentrated solutions, of a binary
electrolyte (NacCl), derived from th8tefan—Maxwell equations by assuming the local
electroneutrality. Preliminary simulations of an pyn channel showed that the
concentration field is greatly controlled by thdfukive transport, while the migrative

one had an impact definitely negligible. Therefore,the following simulations the
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migrative term has been neglected and the migrdhivees are simply superimposed
with the diffusive ones and reflected in the bougdaonditions. The transport equation
is a convection-diffusion equation, with a weak #ioearity in the diffusive term and an
additional term for the simulation of a periodicndin. In fact, the periodic repetitive
unit of a single channel has been simulated wititaBle boundary conditions
(membranes are not included in the computationaladn).

Different channel configurations have been inveddd: commercial spacers have been
simulated and parametric analyses of ideal spalbed-Ehannels and profiled-membrane
channels have been performed. From this modellipgraach, the local spatial
distribution of the variables of fluid dynamics anthss transfer is obtained; therefore,
the effects of channel geometry, flow rate (i.eyfdds number) and feeds features on
concentration polarization and pumping power araluwated, providing a detailed
analysis of the process parameters. These are efiyntharameters consisting of
dimensionless numbers as power numbin) (and Sherwood numberSlj that
summarize the results obtained by constitutive @sgions, i.e. functional correlations.
The validation of pressure drop results for a ceupf spacers was done. Also,
simulation results were compared with experimeatal CFD data on pressure drop and
mass transfer from literature.

Moreover, the effect of the spacer hydrophobiciig ¢he use of a porous medium have
been evaluated. Some simulations have been deimtadestigate general aspects from
a different scale, in order to assess the effettefeatures of an entire stack on the fluid
dynamics performance; the contributions of mangotd the overall pressure loss as
well as the effect of stack lay-out and geometrytten flow rate distribution within the
channels have been evaluated.

Finally, all data collected provide the input infaation for the higher level of modelling,
the process simulator [120], which does not sineufatid dynamics and mass transfer.
This, in turn, is created by a multi-scale approaategrated with the sub-model (CFD),
which describes the phenomena occurring at higtaes, from the cell pair to the RED
stack. This is the tool of the REAPower project f@y the prediction of the stack

performance in terms of net power produced andd(ii}he process optimization.

24 Governing equations
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24.1 Continuity and momentum equations
The governing equations for three-dimensional flofva Newtonian incompressible

fluid are the following continuity and Navier—Stakequations:

Om=0 (2.1)

p(;—l:+pl]ﬁ[ﬁ=—ip+ﬂijzﬁ (2.2)

where U is velocity, p is density,u is dynamic viscosity ang is pressure. Laminar
steady state simulations were performed as the flaw predicted to be steady at all the
flow rates investigated on the basis of prelimind@me-dependent simulations.

The density was assumed to be constant sinceatsgels associated with concentration
gradients along both the streamwise and the ctosars directions were estimated to be

very small. For the same reason, buoyancy duertoectration gradients was neglected.

24.2 Transport equation in concentrated solutions

When highly concentrated solutions are employed,approach based on the Nernst—
Planck equation should not be used, since itististvalid only for dilute solutions. The
transport equation in concentrated solutions camdrézed from the Stefan—Maxwell
equation [45, 89]. According with the Stefan—Maxwagproach, the basic scheme for
the transport equations is the followirdyiving force = friction coefficient x relative

velocity

cfﬂi:;m,-(q —m)=R1Zj$(‘p—7) (2.3)

whereC; and /i are the concentration and the electrochemicalntiateof specieq,
respectivelyK; are friction coefficients or interaction coeffiois, G; is the velocity of

species, so that the flux density of specieis
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N =Gy (2.4)

C; is the total concentration:
G =>C (2.5)

where the sum includes the solver®; is a diffusion coefficient describing the

interaction between specieandj

K. = RT——_ (2.6)

The term-C iﬂ in Eq. (2.3) can be regarded as a driving foraeupé volume acting

on species and causing it to move with respect to the surrmgqduid. The force per

unit volume exerted by speci¢son species as a result of their relative motion is
expressed as; (Hj - q) , that is proportional to the difference betweem tilvo species

velocities. By Newton’s third law of motion (actiwaaction law), it results that
Kij :Kji or

]
n
)

i ji (2.7)

Such a general approach can be theoretically aptienulti-component (ions) systems,
but in turn requires the knowledge of a correspogdiarge number of transport

properties, as the cross diffusivities, that arerofunavailable. Therefore the general
Stefan—Maxwell approach can be simplified by comsidy a binary electrolyte that

dissociates completely intg ions of charge number. andv. ions of charge number

such thatz,v, + zv_ =0. The corresponding Stefan—Maxwell transport equatare:
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C.0A, = Ko (B -0 )+ K, (T -1) 28)

COm =K, (-uw)+K_(u-1u) (2.9)

According with the Hittorf reference frame (relaivelocities respect to the solvent) the

molar ionic fluxes can be expressed as:

N" =G (0-1) (2.10)
In order to calculate the former quantities, ihéxessary:
(i) to make use of the local electroneutrality citind:
zC+zC=0 (2.11)
(i) to employ the definition of the current denysit
i

=FY zN=FY zN'= Fz G(u-"u) (2.12)

(iii) to introduce the chemical potential gradiefthe electrolyte:
COw, =C.0f, +CO (2.13)

according to the relatiorC, =v,C (resultingfrom salt dissociation), wher€ is the

concentration of the electrolyte. The above Eq8)(22.9), (2.12) and (2.13) can be

briefly written in matrix form as:

Ko Ko )(u —0y ) _ Ci,ue
e e =

which in turn can be inverted to give:
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NI _fCu-m)) 1 (-G Ko/z)(chy,
[N-“]_[C(ﬂ-fb)J_m(—c Km/zj( T/FJ (2.15)

As desired, Eq. (2.15) expresses the flux densititise Hittorf reference frame as:

H — Ci m JOI
= cO
I K+0+K 0 He (K+0+K o)z| F (2.16)
from which the molar ionic flux densities can bécaéated:
- . v®C - it
N = = du +——+ C 2.17
=Gy VRTG, H ZF Gy ( )

wherev =v, +v_, | is diffusive transport, Il is migrative transpand Il is convective

transport. In particular, for cation and anion:

N, =C.U = +——+ G 2.18
VRTC, U . Gy (2.18)
30
No=cu =225 g+t ey (2.19)
VRTG, zF

The diffusion coefficient of the electrolyte, basmda thermodynamic driving force, is

_VCX,RT _ vD,0, _9,9,(z-2)
K+O + K—O V—©+O +V+©—O Z+©+0_ Z—g—o

(2.20)

wherex, is the solvent molar fraction, while the transpmuimbers (with respect to the

solvent velocity in the Hittorf reference framegar
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tO =1_t0 - K*O - V7©+0 - Z+©+0
’ i K+O + K—O I/—5)4-0 +V+©—0 Z+©+O_ Z_@_o

(2.21)

The driving force for diffusion used in Egs. (2.18)d (2.19) is the gradient of the
chemical potentialk, of the electrolyte in solution. The diffusion cfeient D of the salt

which is usually measured is based on a gradietiteo€oncentration and is related to D

by

D :9&[& d'”y] (2.22)
C, dinm

wherey is the mean molal activity coefficient amd is the molality. The gradient of

chemical potential can be more easily expresséerins of the concentration gradient

2 Sepy =p(1-9nG e
VRchDue D(l o C)Dc (2.23)

The general expression for the material balanc¢éhispeciesis:

%:_a o, +R (2.24)

whereR; is the production due to homogeneous chemicalticgecin the bulk of the
solution. Clearly, no chemical reactions occurshinitthe feed channels of a RED unit

and such a term has not to be taken into accoint(0). On the basis of the

electroneutrality assumption, the conservationhafrge is:
O =0 (2.25)

By including Egs. (2.17) (divided by) and (2.23) in Eq. (2.24) and by taking also into
account Eg. (2.25) the transport equation of tketsdlyte is obtained:
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0C =« \_-= dinC, )= i mt°
= +0rcy,)=00D| 1- 0 |fC|-
o FocH) EE ( dIan } W F (2.26)

24.3 Implementation of thetransport equation in the CFD code

In Eq. (2.26)C is the electrolyte concentratioBy is the solvent concentratiof, is the
solvent velocity (identified here with the solutiorlocity G), D is the diffusion
coefficient of the saltj is the current densityt’ is the transport number with respect

to the solvent velocityz is the valence (=x1 for NaCl)y is the stoichiometric
coefficient of ionic species (=1 for NaCl), andr is the Faraday constant. Subsciipt
refers to either cation or anion. Eg. (2.26) inelsidour terms: the first and second on the
left hand side are the transient and advection,teespectively, while the first on the
right hand side is the diffusive term. The lasttesn the right hand side (migrative

term) coincides, taking account of the charge coagi®n condition expressed by

0O =0, with the divergence of the migrative flux of &ittspecies and is nonzero only
if either transport number exhibits a spatial geatli Note that different transport
numbers for the two ionic species imply differenuxés, but not different
concentrations: since electroneutrality is assunoedcentrations of Naand Cl are
everywhere the same. For the sake of simplicitythim present work the additional
assumption of equal transport numbers for the pezies was also made.

The implementation and the solution of Eqg. (2.268)ng with suitable initial and
boundary conditions allow the distribution of thariable C to be obtained within the
computational domain.

Since a CFD simulation cannot deal with phenometmiming in the electric double
layer at the membrane interface (i.e. at the mddecscale) or within the membrane
itself, the present modelling procedure cannotatlyesimulate these features and takes
account of them by imposing an electrolyte fluxtta fluid-membrane interface as a
boundary condition. Thus, the aim of the presenD@kodelling is the assessment of
local concentration polarization phenomena occgréh a far larger scale than that of

the electric double layer.
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With respect to an ordinary transport equation, Ej26) exhibits two sources of
additional difficulty: (i) the effective diffusiopoefficient varies with concentration, and
(i) a source term containing the current densjtyears at the right hand side.

(i) As regards the former difficulty the solventno@ntration can be written as:

_P-CM,

C
0 M,

(2.27)

whereM is the molar mass and the subscrif¥s &nd “€” indicate the solvent (water)

and the solute (electrolyte), respectively. By shiiig to the logarithmic form:

C)-CM
InC, =In [LJ (2.28)
0
By stating:
y=InG, (2.29)
x=InC - C=¢ (2.30)
the following expression can be obtained:
dinG _dy_ d|,_ p(C(R)-eM )| _
dinC dx d M
90y e (2.31)
_L[d_’oex — Meé)i :u
p-eM, \ dC M, p—CM,
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do . B _dp
_ding, —C MeC_p CM, d—CC+ MeC_

alT czl_%:l_dc cm cMm -
n X - -
dp dp P P (2.32)
- C -CL=
_P7ac” _P " dac
p_CMe C0 MO
By locally linearizingo(C) as:
p=aC+b (2.33)
the following simple expression is obtained
1_dInC0_b;a{C;Gﬁ_ b b _ b (2.3
dinC C, M, p-CM, b+aC-CM br(a M)C '

The parametera andb were obtainediia linear regression of the functign= p(C)
[121] in the proximity of the bulk concentration tife solution to be simulated (see
section 2.7).

The inconsistency between treatings a constant in Egs. (2.1)-(2.2) and as a fumctio
of C in Eq. (2.33) is only apparent: Eqg. (2.33) sertles purpose of computing the
derivative @/dC which appears in Eqg. (2.32) and is necessary poess the diffusivity
correction in the transport equation. On the othend, if variations ofC across the
channel are small (as it is the case here), variatofp (and) are negligible from the
hydrodynamic point of view.

(i) As regards the latter difficulty, solving Eq2.26) in its complete form, which

contains the current density, would require either additional equations forsthi
quantity or ara priori knowledge of its distribution. As they are linelapendent, Egs.
(2.12), (2.18) and (2.19) cannot be employed. &lter situation occurs only in the case
of a spacerless channel, where the current decaitybe assumed to be uniform. Thus,
simulations were first carried out in a spacerlesannel 400 um thick, in order to
quantify the relative importance of the last tenmEq. (2.26) (migrative term) with
respect to the diffusive one (of course, in the gngpannel no convective contributions
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are present in the direction orthogonal to the nmamds). The dependence of the
transport number on the concentration was derik@u Smits and Duyvis [122]. Figure
2.1 reports the Naransport number as a function of the NaCl coredion, showing a

weak dependence.
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Figure2.1. Transport number of the sodium ion in NaCl solsiat 25°C [122].

Results showed that the concentration profilesinbtaby CFD simulations taking into
account the migrative term are practically coinoideith those obtained by neglecting
it. This evidence is reported in Figure 2.2a foe tmost unfavourable case (low
concentration and high current density), where rfigrative term was found to be

negligible compared to the diffusive one (Figur2i).
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Figure 2.2. Assessment of the contribution of transport eguai migrative and diffusive terms
along a monitoring line perpendicular to the membgafor the case of the empty channel fed by
Feed3 atv,,. = 1.5 cm/s and = 35 A/nt. (a) Electrolyte concentration profiles obtaineithvor
without the migrative term; (b) comparison of tlentributions of the diffusive and the migrative

term. Herey/H represents thg-coordinate normalized by the channel thickriéss

We stress once more that these findings do not niedithe migrativélux is negligible,

but only that itsdivergenceis negligible. Taking the above results into actp@FD
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simulations were carried out by neglecting the taestn in Eq. (2.26) and using Eq.
(2.34) model the diffusivity correction. Thereforthe equation solved in the CFD

simulations is:

. - b ~
0rcg,) =0 [F DWDC} (2.35)

Eq. (2.35) is similar to a standard convectiontdifbn transport equation apart from the
corrective term which accounts for the dependentediffusivity on electrolyte

concentration.
25 Computational domain and boundary conditions

251 Main approach
Most of the simulations have been carried out bipddng the approach described in

this section.

2.5.1.1 RED channels
Only one channel has been simulated in each CFDulaiion, i.e. either the
concentrated or the dilute channel, depending erfébd solution concentration. Brine
always feeds a concentrated channel, while seawaatkriver water always feed a dilute
channel. The electrolyte flux through the walls resenting the membrane-solution
interfaces has been imposed. The membranes arénciotled in the computational
domain and the CFD modelling does not take int@actphenomena at molecular scale
occurring in the electric double layer.
Spacer-filled channels have been simulated; conmaiespacers have been studied, and
also a parametric analysis of ideal spacers has bagied out (chapter 5). All the
spacers studied are composed by two either wovemmmwoven filaments. Geometric
characterization work, based on optical microscapg thickness measurements by a
micrometer, has been performed for the physicateysan order accurately to reproduce
the same geometries in the numerical simulationscdmmercial spacers either a
compenetration or a compression of filaments caolmerved in the proximity of the
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contact areas (ideally points), for overlapped anden wires respectively; similarly, it
can be imagined that the filaments are also compteén the contact areas (ideally
points for woven filaments and lines for overlapdddments) with the membranes
when the spacers are employed in a stack assentbtes the filament diameter ard

is the spacer thickness, the quant®g-h)/2dis found between ~5% and ~18%. These
geometrical features were taken into account duttieggeneration of the geometry for
the CFD simulations as follows: the filament diaendtas been assumed equal to that
measured via optical microscopy photographs, aeddifference between twice the
filament diameter and the spacer thickness waibuatiyd 70% to the overlap region of
the filaments and 30% to the filament-membrane axiat For the ideal spacers
simulated in the parametric analysis of chaptg28&h)/2d= 10% is assumed, since this
average value was obtained from measurements afaimenercial spacers and data by
Da Costa et al. [50]. Again, 70% of this quantitgshbeen attributed to the overlap
region of the filaments, while 30% to the filamenémbrane contacts. Figure 2.3 shows

these features.

0.15(2d-h)

(2d-h)/2d =5-18%
forcommercialspacers

0.7(2d-h) \ (2d-h)/2d = 10%
forideal spacers

0.15(2d-h)

Figure 2.3. Geometric features of the spacers in cross sectissuming that the filaments are

parallel).

Ideal profiled-membrane channels made by pillargehbeen simulated in another
parametric analysis (chapter 6). The geometriessitigated consist of channels with
membranes provided with profiles on one side, whigk “pillars” separating the

membranes and create the channels for the feetios@uTwo profile shapes have been
investigated: (i) square; (ii) circular. The prefilare arranged in a square pitch.
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2.5.1.2 Unit Cell and treatment of periodicity

Fully developed flow and concentration fields hdeen assumed, thus the Unit Cell
approach was adopted solving suitably the equationperiodic variables. The Unit
Cell is the periodic geometric domain of the chanrepresenting the region far from
inlet, outlet and side boundaries, where fully deped fields can be assumed.
Simulating such a small domain avoids excessive peational requirements and
allows detecting flow features in a very small sc&8everal CFD studies can be found in
the literature on spacer-filled channels [24, 3862, 64, 123] and corrugated channels
[81, 82, 84, 86] based on this approach, as thg fldveloped fields are attained after
just a few unit cells [55, 63]. As it can be seerfFigure 2.4, different Unit Cells could
be devised for the same net spacer. This issuealngady investigated by Li and Tung
[64] who found the best agreement with experimeddh for the case of the Unit Cell
type-1V. It is worth noting that the four Unit Celshown in Figure 2.4 are strictly valid
only for spacers with overlapped filaments (and tyyge 1l and Il are the minimal
elementary repetitive units), while for spacershwitoven filaments only the Unit Cells
type-1ll and IV can be employed.

Translational periodic boundary conditions haverbegposed on the lateral boundaries
of the domain consisting of fluid-fluid interfacek the Oxyz reference frame, the
computational domain has been oriented such as#mabrane-solution interfaces are
perpendicular to thg axis. Different flow attack angles, i.e. orientais of the channel
with respect to the main flow directi@ have been investigated; thus the domain has
been rotated around theaxis, maintaining the main flow directianfixed and, for
convenience, coincident with tlzexis.

In the Unit Cell approach the Navier—Stokes and tthasport equations have to be
suitably modified in order to take into account #teeamwise variation of pressure and
bulk concentration, despite the periodic conditionposed. In other words, in the Unit
Cell approach periodic boundary conditions are isgubto all variables between the
inlet and outlet faces; on the other hand, it isessary to allow for a streamwise
variation of (i) pressure (due to frictional lossesd (ii) bulk concentration (due to
solute inflow or outflow through the channel wallg)his apparent contradiction is

managed as follows.
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(i) Consider first the hydrodynamic issue, involyipressure. In the fully-developed
region of a channel, the static pressprean be split by definition into a periodic
componentp , whose spatial distribution repeats itself ideadticin each Unit Cell, and

a large-scale componer;z which decreases linearly along the main flow dicetz

with a gradientK,=|dp/dz|. By substituting p— K, z for p in the Navier—Stokes Egs.

(2.2), it is easy to recognize that it can be emtas
al] i =~ 2 T
pE+puDDﬂ:—Dp+,uD u+ K,k (2.36)

in which k is the unit vector of the axis. Eq. (2.36) is similar to Eq. (2.2) but (i) a
body force per unit volume (mean pressure gradiacting along the flow direction
was added to the right hand side, and (ii) theetrpressurep was replaced by its
periodic componenp. If required, the “true” static pressurp can always be
reconstructed from the simulation results pas p- K, z. Note that the pressure
gradientK,=|dp/dz| is imposed as a known constant, while the floleaity is computed
as a result; this is equivalent to imposing notlihk Reynolds number but the friction
Reynolds number which, for a plane channel, caddfimed aRRe = u,(H/2)/(u/p), with

u, = (clp)
(i) A similar treatment is adopted for the concatibn C. By definition of fully

Y2 (friction velocity) andr = (H/2)|dp/dz| (mean wall shear stress).

developed conditionsC can be split into a periodic compone@t and a large-scale
componenti.z, where the gradier{; = (dC/d2) can now be either positive (net inflow
of electrolyte into the channel) or negative (netflow of electrolyte from the channel).

By substitutingé+ K.zfor C in Eq. (2.35), after some manipulation the follogi

transport equation is obtained:

B, B, b

D(CGO)ZD Db+(a— Me)(é+Kcz)iC - K w (2.37)

The last term at the right hand side is implemeiridtie code as a source term
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J4 A w
S=-Kw=-"E12 2 (2.38)

ave

in which J2,, is the mean value of the electrolyte flux at walimposed in the
simulation, see section 2.5.1.3),is the membrane surface area in a Unit Cell \énsl
its volume. The quantityd?,, A/V is the mean value of the source term, whilew,,,

represents a local correction. The approach destriior the simulation of fully
developed conditions has been widely adopted imique work involving heat or mass
transport [81]. Apart from numerical approximation$ guarantees solute mass
conservation: the mean value of the bulk conceaotrgin the proper sense of mass-flow
weighted average of in a cross section) adopted as the initial gusseonserved
through the simulation.

Summarizing, the governing equations solved forlimi Cell are: the continuity Eq.
(2.1), the Navier—Stokes Eqs. (2.36) and the tramdpq. (2.37). A body force per unit
volume has been set in Egs. (2.36) as the larde-smanponent of the streamwise
driving pressure gradient, and a source term depgruh the large-scale gradient for
the concentration has been implemented in Eq. J2.37

All the boundaries representing the fluid-solideifiace (fluid-membrane and fluid-
filament) have been set as walls with no-slip ctads (the only exception is
represented by simulations in section 3.2, whese fike-slip condition on the wires is
simulated) and a Neumann boundary condition foicthecentration: a uniform diffusive
flux has been imposed at the upper and lower wadle section 2.5.1.3), while the flux
has been set to zero at the fluid-filament intexfa¢spacer-filled channels) and at the

lateral fluid-membrane profile interfaces (profiletembrane channels).
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Figure 2.4. Different types of Unit Cell for the spacer. Fpasers with woven filaments only the
domains Il and IV are Unit Cells.

2.5.1.3 Boundary conditions for membrane modelling

The upper and lower surfaces of the domain reptésermembrane-solution interfaces.
Outgoing or incoming fluxes of the electrolyte wargosed on these walls as discussed
below, according to whether the computational domapresents the concentrated or
the dilute channel, respectively. From the hydr@dgit point of view, they were treated
as impermeable walls with ordinary no slip boundagnditions; this simplifying
assumption is coherent with the general assumputiame-way coupling between flow
and concentration fields and is justified by thet fdnat, under the conditions analyzed
here, the electrolyte flux in or out of the memleaamalls in a single Unit Cell can be
estimated never to exceed“lfimes the mass flow rate crossing the same cell.

Since the equation solved is Eqg. (2.35), in whiclly cconvection and diffusion are
explicitly accounted for, the boundary conditiores le set at the fluid-membrane
interfaces must involve only diffusive fluxes. Magive fluxes are not explicitly
described by the model because they do not entereotration balances, but can be
deduced from the diffusive ones as described below.

First, note that current density, transport nunmded migrative flux in the solution in

contact with the IEM are related to one anothesugh the following expression
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Jm=—i (2.39)

where jim is the migrative flux of specias By regarding the membranes as ideal (i.e.,

with permselectivitya = 1) the total flux of the co-ion at the membrawddtion
interface must be zero. As an example, a catior@gha@&ge membrane is shown in

Figure 2.5. Here, it is the total flux of Git the membrane-solution interface that can be
assumed to be zeroJfL., =0). As a consequence, the diffusive and the migeativ

fluxes of the co-ion must be equal and oppositd, the diffusive flux of co-ion can be
written as:

‘]:o,lEM:_ =l (2.40)

Figure 2.5. lonic fluxes near the cationic exchange membraithimthe concentrated channel,
showing the link between diffusive flux and currdensity.
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Taking into account the local electroneutrality dition, the diffusive flux of the
electrolyte isJ® = jid/vi , and at the membrane-solution interfaces it caexXpgessed

from Eq. (2.40) as

- 0 .
Jiem =gl (2.41)

co“co

Clearly, for monovalent binary electrolytes suciNa<I, the diffusive fluxes of NaCr

and electrolyte are the same, (=v_=1, z, =-z =1).

For NaCl, the transport numbers of cation and aaienslightly different °~ 0.4; t°~

0.6). Explicitly accounting for this would lead tiwo different fluxes to be set on the two
membranes, resulting in a larger concentrationrizaion on one of the membranes and
a lower polarization on the opposite one, with teddadifficulties in the definition of a
single polarization coefficient. Here we assumedsimplicity the transport properties
of Na" and Clto be the same within the solution, so that theesponding fluxes can be
considered equal and a single concentration paléoiz can be defined. As pointed out
by a reviewer, the assumption of equal transpornbers would be more closely
satisfied by different electrolytes, e.g. KCI, sagting that their use would be
recommendable in experiments designed to measiagzadion.

Note that the assumption of equal transport pragsertogether with that of negligible
gradients of transport numbers, implies that ptedicconcentration profiles are

independent of migration. Eq. (2.41) allows a dléadiffusive boundary condition
j|dEM to be deduced from a known current density. A hgemeous flux of electrolyte

was imposed. According to the above remarks arghjtq2.41), the value implemented

was computed from the current density as

i[0.5
F

d —
JIEM =%

(2.42)

An incoming flux is considered positive (dilute cim@l), while an outgoing one is

considered negative (concentrated channel).
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Since Eq. (2.37) includes a concentration-depend#futsivity, the flux is not linearly
dependent on the concentration gradient. Therefomaay be interesting to carry out
simulations at different current densities (i.dfadent fluxes). “High” or “low” current
densities can be defined with respect to the maxinourrent density that would be
attainable in the absence of non-Ohmic (i.e. comagan-related) losses. For each
electrolyte couple, this is a short circuit curfemhose assessment requires estimates for
(i) the maximum (open circuit) potential associatgth that couple (e.g8Sor SR); (ii)
the overall Ohmic resistance of the electrolytlefilchannels; (iii) the Ohmic resistance
of the membranes. While estimate (i) can be made gaod accuracy, estimates (ii) and
(i) require simplifying assumptions and can oflg approximate. Here, we assumed
the coupled channels to have the same thicknegtated the influence of the spacer
(which increases the Ohmic resistance of the cHanitle respect to a void one) and
used realistic values for the membrane resistaBGeee was taken that, for any given
electrolyte couple considered, the value chosemh®icurrent density in the simulations
was sufficiently lower than this maximum value. Fexample, in their RED tests,
Tedesco et al. [124] measured values of about 8:7€Im* for the sum of the Ohmic
resistances of anionic and cationic membraneshammels 28Qum thick (as in the case
of the D spacer-filled channel in chapter 4) thershircuit current density would be 237
A/m? for brine-seawate®S Eocy = 0.105 V) and 82 A/ffor seawater-river wateSR
Eocv = 0.153 V). Of course, higher current densitiel e possible if lower-resistance
membranes will become available. When differenttebdyte couples were compared,
the highest current density was limited by the mdilete of the couples (i.eSR
seawater-river water) which is why only values o® A/nf were considered.

Some simulations at various current densities aptér 4 show that the non-linearity of
the transport equation has only minimal effectse do very slight variations of the
corrective term of the diffusion coefficient. Incfathe functional dependence of the
corrective term of the diffusion coefficient on tlwencentration is weak; also, the
variation of the concentration within the domain ridatively limited, due to the
electrolyte fluxes normally involved. For theseseas, the diffusivity correction varies
for less than 1% (the values relevant the bulk eatration of the feed are reported in
section 2.7). Therefore, the subsequent simulatgesvn in chapters 4, 5 and 6 are

carried out at a fixed value of the current density
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2.5.1.4 Discretization of the Unit Cell

The computational domains have been discretizeshinti-block grids composed either
by hexahedral volumes, when possible, or by hexalh¢etrahedral volumes (hybrid
grids) when the geometrical complexity of the damaiue to the spacer wires and the
periodic cell chosen, has not allowed the discagitim with completely hexahedral
meshes. However, the hybrid grids built are magdynposed by hexahedral volumes:
parallelepipeds have been built around each fildnaew discretized with tetrahedra,
while the rest of the computational domain haventdiscretized by mapped hexahedral
volumes, and some pyramids and wedges have beessay at the interfaces between
the two parts [24]. Hexahedral or hybrid grids mneortant for the spatial resolution as
they provide (i) a greater accuracy for a given henof degrees of freedom, (ii) a better
convergence to grid-independent results with respedully tetrahedral grids and (iii)
results closer to the experimental data [24, 125].1

The sensitivity analysis of the results to the iditization degree was carefully tested
preliminarily, in order to carry out the subsequsimhulations with suitable grids for
obtaining accurate results along with acceptablapmding times. Various grids were
tested by comparing results obtained in terms olbal quantities averaged in the whole
domain (e.g. the average velocity) and trends edllquantities on lines perpendicular to
the walls, for the case of the highest flow rateestigated. As a result, the coarsest grid
allowing results being “practically unaffected”g(i.discrepancies lower than 2% with
respect to the finest one) by any grid dependemsebeen found for all the domains

simulated.

2.5.2 Other simulations

Other simulations have been devoted to investigéter specific aspects. Details on
these are reported in the pertinent sections. ™iran approach very similar to the
main one, some simulations have been carried owt f&quence of five unit cells along
the flow direction of a spacer-filled channel, aigniat investigating entry effects (Multi-

Cell, see section 4.2.2.2). A very different apptohas been followed for the analysis of
fluid dynamics of a RED system at higher scale. & sf 2D simulations (1

computational cell in the direction perpendicular the flow) has been purposely
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performed on an entire apparatus consisting ofrglffied ideal planar stack with 50
channels including the distributor and the collectdass transfer is not analysed in

these simulations (see section 3.4).

2.6 Numerical details

The continuity, momentum and mass transport equsiticere discretized and solved in
the computational domain with the appropriate baumpdconditions by means of the
finite volumes method. Various codes were usedHergeneration and the discretization
of the computational domain (CAD, mesh generatdrsg software package of the code
Ansys’-CFX (version 13 or 14) was used for (i) setting tither parameters of the pre-
processing (i.e. physical properties of the fllidundary conditions, initial conditions,
solving parameters and convergence criteria),sgiving the problem and (iii) post-
processing the results.

As the initial guess, homogeneous values of velppitessure and concentration (equal
to the feed concentration) were imposed. High Resolutiorscheme was used for the
discretization of the convective terms and shapetfans were used for the spatial
derivatives of the diffusion terms. A coupled aitfun was adopted to solve for pressure
and velocity. All simulations with electrolyte trgport were run in double precision.
Convergence was attained after a different numbeitepations depending on the
specific simulation performed. The convergenceeddt were the achievement of
stabilized values at the monitor points along witind mean square residuals lower
than 1.0e-6 for simulations without electrolytensport and lower than 1.0e-10 for
simulation with electrolyte transport. The simubat were carried out either by a
double-hexacore workstation with 2.4 GHz CPU and>RAM or a double-octacore
workstation with 2.6 GHz CPU and 64 GB RAM. The siations required a variable

computing time from some minutes to several hours.

2.7 Feed properties
The features of the feed solutions adopted in imellations are summarized in Table
2.1. In chapter 3, simulations for pure water &t %ere carried out for the analysis of

fluid dynamics without electrolyte transport.
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Various feed concentrations are suitable for th&RiEocess. The REAPower project
focuses on the power production by RED technola&iggiseawater or brackish water as
dilute solution and brine as concentrated solution,reducing the Ohmic and non-
Ohmic electrical resistance of the stack. For thalysis of mass transfer, it would be
interesting to investigate the effect of the flgicbperties. In dimensionless terms, this
means to investigate the effect of the Schmidt remi®g on the Sherwood number
(ShH. On the other hand, the boundary layer resistanceounting for polarization
effects on the actual driving force, decreasediasoncentration increases and is even
negligible for highly concentrated solutions (sext®mn 1.3.3). Also, the range of
variation for Scis moderately narrow for NaCl solutions from vetijuted to highly
concentrated, as shown in Table 2.1. As a conseguénowing the effect ddcon Sh
appears not to be crucial for the RED process. Nieetess, it can be important for mass
transport in spacer-filled channels in other agians. Therefore, in chapter 4 three
different NaCl feed solutions at 25°C were simudatéeedl at a concentration equal to
5 M, Feed2 at 0.5 M and Feed3 at 0.017 M, reprggentarly saturated brine, seawater
and river water, respectively. The dependenc8rodn Scfor one spacer-filled channel
configuration was investigated, finding that it wpste weak.

Therefore, it was chosen to perform the subsecgiamtlations, shown in chapters 5 and
6, only for one solution, the Feed2, i.e. seawalterfact, a solution with seawater
concentration is usually employed as the concerdréded (coupled with river water as
the diluted one), but it can also be fed as theatdl coupled with brine, as proposed
within the REAPower project (see section 1.9). Seawalways fed a dilute channel in
the simulations, i.e. an electrolyte flux enteritigough the walls representing the
membrane-solution interfaces was imposed. Howewece properly normalized, the
results have general validity in order to assese@otration polarization phenomena in
terms of concentration change from the bulk towhds.

Notice that the Schmidt number is calculated takiitg account the correction of the
diffusivity that is equal to 1.1319, 1.0094 and QD8 for Feedl, Feed2, and Feed3
respectively. Of course, the major influence ofthorrection is exerted for the most
concentrated solution, while it is practically nimfluent for the most diluted one.

The density and viscosity of the solutions weretatd from Green and Perry [121] and
Ozbek et al. [127].The diffusivity of NaCl in aquepn solutions was derived from

Vitagliano and Lyons [128]. The parametarandb of the linear regression p{C) (Eq.
80



Model developed

(2.33)) for computing the derivativepiC (in Eqg. (2.32)), necessary to express the
diffusivity correction in the transport equationmeecalculated in the proximity of the
bulk concentration of each of the three NaCl aqsesalutions to be simulated.

Therefore, three couples of values were employethiBbparameters andb.

Table 2.1. Physical properties of NaCl aqueous solutionspard water at 25°C.

Molarity Density Viscosity Diffusivity =~ Sc* a** b**

C p u D
Solution [mol/ [kg/nd] [Pas] [n/s] [] [kg/mol]  [kg/m?
Feed1 (brine) 5.0 1182.8 1.659°10 1.580-10 784 0.03493 1008.808
Feed2 (seawater) 0.5 1017.2 9.312.10 1.472-10 616 0.03986 997.327
Feed3 (river water)  0.017 997.7 8.913%10 1.533-10 583 0.04127 997.000
Pure water 997.0 8.899-10
* The Schmidt number is calculated consideringdtieection of the diffusivity asSc= H b

PPhra-m)c

* p=aC+hb

2.8 Definitions
The hydraulic diameter of the channel is assumerlely twice the channel thickness,
as in the case of an empty (spacer-less) channgifinfte streamwise and spanwise

extend
0 voig = 2h (2.43)
The Reynolds number was calculated in accordanite wi

- meean voidd h void
Y%

Re (2.44)

where W,.....« IS the average velocity along the main flow di@ttz in a

corresponding spacer-less channel, i.e. the sgfrfielocity [48, 60, 61]. The Fanning

friction factor is defined as
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— Ap dh,void

S B 2.45
AZ 210 V\ﬁlean void ( )

whereAp/Az is the mean pressure gradient along the main dvection and coincides

with Ky in Eqg. (2.36). In this way all the spacers are parad with respect to their
reference empty channels, in order to highlight teagh spacer modify fluid flow and
transport features. The pumping power consumpt®revaluated by means of the
dimensionless power number, defined as [54]

214
Pn= SPCpﬂ? :% fRE (2.46)

where SPC is the specific power consumption peruatime

spc=2Py,

AZ 'mean void (247)
The local and average mass transfer coefficiemealculated as
Jd
k= —"= (2.48)
.-G,
_ Jd
k = —EM (2.49)
C.-G

where C,, and C,, are the local and averaged wall concentration, épds the bulk

concentration defined as the mass flow weightedameeof the concentration on a cross
section of the Unit Cell perpendicular to the méaw direction (e.g. a-y plane). The

average Sherwood number is calculated as

E dh void
Sh= = h.void (2.50)

corr,ave

82



Model developed

b

whereDgor ave IS the average value of the tern _
b+(a- Me)(C+ kz)

present in Egs.

(2.35) and (2.37) (as mentioned in section 2.5.th8&,diffusivity correction varies for
less than 1%).

It is known thatf and thusPn depend on the fluid dynamics conditions (R& and the

geometric features of the domai8h depends orRe and geometry as well, but it
depends also on the physical properties of thetisalui.e. S9. From dimensional

analysis one has

f,Pn= f, Pn( Re geomet) (2.51)

Sh= SH{ Re Sc geome}s (2.52)

The analysis of performance of the RED channels hefestigated was done in terms of
pressure drop and mass transfer, by means of diomess numbers related by the
functions indicated qualitatively in Egs. (2.51)daf2.52).f, Pn andShas functions of
Re were obtained for a given geometry, while the affef Scis evaluated for one
geometry of spacer-filled channel. Hence, dataiobthare valid for a wide range of
geometrical features (scaled-up or down), operatimditions and physical properties,
and can be easily used for comparison with redutts: the literature. Moreover the
simulation results can be used as input informaiborthe higher level of modelling, i.e.
the process simulator. The voltage achievable atedlectrodes of a RED stack is
affected by polarization phenomena, as the actudling force depends on the
concentrations at the membrane-solution interfatlkerefore, data to be provided to the
process simulator for the calculation of the staokage must contain the relationship
among the membrane-solution concentration, the daicentration and the flux (related
to the current density), i.e. the Sherwood numlberorder to provide a synthetic
parameter (and not the distribution) 8fy it is more suitable the definition of the
average mass transfer coefficient given in Eq.9R.dontaining the average value of the
wall concentration, although it is different frotretusual definition of mean value of the
local k values. Also this definition is more coherent witte boundary condition of a

fixed flux of electrolyte.
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Concentration polarization phenomena are usualgntified via polarization factors,
defined as the ratio between the bulk and membsahéion interface concentration. In

formulae:

—~ conc

geore :ﬁ for concentrated channel (brine) (2.53)
b
~dil
" = 6‘;” for diluted channels (seawater and river water) (2.54)

According to the above definitiod, is always lower than 1, and the higher thealue,
the less significant the polarization effects. @a basis of the definitions given above, it
is easy to recognize thétrelevant to a certain flux, corresponding to arent density
according to Eqg. (2.42), can be calculated frBmand vice versa The polarization
effects quantified by depend on the flux. Conversely, the mass trarcgfefficient is a
constant as the flux varies, since the non-lingaritthe transport equation is very weak
(see chapter 4). In other words, by evaluatBtygin one simulation at any current
density, the values of at any other current density can be calculatedoAlf the
dependence ofhon Scis not evaluated for a given channel configuratimam 6 (or
Sh of the feed solution simulated the calculationaof approximated for a different

bulk concentration can be easily obtained.

29 Conclusions

A CFD model was developed in order to study fli@m\f and concentration polarization
phenomena in reverse electrodialysis channels.aAsport equation suitable also for
concentrated solutions was implemented in the CBBec From the Stefan—Maxwell
approach and assuming the local electroneutratibdition, the transport equation of a
binary electrolyte (NaCl) can be derived. This dgumacontains the divergence of the
convective, the diffusive and the migrative fluxes.

Respect to an ordinary transport equation, it dihitvo sources of additional difficulty:

(i) the effective diffusion coefficient varies wittoncentration, density and derivative of
density as a function of the concentration, an)l diimigrative term containing the

current density appears. As regards the formeicdlff/, a simple expression is obtained
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by locally linearizingp(C) in the proximity of the bulk concentration of teelution to
be simulated. Therefore the correction term ofdifeisivity depends on the parameters
of the linear regression and on the concentratitmwever, the functional dependence
on the concentration is weak.

As regards the latter difficulty, solving the trpost equation in its complete form,
which contains the current density, would requithe additional equations for this
quantity or arma priori knowledge of its distribution. Thus, CFD simulatsowere first
carried out in a spacerless channel, where thesicudensity can be assumed to be
uniform, in order to quantify the relative importanof the transport terms (of course, in
the empty channel no convective contributions aesent in the direction orthogonal to
the membranes). Results showed that the concemtratofiles obtained by simulations
taking into account the migrative term are pradiiceoincident with those obtained by
neglecting it. It is important to highlight thatetbe findings do not mean that the
migrative flux is negligible, but only that itslivergenceis negligible. Therefore, the
transport equation of the binary electrolyte dedifimm the Stefan—Maxwell approach
can be brought back to a convection-diffusion eiquatwith a weak non-linearity in the
diffusive term).

The Unit Cell approach was used, based on inldepperiodicity of velocity, pressure
and concentration and valid for fully developedditions. Thus, the Navier—Stokes and
the transport equations had to be suitably modifire@rder to take into account the
streamwise variation of pressure and bulk conctairadespite the periodic conditions
imposed. By splitting pressure and concentraticio & periodic component, whose
spatial distribution repeats itself identically gach Unit Cell, and a large-scale
component which varies linearly along the main fldirection, the equations for the
periodic variables were obtained. In particulabaoaly force per unit volume was set in
the Navier—Stokes equations as the large-scale @moemp of the streamwise driving
pressure gradient, and a source term dependingh@natge-scale gradient for the
concentration was implemented in the electrolygegport equation.

A uniform diffusive flux was imposed at the upperdalower walls, representing the
membrane-solution interfaces. Since in the transpguation only convection and
diffusion are explicitly accounted for, the boundaonditions to be set at the fluid-

membrane interfaces must involve only diffusivexéls. Migrative fluxes are not
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explicitly described by the model because they dibemter concentration balances, but
can be deduced from the diffusive ones. Under #wimaption of ideal membranes
(permselectivity equal to 100%) and transport nuisileé ions in solution equal to 0.5,
the diffusive flux at the membranes can be coredldb the current density by a very
simple expression: the diffusive flux is equalte turrent density times 0.5 and divided
by the Faraday constant (the valence is 1).

Completely hexahedral grids or hexahedral gridsniyaivere used for the discretization
of the computational domain. Therefore, a good megshlity was obtained, as
hexahedral grids provide (i) a greater accuracy dogiven number of degrees of
freedom, (i) a better convergence to grid-independresults with respect to fully
tetrahedral grids and (iii) results closer to tixperimental data. The grid dependence
analysis was carried out for all the domains sitealavarious grids were tested for the
case of the highest flow rate investigated, thodifig the coarsest grid allowing results
being “practically unaffected” by any grid dependen

From the CFD simulation, the local distributiontbé variables within the Unit Cell of
the channel is obtained; then, the effects of cehgaometry, flow rate (i.e. Reynolds
number) and feeds features on pumping power andeotration polarization are
evaluated by means of process parameters as paexnveren and Sherwood number that
summarize the results. Finally, the functional elations obtained provide input
information for the higher level of modelling, tpeocess simulator, i.e. the tool (i) for
the prediction of the RED stack performance in &eohnet power produced and (ii) for

optimizations of channel configuration and opegationditions.
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3 FLUID FLOW BEHAVIOR IN A RED STACK

Abstract
In reverse electrodialysis (RED), as well as in w@ottional electrodialysis (ED)
technology, the process performance can dramatidefpend on the stack geometry and
internal fluid dynamics conditions: optimizing tegstem geometry in order to guarantee
lower pressure drops and uniform flow rates distidn within the channels is a topic of
primary importance.
Although literature studies on CFD analysis andmojttion of spacer-filled channels
have been recently increasing in number and rafgpmlications, only a few efforts
have been focused on the analysis of the overaflopeance of the process. In
particular, the proper attention should be devatederify whether the spacer geometry
optimization really represents the main factor etffeg the overall process performance.
In this chapter, CFD simulations were carried autorder to assess the effects of
different parameters on the global process effojersuch as the choice of spacer
material and morphology, and the optimization oédfeand blow-down distribution
systems. Moreover, experiments were performedderato validate the CFD prediction
of the pressure drop within spacer-filled channels.
Spacer material and morphology can affect fluid atgits inside each channel. In
particular the appropriate choice of net spacereri@tcan influence the slip/no-slip
condition of the flow on the spacer wires, thusm#igantly affecting the channel fluid
dynamics in terms of pressure drops. The unitagtiroach was adopted to investigate
the effect of the different choices on the fluidvil along the channel. Results showed
that a completely hydrophobic spacer able to realize slip conditions can reduce
significantly pressure drop.
Also, the possibility of choosing a porounsediumto substitute the net spacer was
theoretically addressed. Such investigation focumedhe porosity and the fiber radius
required to respect the process constrains of restrops and mechanical stability.
This analysis highlighted that a feasible porougliom@ made of small fibers causes
pressure drops much larger compared to a typidcaipaeer.
On the other hand, the overall pressure drop oEB Br ED stack can be considered as

resulting from different contributions: the pressuarop relevant to the feed distributor,
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the pressure drop inside the channel, the pressopein the discharging collector. The
choice of the optimal stack geometry is, therefstepngly related to the need of both
minimizing each of the above terms and obtaining thost uniform feed streams
distribution among the stack channels. In ordeint@stigate such aspects, simulations
were performed on a simplified ideal planar hydi@uaircuit of a stack with either 50
spacer-less or 50 spacer-filled channels. Rectangumlanifolds being wide as the
channels were devised, and such configuration évgat to be able to significantly
reduce hydraulic losses. Conversely, in conventigtecks that use small cylindrical
ducts a significant contribution of the manifolds the pressure losses is due to the
relatively high velocity of the fluid entering/leiag the channel in radial direction at the
inlet/outlet holes. Therefore, improving the designhe manifolds is a crucial topic.

The stack features had a significant influence o dverall process performance. A
more homogeneous distribution of flow rates amdrg ¢hannels was obtained by (i)
increasing the pressure drops along the chanmetlgéreasing hydraulic losses in the
distributor and (iii) reducing the total flow rat&€he adoption of a symmetric feeding
system along with an increasing number of inletiétsi homogenizes the flow rates
distribution and decrease the pressure drops.

Experiments by a mono-channel stack in the clakgiede-and-frame geometry were
performed. Woven spacers 280-480 thick were investigated at the flow rates typical
of RED channels. Pressure drops were measuredanittwithout the spacer, in order to
quantify the effect of inlet-outlet channel andritify the distributed pressure drops due
to the woven nets. A fair agreement was found bet@FD results and experimental
data on hydraulic loss along the channel. Theref@feD modelling can be used to
evaluate the pressure drops within spacer-fillegndels of any customised geometry,

representing a powerful cost effective predictiogl.t

31 Introduction

As thoroughly discussed in chapter 1, the fluidMleatures and conditions strongly
affect the process performance. The pressure datopg the entire system (including
the distributor, the spacer filled channel andabkector) should be minimized in order
to reduce the pumping power. On the other handdtiveng force has to be maximized

by keeping the concentration polarization as lowpeassible (e.g. by including a spacer
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within the channel). In addition, flow rates dibtrtion within a stack of several cell

pairs represents an issue which cannot be neglegtethese aspects confirm the need

to investigate the fluid flow of RED apparatusesalyyowerful tool as the Computational
Fluid Dynamics (CFD).

Most literature works addressing fluid dynamicseasp in spacer-filled channel mainly

aim at finding the spacer allowing the best compsenbetween pressure drop reduction

and polarization minimization. Nevertheless, thare many aspects which have been

poorly taken into account so far.

Spacers can be made of different materials: sunfaaterial characteristics
influence the sliding of the fluid over the surfabes likely modifying the fluid
flow and the relevant pressure drops; in particutae use of hydrophobic
surfaces can increase the slip length and redwessyre loss. This effect may
be not negligible at low overall flow rates (copeading to the laminar
regime) as those typically encountered in RED cbfnmhe only example in
the literature concerning spacers for RED is byud#&grodzinski and Kramer
[32] that treated the spacer surface and thus mdadaa significant reduction of
pressure loss (section 1.4.2).

There are many commercially available porous medii@h couple a high open
porosity with a high mixing promotion: the possdityil to substitute a
commercial spacer with one of these porous mediuldhbe addressed. In
particular, a medium of fibres provides a very &argimber of locations for the
membranes thus assuming a “corrugated” aspectthEatase of ED and RED
applications this is likely to promote turbulencean their surfaces and
consequently reduce concentration polarization pimama.

Although the contribute of the spacer geometry antlie channel features to
the process performance cannot certainly be negleatnot sufficient attention
has been paid to verify whether these are the faators controlling the entire
process. In this regard, experimental data highliitat the concentrated
pressure drops in the manifolds can play a detemmirole in determining the
overall loss. In the most common kind of stack gewwyn cylindrical ducts
created by holes (of spacers, gaskets and membrgeesrate high variations

of cross-section at the inlet/outlet zones of tharmel; thus they determine

89



high variations of velocity of the fluid enteringdleaving the channel, causing
high pressure drop in these regions of the staekeNheless, the improvement
of the distribution/collection system design camuee significantly these
localized losses [28]. (section 1.6). MoreoverRIBD applications the lay-out
of the entire stack (distributor-channels-collegtand the relevant flow rate
distribution may affect the performance of the msx For example, a non-
homogeneous flow rate distribution can determirgh liesidence time in some
channels, causing a reduction of the driving fofoigher R,c, see section
1.3.3).
The present chapter aims at addressing these adpecthe case of a stack devoted to
RED applications. In particular, it is devoted to:
- assessing the effect of the spacer material onpthesure drops along the
channel,
- evaluating whether a fiber structure porous medaould substitute the most
commonly adopted net spacers;
- investigating an entire simplified hydraulic systémorder to assess the effect
of some parameters (distributor thickness, chantieétkness, presence of a
spacer, lay-out configuration) on the RED processdf dynamics. A
rectangular configuration of the manifolds with Widequal to that of the
channels was devised. In fact, this configurationld be suitable to reduce
pressure drop compared to the conventional stadkfigeoation, as the
distributor width covers that one of the entire i, thus avoiding sudden
expansions/contractions of the fluid vein at thearce/exit of the channels.
Finally, CFD simulations of spacer-filled channfis RED were carried out in parallel
with an experimental campaign by a mono-channakstacused on the collection of
data for model validation on the pressure drop iptiech.
Each section of the chapter is devoted to a difteaspect among those investigated.

32 Effect of net spacersmaterial
321 Casesinvesigated

Two different double layer symmetric net spacerotogies were investigated: a

commercial spacer made of woven wires and a cavrelpg ideal spacer made of
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overlapped filaments (Figure 3.1). The channelkiéss is 380 um, the filaments have
circular cross-section with equal size for both the layers, the mesh length (distance
between two subsequent non-crossing filaments)ligrin for both the two layers, the

angle between two crossing filaments is 90°, aedfiitw attack angle (angle between
the main liquid flow direction and the filaments 45°. Notably, the size of these
spacers was chosen according to that commonly eddptsmall scale electrodialysis

plants. The computational domain was generateth®asis of the geometrical features
detected by the measurements made on the wovearspdtch is the real one, and the
compenetration/compression of filaments were soragwdken into account (for details

see section 2.5.1.1).

The fluid simulated was pure water at 25 °C, whds&racteristics are reported in Table

2.1. The pressure drop imposed in the simulatianges from 500 to 20’000 Pa/m.

Figure 3.1. Double layemnet spacers sketcfta) overlapped spacer 380 um thick, (b) woven space
380 um thick.

322 Governing equations, computational domain and boundary
conditions

The fluid flow analysis of the spacer filled chalnwas performed by simulating the
Unit Cell, i.e. assuming fully developed conditioiifie modelling approach followed is
reported in section 2.5.1. A sketch of one of thi¢ cells generated is depicted in Figure
3.2. The same Unit Cell sizes were adopted fotwloespacer-filled channels. Either no-
slip or free-slip conditions were imposed on theewisurfaces in order to assess the
effect of the spacer material. The equations sy$terthe periodic domain was adopted,
and consists of: the continuity Eq. (2.1), the avEtokes Eqgs. (2.36). The body force
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per unit volumeK, in Eq. (2.36) was imposed with the effect of thege-scale pressure

gradient, allowing the fluid to move within the daim.

Figure 3.2. Unit cell for the case of the 38n thick overlapped spacer.

The two Unit Cells relevant to each spacer-filldwmnel were discretized by means of
hybrid meshes mainly composed by hexahedral elemnéwicause of the geometrical
complexities due to the spacer wires, the zones thedfilaments were discretized with

tetrahedrons while all the rest of the computatimotume was discretized with mapped
hexahedral elements.

The sensitivity analysis of the results dependeorethe discretization degree was
performed for the case of the highest fluid velpailvestigated for the two spacer-filled

channels simulated. On the basis of this analyises,grids to perform the simulations

were chosen. As an example, Figure 3.3 shows theh radopted for the case of the

woven spacer. The features of the two grids arenzanzed in Table 3.1.
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Figure 3.3. Mesh adopted for the case of the 3&0thick woven spacer.

Table 3.1. Summary of the grids employed to evaluate thecetiéthe wires slip conditions.

Unit Cell Number of cells % of volume discretized

with hexahedral cells

woven spacer ~534'000 76.0
overlapped spacer ~519’000 94.3

3.23 Resultsand discussion

Different materials are used to produce commersjédcers (e.g. PET, PP, PA).
Materials with different characteristics may infhoe the system fluid flow patterns. As
an example, completely hydrophobic and completeygrdphilic spacers offer a
different resistance to the sliding of the watesngl the wire surfaces. Nevertheless,
independently of the material constituting the gpathe wire surfaces are very often
defined as walls with no-slip boundary conditiomsthe literature. Under turbulent
conditions, the effect of this simplification mawp lsonsidered as being small or even
negligible. On the contrary, at the low flow ratxsresponding to a laminar regime as
those typically employed in RED channels, thisuafice cannot be passed over.

In order to investigate the spacer material efféw, Unit Cells relevant to the two 380
um spacer filled channels (i.e. the woven and therlapped one) were simulated by
imposing either no-slip or free-slip boundary cdiadis on the filaments surfaces. These
can be considered as the two opposite conditiombhigh different materials may lead.
Some different pressure drops were imposed andccdhnesponding flow rates were

provided by the code. The corresponding resultssaosvn in Figure 3.4: the free-slip
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condition leads to lower pressure losses for bbéhtivo cases as expected because of
the viscous stresses reduction. In particularrgelaverage discrepancy, calculated as
(AP/lnosiip = AP/liree-sid/ AP/Lnosiiy Can be observed for the two different conditicios:
the case of the overlapped spacer it was aboutwié it was about 46% for the case
of the woven spacer.

Also, it can be observed that the pressure drapsgahe channel caused by the woven
spacer are fairly higher than those relevant to dlherlapped spacer: this average
difference is of about 41% and 36% for no-slip &ee-slip condition respectively.
According to these findings it can be stated that $pacer material may affect the
pressure drop slightly more than the geometric shthps suggesting that the proper
attention should be paid to the choice of the spataterial for RED applications. In
particular, the adoption of hydrophobic materialsich intrinsically do not hold the

water thus reducing wall viscous stresses shoularderable.
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Figure 3.4. Pressure drop per unit length in unit cell for teeped and woven spacers both with
free-slip and no-slip condition on the filamentfage. Notably,Q = 1E-05 kg/s in the unit cell
corresponds to 38.7 ml/min within a channel 10 datew

Figure 3.4 shows that the relation between watewr flate and pressure drops is linear
only at the smallest flow rates. Similarly, thecfion factor f) vs Reynolds numbeR@
curves (not reported here) show thiat proportional taRe* only up to a given flow rate.
Despite this lack in linearity at higher flow ratdbe flow field regime is however

laminar since the velocity vs time trends did ratw any chaotic fluctuation in the flow
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rate range investigated in the present work. Thie-lmear behaviour is due to the
spacer presence which causes the flow field ndietcauto-similar as the flow rates
increases. These aspects are discussed in mori¢ idethe next chapters, and in

particular in section 4.4 and 5.3.2.

33 Porous spacer
A suitable porous medium filled channel would gudee a good mixing, thus sensibly
reducing concentration polarization phenomena. @a other hand, its structure
allegedly would vyield very large pressure drops. &sonsequence, this section is
devoted to identify the characteristics that a peranedium must have to provide
pressure drops along the channel comparable te tiedsvant to the formerly presented
net spacers (see section 3.2).
There are several analytical methods allowing tateethe microstructure of a porous
medium with its permeability. The permeability of fibrous medium depends on
different factors:

« fibers size, e.g. the fibers radias

» fibers concentration, usually expressed as solitbme fraction ¢ or as

porositye (clearly = 1-¢);

« fibers arrangement.

At a given fiber arrangement the relation betweenngability and the other two

variables can be expressed as:

kK _
-1 3.1)

In accordance with the most commonly adopted theateapproach [129-135], a

porous medium can be ideally considered as a mafrbods in order to explicit the

functionf(g).

Porous media made of random fibrous structure wéeady investigated as possible
fillers of channels devoted to RED processes [2H. a consequence, theoretical

relations being suitable and valid for this kind pifrous media were adopted in the
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following. In particular, two different analyticahodels were employed: the Jackson and
James model [131] and the model by Tomadakis atkiRzon [135].

According to the first one, the random medium pexbildy is considered as being
equivalent to the permeability of a cubical latttnade of the same material. This results

in the following expression for the dimensionlessrpeability:
= (-Ing—-0.931+0 (Ing J*) (3.2)

Conversely, Tomadakis and Robertson [135] develapednalytical model based on
electrical conduction principles aiming at predigtithe permeability of porous media
made of random fiber structures. The correspondulgtion for the dimensionless

permeability was:

a’  8(Ine)’ (1—£p)a [(a+1)£—£p]2

k_ ¢ G (3.3)

wheree is the medium-porosity, is the percolation threshold,is a constant. For three-
directional random overlapping fiber structuggs 0.037 and: = 0.661. Full details can
be found in the relevant work [135].

Egs. (3.2) and (3.3) are plotted in Figure 3.5.itAsan be seen, these provide similar
dimensionless permeability for solid volume fraatisigher than 0.2, while foplower
than 0.1, the lower the value, the larger the values of dimensionless pahitity
obtained by the relation by Tomadakis and Roberf486] with respect to the Jackson
and James equation [131].
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Figure 3.5. Dimensionless permeability as a function of S¥l@ume Fraction.

In order to find the characteristics of a fibeusture porous medium providing pressure
drops comparable to those relevant to a net sptwweg different fiber radius values (i.e.
a; = 0.1um, a, = 1 um, az = 10 um) were investigated. The relevant permeabilityaas

function of the porosity is shown in Figure 3.6 fbe case of the two former equations.

J&J,al =0.1um
S J&J,a2 =1pm

1E-06 f 38 a3 = 10 ym
T&R,al =0.1pum

k [m2]

0.68 0.78 0.88 0.98
£

Figure 3.6. Permeability as a function of the porosity foreiffiber radius values.

These values were adopted along with a given flate ® = 5-10° kg/s and a cross-
sectionA = 0.38-1.556nn7 (equal to the one used in the unit cell CFD sittimihes) to

calculate the corresponding pressure losses byyRdew
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Ap _ U
£-_£ 3.4
| U (3.4)

whereu is the velocityu is the dynamic viscosity arldis the permeability. Figure 3.7
shows the obtained pressure drop values. Notdidyptessure drops relevant to the two
“completely hydrophilic” spacer (i.e. no-slip cotidn) filled channels (the woven and
the overlapped spacer) are also reported for casgrapurposes.

Results show that the lower the fiber radius, tighér the porosity required to provide
pressure drops along the chanaély, similar to those relevant to the spacer. As an
example, a fiber radius equal to L would require porosity higher than 95%, while a
porous medium made ofdm fibers would require values oflarger than 99%. A low
fiber radius and a simultaneous very large porositg likely to be requirements
incompatible with the mechanical stability of thembrane-equipped-channels. On the
other handAP., comparable with the net spacers may be obtaineshiploying porous
media made of very large fiber radius whose sizeighbe about one hundreds microns
thus assuming the same features of a common wide sacer.

Summarizing, these considerations suggest thaeasilile” porous medium made of
small fibers (whose size is lower than typical spawire size) allegedly provides
pressure drops along the channel much larger tiasetrelevant to a typical spacer thus

allegedly being unsuitable for RED applications.
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Figure 3.7. Pressure drop as a function of the porosity foedHfiber sizes, for a flow ra®@ =
5.10° kg/s and a cross-sectiér= 0.38-1.556 mf
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34 Simplified entire stack

341 Geometrical features

In order to evaluate the contributions of manifabasthe overall pressure loss as well as
the effect of stack lay-out and geometry on thesftate distribution within the channels,
an ideal 50-channels stack was devised: it is &¢gbndrical” stack, where distributor
and collector are rectangular channels, with onlycomputational cell along one
direction §-axis) so that it can be somewhat considered daramplike (2D) stack. This
rectangular configuration could be suitable to wmedpressure drop compared to
conventional stacks. The hydraulic circuit of osed is simulated.

This numerical simplification of the real 3D geomyeis adopted in view of its large
computational savings: the simulation of an en8Ee stack would require very large
computational resources, especially for the casechafnnels filled with a spacer.
However, this simplification can be considered osable as the fluid dynamics along
the unconsidered directiorx-éxis) is not crucial for the pressure drop comnifiitns
estimation and for the flow rates distribution asseent.

Therefore, only a sheet (along tk@xis) of the entire stack was modelled by using a
single computational cell along this direction. Tdf@nnels length was equal to 10 cm.
Conversely, two different channel thicknesses vievestigated: either 100m or 200
um in accordance with the idea of designing stasksoanpact as possible. The distance
between two subsequent channels was set tou0r the case of 104m channel,
while it was 400um for the case of the 20@m channels. Three different distributor
thicknesses were simulateds; = 0.2 mm,s, = 0.5 mm ors; = 1.0 mm. Full details on
the 2D stack are shown in Figure 3.8.

The simulations were carried out for a feed with flatures of pure water at 25 °C (see
Table 2.1).
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Figure 3.8. 2D geometry stack with 50 channels 20® thick and distributor and collector
thickness equal to 0.5 mm.

Both empty and spacer-filled channels were invastig; in particular, for the case of
the 200um channels, the effect relevant to the presencéhefwoven spacer was
addressed. As a consequence, an ideal woven @@em thick, similar to the 38Qm
one presented previously, was employed in thisaech Unit Cell approach along with
a relevant grid dependence analysis was prelimiparformed for this spacer. A hybrid
mesh of 1'200'000 elements was found to be moren thafficient to avoid any
dependence of results on discretization degree.

However, it is not possible to simulate the effe€ta spacer in a 2D geometry by
considering only a sheet of the spacer. This probles tackled by filling the channels
with a fictitious porous medium able to provide gmere drops along the channel
identical to those provided by the presence ofctireesponding spacer. More precisely,
firstly, the pressure drops along the 200 um tkjukcer-filled channel were evaluated as
a function of the flow rates by means of the UnilllGpproach and a relevanP/| vs
averageu, (velocity component along the main flow directiogiaph was provided
(Figure 3.9). Then, these results were fitted Isg@ond order equation composed by two

parameters: such two parameters are considerddaasl koss (see Eqg. (3.5)) of the
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corresponding fictitious porous medium. In factttie porous domain the fluid flow is
simulated by means a source term correspondingtoyl® generalized law included in

the momentum Egs. (2.2):

s - My Py
SNI_ ku Iﬁ)ssz u (35)

wherek is the permeability anll.ss is the loss coefficient which takes into accoum t
possible deviations from the linear Darcy’s law fitwid flow with high Reynolds
numbers. The linear term of this expression retergiscous losses while the quadratic
term concerns inertial losses. Notably, the pormedia were considered as being
isotropic.

Therefore, the system of governing equations waspesed by the continuity Eq. (2.1)
and the Navier—Stokes Eqs. (2.2), where the sotmca expressed in Eq. (3.5) was
added for the simulation of the fictitious porousnwin mimicking the spacer-filled

channel.
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A porous medium
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Figure 3.9. Pressure drop per unit length along the unit aetl fvoven spacer 200 um thick and

equivalent porous medium.

As far as boundary conditions are concerned, atmifnormal velocity corresponding

to the flow rates investigated (see Table 3.2) s@&sas inlet condition, a pressure equal

to the atmospheric one was set as outlet condisigmmetry boundary conditions were
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imposed on the surfaces perpendicular to the negletirection. All other stack surfaces
were defined as walls along with no-slip boundasyditions (in the case of channels
with porous domain, the channels walls are set féh-slip conditions, as the porous
medium dissipates the corresponding spacer-fillethoel).
Two different inlet-outlet configurations were irstigjated:

e aconfigurationA with a single inlet and a single outlet;

* a configuratiorB with two inlets and two outlets.
These two configurations are depicted in Figur®23.1
Notably, a summary of the different features/cdnd# investigated for the case of this

simplified entire stack are reported in Table 3.2.

llnlet llmet Outlet T

=

Outletl Tlnlet Qutlet l

Figure 3.10. The two different inlet-outlet configurations tedt (left) single inlet - single outlet
(conf. A); (right) double inlet - double outlet (o B).

Table 3.2. Summary of the investigated variables.

Distributor/Collector Channels  thickness | Feed Flow rate

thickness[mm] [em] configuration

S 0.2 w; spacer less 100 A (single inlgtQoyer.1 4.00E-O6kg/§;)_
and single 240.7 ml/mif™
outlet)

S 0.5 w, spacer less 200 | B (double inlel Quyer> | 2.00E-05 kg/®

and spacer filled and double 1203.6

outlet) mi/min®

S 1.0 Qover-3 | 4.00E-05 kg/
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2407.2
ml/min{™

(*) mass flow rate values within the 2D stack;
(**) the corresponding flow rates within a stack d wide.

A grid dependence analysis was performed alschtocase of the simplified entire stack
and it is not presented here for brevity. Quadsil@t areas were adopted for the
discretization of the domain (i.e. hexahedral vadsmvith only one computational cell
along the direction not investigated) with a refirent near the walls. The chosen grids
range from a minimum of 534’000 to a maximum of@B300 computational elements
because of the different geometrical features umnlegstigation. It could appear as
surprising that the entire stack requires a grifiresas those relevant to a singular Unit
Cell of the spacer-filled channel. Actually, theachels constituting the stack are either
empty or filled with the fictitious porous mediunmda simulated in 2D, there are no

spacers thus resulting in low computational requésts.

34.2 Resultsand discussion

The geometry of the entire stack may significaaffiigct the RED process performance:
as a matter of fact several factors influencing ribe power production depend on the
stack geometrical features: concentration polagmaphenomena, driving force across
the membranes, short-cut currents, channels alattésistance, total pumping power
and flow rate distribution are the most crucial agthese factors.

In this section, the dependencesofme fluid flow aspectse. the flow rate distributions
within the channels, the overall pressure drop igndifferent contributions within the
stack) onsome of the stack geometrical featuir@g.e. the distributor, collector and
channel size, the presence of the spacer, thedeefiguration at three different feed
flow rates) is investigated by carrying out a numloé CFD simulations on the
simplified 50 channels-entire stack.

All the variables and their relevant values invgsstied are summarized in Table 3.2:

notably simulations encompass all the possible d¢oations of these variable values.

3.4.2.1 Flow rate distribution
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The flow rate value within each channel clearly elggs on the pressure difference
between the distributor and the collector. Thug, flow rates distribution along the
channels can be inferred by the former pressurerdiice as a function of the Y-
coordinate.

In this regard, two lines parallel to the Y-axisrevglaced in the middle of both the
distributor and the collector as it can be seerFigure 3.11. As an example, the
behaviour of the total pressure along these twesliis shown in Figure 3.12 for the
simulation case relevant to flow ra@g,er.. = 2E-5 kg/s, distributor/collector thickness

= 0.5 mm, spacer-less channel thickness= 200 um. The corresponding collector-
distributor pressure differences trend (as a fonctf the Y-coordinate), which can be
inferred from the figure, suggests that the flowerdistribution among the channels is
not uniform. The non-uniform distribution is duette pressured drop in the distributor
and collector channels [12, 33]. As a matter of,fdwe flow rate shows a minimum
which is always relevant to the central channetliercase of the configuration B, while
it can vary its position as a function of colle¢tiistributor thickness and overall flow
rate for the case of the configuration A.

From Figure 3.12 it appears that the total pressurees relevant to the configuration B
are perfectly symmetric thus suggesting that thigfiguration leads to a symmetric flow
rates distribution along the channels. It is natpssing and in accordance with the
geometrical symmetry of this configuration. Compghte the cases investigated by
Tanaka et al. [12], the configuration A corresportds the system I, while the
configuration B corresponds to the system Il (tlwvfdirection in the distributor is
opposite to that in the collector) with doubleceinnd outlet. Since the configuration B
has the same effect to halve the number of chareets make the system being

symmetric, it appears as the best configuration.
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Figure 3.11. Indication of the lines parallel to the Y axisqdd in the centre of the distributor and
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Figure 3.12. Total pressure along two lines parallel to thexiand placed in the middle of the
distributor and the collector respectively. Simigdatcase with flow rateqer.o = 2E-5 kg/s,

distributor/collector thickness = 0.5 mm, spacer-less channels thickvess 200 pm.

Flow rates distribution as a function of all thevéstigated parameters is provided in
Figure 3.13 and Figure 3.14: in particular, thevl@tes relevant to some channels only
(the first, thirteenth, twenty-sixth, thirty-eighétmd fiftieth) are presented.

In Figure 3.13 the dependence of flow rates distiilm on channel features and stack
configuration is shown. The flow rates distributicelevant to the spacer-less 100 pm
channels is the most uniform. For the case of 0@ |2m channels, in general the flow

rate distribution is poorer and a difference betwte spacer-filled and the spacer-less
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channel is highlighted. In particular, the preseofca spacer leads to an enhancement of
the flow rates distribution uniformity with respetd the corresponding spacer-less
channels. This indicates that the higher the presdtops along the channels (spacer-
less 100 um channel provides the highest pressoms)Y the more homogeneous the
corresponding flow rates distribution (confirmed Bgwlowski et al. [33]). In fact, with
reference to Figure 3.12, as the pressure differdmatween distributor and collector is
the driving force to the water flow inside each mhal, a larger distance between
pressure curves in these distributor and colldeimils to a more uniform distribution of
“driving force” in each of the 50 channels, thus @ more uniform flow rates

distribution.
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Figure 3.13. Flow rates distribution in some channels (thet fitsirteenth, twenty-sixth, thirty-
eighth and fiftieth) for the case of flow ra@g.er.o = 2E-5 kg/s, distributor/collector thickness=
0.5 mm. NotablyQ = 4E-07 kg/s in the 2D stack corresponds to 24n0whin within a stack 10

cm wide.

The effect of the distributor/collector thicknessdaof total flow rate on the flow rates
distribution is presented in Figure 3.14 for theecaf the spacer filled channels 200
thick.

As regards the effect of the distributor/collectbicknesss, the figure shows that a
higher s, corresponding to lower pressure losses alongettiee stack, results into a
better flow rates distribution for both the two @igarations. This result is confirmed by

the findings of [12, 33]. As far as the pressurepdralong the distributor/collector
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reduces because of an increase of their thicktiesgorresponding total pressure vs Y-
coordinate (Figure 3.12) curves tend to flattensthesulting into more homogeneous
pressure differences along Y (i.e. more uniformvflates distribution).

As far as the influence of the overall flow rate iv# distribution degree along the
various channels is concerned, results of Figutd 3how that an increase of Qg
yields a worse flow rate distribution along the mhels, especially for the case of the
configuration A, while a very little influence wasbserved for the symmetric
configuration. However, it is worth noting that teffect of the overall flow fate on its
distribution along the channels is not significanth respect to the effects relevant to
distributor/collector thickness and channel feautbus suggesting that investigations

should focus on these last two effects.
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Figure 3.14. Flow rates distribution in some spacer filled afels 200um thick (first, thirteenth,
twenty-sixth, thirty-eighth and fiftieth). Left: ofiguration A; right: configuration B.

As previously anticipated and as also observablEigure 3.13 and Figure 3.14, the
employment of the configuration B always leads &ymmetric and more uniform flow
rates distribution thanks to its intrinsic geonaltisymmetry.

Summarizing, it can be concluded that the flow railé be distributed more uniformly
in stacks characterized by higher pressure dropsgathe channels (lower channels
thickness, presence of spacers) or lower presstwpsdalong the distributor and

collector (case B, higher distributor and collectadth).
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Notably, the flow rates distribution may affect ttetal RED process performance: in
this regard the results provided by the present Giulation were used as input data
for a process simulator [124]. In accordance with tesults obtained by this process
simulator, a bad flow rates distribution leads taealuction of the power density,

especially at low overall flow rates (at high fleates the driving force in all cell pairs is

keep sufficiently high not to affect significantlye overall process performance).

3.4.2.2 Pressure losses along the entire stack
The contribution of the distributor to the overptessure lossesP,,.; was addressed.

For the case of the configuration A, thBg;s, was calculated as:

APdistr = Pin - PSO (36)

where P, is the total pressure at the inlet surface, wiillg is the pressure just
afterwards the S0channel.

Similarly, for the case of the configuration B:

AP, =P -P. (3.7)

where P, is the minimum total pressure in the distributitrjs achieved midway
between the 25and the 26 channel.

Relevant results and comparison are provided inrgi@.15. The best fit curve for the
trend of APy @s a function of the flow rate is parabolic, huthe range investigated
here the curve can be well approximated by a lifeaction. APy, reduces as the
distributor thickness increases as expected. Figut® shows also that in some cases
APy is Of the same order of magnitude of the averagsspire drop along the channel
AP, (calculated as the arithmetic average of the pressirop along the various
channels) thus suggesting that both the two cartdbs are important and should be
taken into account. In particular, for the caseahaf stack with the smallest distributor
thicknesss; (i.e.s; = 0.2 mm) and the configuration APy, is about twiceAP,,, while
they are practically the same for the configurat®inAs a difference, in all the other

casesAP,, corresponds to the main contribution to the ovemadssure drops. Also, the
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configuration B always leads taPgs, being lower than those relevant to the

configuration A.
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Figure 3.15. Pressure losses along the distributor and avgnagsure drop along the spacer-filled
channel. NotablyQ..r = 1E-06 kg/s in the 2D stack corresponds to 6@l/&in within a stack

10 cm wide.

Summarizing, in the rectangular stack geometry Eited in this work, where the
manifolds are wide as the channels, the pressune idrthe manifolds is shown to be
low, unless distributor thickness is very smalle.(i.comparable to the channels
thickness). Therefore, a real stack designed wittevand sufficiently thick manifolds,
can decrease significantly the pressure drop cosdpsr the usual kind of stack with
cylindrical ducts generated by holes (see sectidh 3

It should be noted that the model by Pawlowskilef38] shows that the geometry of
the manifolds can be improved in the common stamifiguration with feeding ducts
generated by holes; on the other hand, the modeled for prediction of pressure drops
in a large-scale stack devised as an industriatrel@ialysis unit with channels length of
2 m, where the contribution of the distributed lasésng the channel is very high and
thus the relative contribution of the distributa@illector system is reduced. Nevertheless,
the present CFD results demonstrate that the peeshop in the manifolds can be
dramatically reduced by the alternative geometmusated here; therefore it is shown to

be very promising and suitable for a performangerowement.
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On the other hand, it must be highlighted also that real stack higher pressure drops
concentrated in the manifolds could be expectedalree of the ideality of the hydraulic
circuit simulated. For instance, it is possiblettihareal stacks there is not a good
alignment of membranes and spacers at the distridabllection system, causing a
more tortuous path of the fluid in the manifoldsdam deformation of inlet and outlet
cross-sections of the channels. These aspect afeusly neglected in the modelling,
thus the “ideal” simulations could actually undéireate the concentrated pressure
drops in the manifolds compared to those experialgnmeasured. Finally, in the
experimental tests the proper attention shoulddie fo the stack assembling, in order to
ensure that the stack could resemble as more asbfmwso the ideal configuration,
without deviations that reduce the achievable athges.

The overall total pressure drop$,.., (calculated a$;,, — P,,) as a function of the
overall flow rate is reported in Figure 3.16 foe thame cases of Figure 3.15. The trends
corresponding to the distributor thicknes@nds; are similar, since for these two cases,
the main contribution ta\P,, is due to the pressure losses along the chatifgl
Conversely, the case relevant to the distributicktitesss; exhibits a largerAPqye

because of the main contribution due to the distob

18000
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12000

—e—s1,CaseA
—+—s2,CaseA
—#— s3,Case A
seee@-e» 51, Case B
EIOOOO seeeeeer 52 Case B
8000
6000 .
4000 -
2000 f /.

0 -
OE+00 2E-05 4E-05
Qover [kg/s]

~~~~ t---- s3,Case B

APOVer [

Figure 3.16. Overall total pressure drops along the entirekstac the case of spacer-filled
channels. NotablyQ,.. = 1E-06 kg/s in the 2D stack corresponds to 6@llghin within a stack
10 cm wide.
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Figure 3.17 shows that the channel geometricalifeat(i.e. thickness, spacer presence)
also significantly affectAP,,. In particular, both a decrease of the channekttg@ss
and the presence of a spacer &), to increase as expected. Clearly, at a given
distributor/collector thickness, the choice of amangeometrical features resulting in
larger AP, causes the distributor contribution A®,e to be less important. Therefore,
whether the pressure drops in the manifolds arecesdl by the rectangular geometry
along with a suitable thickness, it needs to improthe spacer-filled channel
performance that, in addition, should take intooat other aspects as concentration

polarization phenomena.

[f=—8-— w1 spacer-less, Case A

9000 é—-— w2 spacer-less, Case A
[f———— w2 spacer-filled, Case A
8000 F--&+-- wispacerless, Case B
E -+« W2 spacer-less, Case B

F--re-0eee w2 spacerilled, Case B /o

0E+00 2E-05 4E-05
Qover [kg/s]

Figure 3.17. Overall pressure drops along the entire stackgaten distributor/collector thickness
(s, = 0.5 mMm).Qqver = 1E-06 kg/s in the 2D stack corresponds to 6@nl/gin within a stack 10

cm wide.

35 Validation of pressuredrop prediction in spacer-filled channels
351 Casesinvestigated

Pressure drop distributed along the channel wasstigated for two spacers by CFD
simulations and experimental tests, in order tadest the numerical prediction. The
spacers were made by woven filaments at 90° witbuldr cross-section and equal
spacing and size for the two layers. One spacerswpglied by Fumatech and is named
“blue” spacer (thickness of 480m); the other one is supplied by Deukum (thickrefss

280um) and a picture is shown in Figure 4.1, togethigh wther spacers investigated in
chapter 4. In addition, a spacer supplied by Sefs also simulated for a comparison
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with literature data (Sefar Nitex 03-300/51, spawéh woven filaments and thickness
of 200um).

The computational domain was built considering theasurements made by optical
microscopy and micrometer; also, the compressiofilavhents was taken into account
as described in section 2.5.1.1. The features efsffacers are reported in Table 3.3,
showing also the angle between the main flow dwacand the filaments (the spacers
are provided by integrated gasket that imposesotientation of the filaments with
respect to the main flow direction).

Two feed solutions at 25°C were tested: distilleatesr, and a brine solution of NaCl at
concentration of 5 M. The physical properties & feeds are summarized in Table 2.1.
Fluid flow velocities, in the typical range of REEhannels, up to ~4.8 cm/s were

investigated.

Table 3.3. Geometric features of the spacers investigatechagte between the flow direction and

a filament.
Spacer Filament  Thickness FilamentMesh Volume Angle Angle between
arrangement[um] diameterlength porosity between flow direction
[um] [um] [] filamentsand a filament
[’] [’]

Blue (Fumatech) Woven 480 260 1160 0.81 90 45

Deukum Woven 280 148 809 0.85 90 0

Sefar Woven 200 122 422 0.77 90 45

352 Experimental section

3.5.2.1 Mono-channel stack

The experimental apparatus consists of a mono-&hatack in the conventional plate-

and-frame geometry. The endplates of a RED stadle weed, and the spacer was
interposed between two additional rigid plates t(it@er the compartments for redox

reactions for RED experiments). The plates aresgrarent (Plexiglas), so that it was

easy to detect eventual air bubbles. The solutrfed and discharged by three
inlet/outlet holes. The channel thickness was fikgdwoven spacers, provided with

integrated gasket and inlet/outlet holes. Two défé spacers were used, namely Blue
and Deukum; their main features are listed in T&B The hydraulic seal of the stack
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is ensured by using threaded rods and nuts, wihstlitable tightening. Figure 3.18

shows a schematic representation of the mono-chatawk adopted.

3.5.2.2 Feed solutions

The experiments were performed with (i) distilledter and (ii) an artificial solution of
NaCl at concentration of 5 M (brine). Coarse hatitgstals with purity of 99% were
used. The dissolution was favoured mixing the smhuby a stirrer or a submersed pump
creating recirculation zones. The solution was fiileared by a cartridge filter and put in
a tank.

The feed solution was drawn from a flask and pumntpeaugh the stack by a peristaltic
pump at different flow rates between 0.87 and 63 ml/miihe solution was fed from
below and during the filling phase of the stackecaas taken to make coming out air
bubbles that could affect the measuremekdting from the stack, the solution was
recirculated in the flask at atmospheric presstira fixed height over the level of the

solution. Figure 3.19 shows the whole experimeaypglaratus.

3.5.2.3 Measurements and data acquisition

The pressure downstream of the pump was measure@d Ipyessure transducer
(Sensortechnics) that generates an electric sfgmal O to 10 V, corresponding to the
pressure range 0-2 barg. The pressure transducerpvevided with a data logger
(National Instruments DAQ NI USB 6210) for detegtiand recording measurements

continuously. Data were acquired and managed mlayphe software LabVIEW.

3.5.2.4 Experimental procedure

Pressure drops were measured with and withoutpthees, in order to quantify the effect
of inlet-outlet channel and identify the distribdiferessure drops due to the woven nets.
Due to the small size of the channel and to thekst@ometrical characteristics (Figure
3.19), it was not possible to “directly” measure tressure losses along the channel
provided with the spacer: as a matter of fact, anfput pressure measurements were
possible. Therefore, in order to isolate the pnesduops along the spacer-filled channel,
an ad-hoc procedure was set up based on the empihbyofi two different channel

configurations for the experiments (shown in FigBir20):
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a) A stack with a full spacer;

b) A stack with a spacer deprived of its central atE@x10 cri) which was cut
thus resulting in a channel unprovided of spacerafd from the areas near the
inlet and the outlet).

By means of these configurations, two differaf were measured (during two separate
experiments):

- APg. including external loss, distributed spacer fillgdthnnel loss and in-out
loss;

- APgmgyincluding external loss, distributed empty charlass and in-out loss.

The distributed pressure drops per unit length iwitlhe spacer-filled channel were

obtained as

AP, AP, ~(AP, ~AP.)

spacer _ over_( empty (3 8)

wheredPyp is the theoretical distributed loss per unit Iénigt a corresponding spacer-
less channel of infinite spanwise and streamwidergx calculated by means of the

Hagen-Poiseuille equation

(3.9)

whereu is viscosity,Q is flow rate,l is channel lengths is channel width and is
channel thickness.

All measurements were performed in duplicate ineotd evaluate the influence of the
assembly conditions (torque applied manually torthts, spacer alignment) and verify
the riproducibility. Discrepancies below 7% weraurfid. The mean values of these

duplicates were calculated and are reported imebiglts of section 3.5.4.
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Figure 3.18. Stack with one channel adopted for the experinhemasurements of pressure

drops.
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Figure 3.19. Experimental apparatus for the pressure dropsune@ents.

Figure 3.20. Full spacer (a) and spacer deprived of the ceates (b).

353 CFD modelling
Fully developed flow conditions were assumed in $iraulations, thus the periodic
domain was simulated (Unit Cell approach, see ®e@i5.1). The governing equations
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are the continuity Eqg. (2.1) and the Navier—Stokgs. (2.36) with the body force per
unit volumeK, having the effect of the large-scale pressureigradranging from 0.01
to 0.2 bar/m. Fluid flow velocities up to ~4.8 cri/ere obtained.

The Unit Cells of to two spacer-filled channels geatiscretized by hybrid meshes
mainly composed by hexahedral elements (the regieas the wires were discretized
with tetrahedrons) as in the case of section 3Th2.sensitivity analysis of the results to
the discretization degree was tested prelimindilythe case of the highest pressure
gradient imposed. The features of the grids chagethis analysis and employed to run

the various simulations are summarized in Table 3.4

Table 3.4. Summary of the grids employed to asses pressogefdr the validation.

Unit Cell Number of cells % of volume discretized

with hexahedral cells

Blue (Fumatech) ~1'126’000 71.4
Deukum ~1'600'000 76.1
Sefar ~1'088'000 62.2

354 Resultsand siscusson

Figure 3.21 reports experimental results on ovenadl distributed pressure drops within
that stack fed by distilled water. The distribuledses are not directly measured, but
calculated as described in section 3.5.2.4. Theilolised pressure drop along the spacer-
filled channel is 31% and 53% of the overall presdoss for the cases of the Deukum
and Blue spacers respectively.

Therefore, these experimental results demonsthatea significant contribution to the
pressure drop can be attributed to the manifoldsnwthe conventional stack geometry is
used; in fact, it causes relatively high velocit@sthe fluid entering and leaving the
channel in radial direction at the inlet and outteles, thus leading to high pressure
losses. Again, it can be stressed that improviegdésign of the manifolds is crucial for
the stack performance and that the rectangularigumation investigated by CFD
simulation in section 3.4 can be reliable for the af reducing significantly the

concentrated hydraulic losses.
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Now, further supporting data from literature arpaged. Vermaas et al. [21] have

experimentally investigated the effect of the imembrane distance and the feeds flow

rate on the power density of a RED stack. They satbp conventional stack comprising

five cell pairs with one inlet and one outlet hader channel, with river water and

seawater as diluted and concentrated solutions. ditlee spacers adopte8dfar 03-

300/51)was simulated in this work. Figure 3.22 shows therall average pressure drop

over the stack measured in [21] and the distribpiedsure drop over the spacer-filled

channel obtained from CFD modelling, as a functiérthe flow rate of a channel per

unit width. This comparison shows thélPspaceldPover = 32%; therefore in this stack

configuration the incidence of the two contribusao the overall pressure drop is found

comparable to that of the experiments of Figurd 3.2
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Figure 3.21. Experimental overall and distributed pressure dadpsg the mono-channel stack.
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Figure 3.22. Experimental overall pressure drop by Vermaad.gRa] and distributed pressure

drop within Sefar spacer-filled channel from CFD.

Figure 3.23 shows the comparison between experaheatsta and CFD predictions
concerning the distributed pressure drops withia #ipacer-filled channel, for two
spacers (Blue and Deukum) and two different sohgti(b M brine and distilled water).
The CFD results are in a fair agreement with thpeemental data, although some
discrepancies can be observed. In particular, #gs@mum deviation (~17%) regards the
Blue spacer-filled channel fed by brine. It shobkl mentioned that several factors can
cause a deviation between CFD and experimental tfafact, modelling do not takes
into account irregularities in the spacer and based on a schematic geometry and on
the assumption of fully developed flow conditioMoreover, the stack tightening may
cause different compressions of the spacer, thugifyitng the geometry of the channel,
with consequent effects on the pressure drop duelyra the channel thickness.

The validation of the CFD results by experimentidproves that the CFD modelling is
a suitable tool to predict the pressure drops withpacer-filled channels of any
customised geometry. Moreover, the CFD simulatigrr€quires fewer resources in
terms of equipment and time compared to the expariah investigation, and (ii) offers
the possibility to analyse fluid flow and relatedepomena at small scaley obtaining

detailed results that can provide important ingdbt the system optimization.
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Figure 3.23. Distributed pressure drop as a function of thevftate in a channel 10 cm wide for

Deukum and Blue spacer-filled channels: comparisstween CFD and experimental.

3.6

Conclusions

Analysis and CFD simulations of a simplified stac&luding spacer filled channels for

reverse electrodialysis applications were carrietio order to assess the influence of

different aspects on the fluid flow performancetioé process. Results show that the

spacer-geometry optimization may not be the mattofaaffecting the overall process

efficiency.
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At a small scale, the spacer material can affeetdliding conditions of the
fluid on the spacer filaments thus modifying thewfl field along the channel
and the relevant pressure drops. In particularitalda perfectly hydrophobic
material able to avoid any friction between thewilog water and the spacer
wires would provide a significant reduction (~4086)he pressure drops along
the channel with respect to a spacer made of agbrfhydrophilic material
providing water-to-filaments no-slip conditions.

As far as the possibility of adopting a suitablequs medium instead of a net
spacer is concerned, a theoretical analysis ofysomedia characteristics was
performed. In particular, two different theoreticgbproaches (based on the

simplification of considering the porous mediumaa®ds matrix) were adopted
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in order to assess the porosity and the fiber sattiat a porous medium should
have to provide pressure drop in the channel sirtdlahose caused by typical
net spacers. A low fiber radius and a simultaneary large porosity would
lead to pressure loss similar to those providethbyspacers, but they are likely
to be two slight compatible properties. On the othend, large fiber radius
may also be suitable to accomplish the desired, taskthe fiber radius size
should be so large that the porous medium shapédvimcome the same of a
commercial net spacer. These findings suggestatfatsible porous medium
made of small fibers (whose size is lower than dgbispacer wire size)
allegedly provides pressure drops along the chammaih larger than those
relevant to a typical net spacer thus likely beingsuitable for RED
applications.

At a larger scale, fluid flow performance depends only on the channels
characteristics, but also on stack geometry andolaty The dependence of
some fluid flow aspects (i.e. the flow rate diafitibns within the channels, the
overall pressure drop and local pressure dropsjamne features of the stack
(i.e. different distributor, collector and chanrgte, spacer presence, feed
configuration, overall feed flow rate) was inveatigd by carrying out a number
of CFD simulations on a simplified 50 channels+enstack with rectangular
manifolds being wide as the channels. Results atdithat all the parameters
considered can affect the stack fluid dynamics.

- A more homogeneous distribution of liquid flow mEan be obtained
by i) increasing the pressure drops along the atlafie. decreasing
channels thickness and/or adding a spacer), iijedstg hydraulic
losses in the distributor (i.e. decreasing distobigollector thickness)
and iii) reducing the total flow rate.

- An analysis of the overall pressure losses alorgstack have shown
that a fluid flow optimization of a RED apparatusishnot focus on
channel features only. In fact, a distribution eystdesigned with
rectangular geometry was shown to be very effectivedecrease
dramatically the pressure loss occurring in the ifolts compared to

a conventional stack. Also, the reduction of pressdrop in
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rectangular manifolds can cause the further adgentaf a more

uniform distribution of flow rate. On the other ltarseveral factors of
non-ideality can occur in a real stack, as the ldignment of

membranes and spacers, the obstruction by polluaod the

mechanical deformation of the stack etc. Thereftire,design of the
manifolds is crucial, but the proper attention dtddae paid also to the
stack assembling and operation.

- The adoption of a symmetric feeding configuratidong with an
increasing number of inlets/outlets is suggestepriwide better flow
rates distribution and lower pressure losses afthatis intrinsically
more complex and expensive by a construction pdimtew.

e Pressure drops distributed along the spacer-fdlemhnel were investigated by
CFD simulations and experimental tests in a morarobl conventional stack,
in order to validate the numerical prediction. Exxpental results showed that
the pressure drops in the manifolds were ~50-70%@foverall loss through
the stack, confirming data from the literature asnwentional stacks with
cylindrical ducts. Moreover, a fair agreement wasnd between CFD results
and experimental data on distributed pressure ditbgsdemonstrates that the
CFD modelling is a reliable predicting tool to istigate any customised
geometry, reducing equipment and time resources paogd to the
experimental testing, and providing a detailed ysialat small scale of fluid
dynamics and associated phenomena, which is vesfulufor the process
optimization.

Beyond the aspects analysed here, concentratioaripmion phenomena in RED
channels represent a prominent feature for theggsoperformance; the next chapter is
devoted to the CFD simulation aimed at investigafinid flow and mass transfer within
RED channels.
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4 CONCENTRATION POLARIZATION PHENOMENA IN
SPACER-FILLED CHANNELS

Abstract
In RED systems, as in most membrane processesgmation polarization phenomena
may affect the theoretical driving force and thire tperformance of the process.
Operating conditions, including the feed solutidowf rate and concentration and the
channel geometrical configuration, may greatlyuafice both the polarization effect and
the pumping energy consumption.
In the present chapter CFD simulations are perfdri® investigate concentration
polarization and pressure drop in spacer-filledndleds. The transport equation for a
binary electrolyte derived from the Stefan—Maxwedjuation with the assumption of
local electroneutrality is employed. The geomefrériodic domain of the channel is
simulated, assuming fully developed flow conditioalso, entry effects are investigated
in a domain, consisting of a sequence of five grits, with inlet-outlet boundaries.
Results showed that entry effects are slight amdioonly just the first unit cell; thus the
Unit Cell approach simulating fully developed floiw shown to be appropriate to
represent the conditions that occur in a large pérthe channel. Hence, all the
subsequent simulations are carried out by the Calitapproach.
The influence of flow rate, feeds concentratiorrent density and spacer features on
fluid flow and mass transfer are investigated. @mication field is slightly affected by
the solution properties (Schmidt number), while thifects of the concentration
polarization were significant at low feed solutiooncentration (river water), but only
secondary at higher concentrations (seawater and)beven at high current densities;
thus different optimization strategies should beplyed depending on the feeds
concentration.
Different commercial spacers were investigated.c&itow Reynolds numbers are
typical for RED channels, the fluid flow regime wiasninar in all cases; however the
fluid flow and concentration fields were signifi¢hnaffected by the channel geometry,
due to the velocity components perpendicular tonteenbranes induced by the spacer
wires. Significant insights on the features thapacer-filled channel should possess for

high efficiency and high current density RED apgiions were identified. Spacers with
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woven filaments were found to be more effectiventhgpacers with overlapped
filaments, as they enhance mass transfer at agngiumping power consumption. In
spacers with wires at 90°, for any wire arrangenaefibw attack angle of 45° results in
more efficient mixing compared to the flow directiparallel to one filament. Different

angles between the filaments provide similar penfonce.

4.1 I ntroduction

As widely discussed in chapter 1, fluid dynamicsysl a key role for the RED
performance. In fact, the flow and concentratiaid$ affect considerably the stack net
power output. In particular, stack geometry, flaaterand feeds properties are the most
important parameters that establish these fieldthimithe stack, with effects on
concentration polarization phenomena and hydrdtitton. Therefore, fluid dynamics
and associated phenomena of mass transport carencf deeply the actual driving
force (and thus the actual voltage over the mend®jamand the pumping power
consumption, and thus the producible net power.

At large scale, the fluid flow behaviour of the cita depends on stack
distributor/collector geometry and lay out, as d&sed in section 1.6 and analysed by
CFD simulations in section 3.4; however, the chénreatures are crucial for the
process performance.

In RED and in many membrane processes with fladtstied spiral wound modules, net
spacers are used as mechanical support betweemehgranes (thus creating the
channel) and mixing promoters (thus reducing thendary layer resistance) with
respect to the empty channel (see section 1.4pakes is a polymeric net and can be
made with various geometrical features. As shownrésgults in section 3.2 the
geometrical features of the spacer and the hydiiofifyidrophobic properties of the
polymeric material of which it is made can havehhigfluence on pressure drop along
the channel.

The aim of this chapter is to assess concentrgidarization phenomena within spacer-
filled channels for RED applications, by CFD sintida at small scale. This analysis
provides insight into the mass transfer phenomenRED, where an optimisation of
channel geometry and operating conditions is clufda efficiency and economic

competitiveness. The CFD model presented in ch&ytbased on the Stefan—Maxwell
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equation and the Unit Cell approach, is employedidal with ion transport in RED
channels; therefore, a fully predictive numeridaiidation is adopted for the modelling
of fluid flow and ion concentration transport, irder to assess the influence of:
- flow rate, i.e. Reynolds number;
- feed properties, with three different NaCl concativon (brine, seawater and
river water);
« molar flux through the membranes, i.e. current dgns
« spacer-filled channel configuration, including fheorly studied ones involving
spacers with woven filaments.
First of all, the entry effects in a spacer-filleldannel are evaluated, in order to assess if
the assumption of fully developed flow conditiordahe simulation of the Unit Cell are

reliable; then, the other aspects listed aboveaatysed.

4.2 CFD modelling
421 Systemsunder investigation
Different configurations of Reverse Electrodialysignnels were investigated:
i) channels equipped with four different spacers (Bapre 4.1): (A) a
diamond spacer 400 pm thick made by woven filamestpplied by
Fumatech; (B) an ideal diamond spacer 400 um tith the same sizes,
but made by overlapped filaments; (C) a coarsemdia spacer with
thickness of 508um and overlapped filaments, supplied by DelStar
(Naltex); and (D) a spacer with woven filaments amdkness of 28@um,
supplied by Deukum;
i) an empty (i.e. spacerless) channel (E) with a tigek of 400 pm.
Since industrial or large-scale prototype RED aid not yet exist, commercial spacers
purposely manufactured for this application are anailable. All the above spacers are
produced for different membrane-based processest(Btialysis, Osmosis etc.) or for
general purposes (e.g. packaging), and — in lackare specific spacers — have been
adopted by most groups which currently conduct grpmtal work on RED [21-24] as
an alternative to profiled membranes [30]. All thigacers analysed here are similar,

apart from the smaller scale (implying lower opienal Reynolds numbers), to those
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used in Membrane Distillation (MD), on which botlkperimental [136, 137] and

computational work are conducted.

LA LN

Figure 4.1. Commercial spacers supplied by (A) Fumatech, (€JSEar (Naltex) and (D)

A

Deukum. (B) is an ideal spacer studied for comparigurposes which does not exist physically.

Arrows indicate the different flow directions witbspect to the spacer that were investigated.

Only one channel was simulated in each CFD simadaffhe geometric construction of
the computational domain of spacer-filled chanwveds based on measurements made
by optical microscopy and micrometer; also, the penetration/compression of
filaments were somewhat taken into account in ordeeproduce realistic geometries in
the simulations (for details see the procedure ritestt in section 2.5.1.1). Table 4.1
summarizes the geometric features of all the spdnegestigated, showing also the angle
between the main flow direction and the filamergsuened in the simulations. For each
spacer two different angles were investigated,nalécated in Figure 4.1 by red and
yellow arrows. For the spacers with perpendiculanfents, i.e. Fumatech (A), Deukum
(D) and the ideal spacer (B), the flow directioreither parallel to a filament or bisects
the angle formed by the filaments; for the Del$aitex spacer (C) the flow direction
bisects either of the angles formed by the filammeRbr convenience, hereafter the test
cases studied will be indicated by a letter folldvlyy a number; the letter identifies the
spacer (A, B, C or D) while the number specifiesflow incidence angle.

Three different NaCl feed solutions at 25°C werawdated: Feedl at a concentration
equal to 5 M (brine), Feed2 at 0.5 M (seawater) eed3 at 0.017 M (river water). The
physical properties of the solutions are summariaeable 2.1.

Fluid flow velocities ranging from 0.1 to 14.3 cmi®re investigated, on the basis of
typical residence time and pressure drop conssraomt the flow velocities in RED
channels. Corresponding values of the Reynolds ewntalefined in Eq. (2.44)) ranged
from [l to [1125. Notice that the highest value is relevant® émpty channel, as this
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configuration allows a higher flow rate for a giveressure drop. The maximuRe
investigated for the spacer-filled channels is albju 63.

Some simulations were performed at various cumensities in order to investigate the
effect of the flux which is not linearly dependent the concentration gradient, as the
transport equation of electrolyte includes a cotregion-dependent diffusivity (section
2.5.1.3). Since the non-linearity of the transpeguiation was shown very weak thus
having negligible effects, the subsequent simutstivere carried out at a fixed value of
the current density (200 Afn

Table 4.1. Geometric features of the spacers investigatechagte between the flow direction and

a filament.
Space Configuratior Supplier Filament Thickness Filament Mesh  Volume Angle Angle betwee
Manufacturer arrangement [um] diameter length porosity between flow directior
[pum] [um] [-] filaments and a filament
[l [l
A0 0
A Fumatech Woven 400 210 1100 0.84 90
A45 45
BO . 0
B (ideal) Overlapped 400 210 1100 0.84 90
B45 45
C3C 3C
C DelStar Naltex Overlapped 508 312 1960 0.83 60-120
C6C 6C
DO 0
D Deukum Woven 280 148 809 0.85 90
D45 45

422 Governing equations, computational domain and boundary
conditions

4.2.2.1 Unit Cell approach

In this chapter the modelling was carried out malny} following the “main approach”
described in section 2.5.1 for defining the compaoteal domain and the boundary
conditions. The simulations were carried out onltmét Cell of the channel, assuming
fully developed flow conditions. On the basis oé theometric characterization of the
spacers, the computational domains (Unit Cells)ewdsfined as shown in Figure 4.2.
The choice of the cell orientation with respectite spacer wires is largely arbitrary, and

is suggested by ease of computational domain lugld=or uniformity, the same Unit
127



Cell sizes were adopted for the empty channelghotvn in the figure) as for the A and
B spacer-filled channels.

The governing equations were the continuity Eql)(2the Navier—Stokes Eqgs. (2.36)
and the transport Eq. (2.37). The body force pérwalumekK, in Eq. (2.36) was set as
the pressure gradient determining the fluid motionorder to obtain the desired fluid
velocity within the channelg,d, the relationshiK,-wa.,.. was determined by means of
preliminary simulations. The source teBmdepending on the large-scale concentration
gradientK; was implemented in Eq. (2.37). At the upper angdelowalls representing
the fluid-membrane interfaces a uniform flux ofattelyte was imposed, corresponding
to the current density willed according to Eq. 2.4

The computational domain was discretized by eiltestahedral grids for the case of the
empty channel or hybrid (hexahedral-tetrahedrafjsgfor the case of the spacer-filled
channels. The use of hybrid meshes was made negésstne geometrical complexities
of the computational domain due to the spacer 8lats1 However, such grids are
mainly composed by hexahedral volumes and contiiratliedral volumes near the
filaments. Details of the hybrid meshes in one béla cross section are reported in the
insets of Figure 4.2.

The grid independence analysis of results was pedd for all the channels
investigated (not shown for the sake of brevitiiust identifying the suitable meshes for
carrying out the simulations whose results are shamnd discussed in this chapter. The
features of these meshes are summarized in Tablevlich also reports the number of
control volumes comprised in the channel heigh{the number of volumes along a
filament diameter is one half of this). Table 4rigludes also the case of an empty

channel.

Table 4.2. Summary of the grids employed.

Unit Cell Number of cells in Number of cells % of volume discretized
heightH with hexahedral cells

Empty channel 37 ~50'000 100

A 22 ~500'000 76.0

B 26 ~500'000 94.3

C 23 ~800’000 78.2
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D 28 ~1'600'000 76.1

(A)

)

Figure 4.2. Unit Cell geometry for channels filled with spagdp) through (D). Insets show
details of the mesh over one half of a cross sectio

4.2.2.2 Multi-Cell approach
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A larger domain consisting of a sequence of fivét cellsalong thez-direction with
Dirichlet inlet conditions and Neumann outlet cdimfis was also employed aiming at
investigating the influence of entry effects (Mu@ell approach, Figure 4.3). The spacer
C30 was used in these simulations. Each Unit (ethe sequence was discretized by
the same number of nodes as in the Unit Cell agprdiaus resulting in a total number
of nodes five times higher.

Boundary conditions were set as in the Unit Cefirapch, except for thimlet and the
outletboundaries, which were set at the beginning anleaénd of the sequence of unit
cells as fixed flow rate and concentration atittlet and a relative pressure equal to O Pa
at theoutlet Another difference was that in the Multi-Cell apach a variable flux was
imposed on the membranes to account for the strésamwariation of the bulk
concentration. A correlation akin to the Nernstaoqn was employed to account for the

dependence of the flux on the local concentration:

CEX
‘]I(IjEM,MC = Alnc_t (4-1)

w

whereC,, is the concentration at the external side of tlembrane (fixed as uniform
concentration)C,, is the local concentration at the membrane-salutiderface (wall)
and A is a coefficient purposely chosen/set in ordethawe fluxes similar to those
relevant to the Unit Cell simulations for comparigmrposes.

The governing equations solved for this domain wire continuity Eqg. (2.1), the
Navier—Stokes Egs. (2.2) and the transport Eq5}§2.3
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Figure4.3. Multi-cell domain for the C30 spacer-filled chahn

4.3 Results and discussion

Entry effects are evaluated in section 4.3.1. Tifleénce of several process parameters
on concentration polarization phenomena was inyatgd: feed solution concentration,
fluid velocity and current density. Detailed resulelevant to a specific configuration
(DO) will be presented and discussed in section24\8hile a comparison between the
polarization performances of all the configuratiansestigated will be presented in

section 4.4, focusing on the effects of spacer gdgnand orientation.

431 Comparison between Unit Cell and Multi-Cell approach

Some CFD simulations were carried out by adoptiegMulti-Cell approach in order to
compare the results with those obtained by the @&l approach and assess the
importance of entry effects. Among the cases ifgattd, Figure 4.4 reports results as
contours map of the electrolyte flux across the imrame-solution interfaces normalized
with respect to the value imposed in the Unit Cealimulation (i.e.
It nom = Jitw we/ Jiw ) for the case of the C30 spacer-filled channel gdFeed2
(seawater) and at,,. = 6.89 cm/s (corresponding to the maximum presgtadient of

0.1 bar/m within the range here investigated).
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As expressed in Eq. (4.1), in the Multi-Cell apmioahe flux is not assumed to be
homogeneous, but it varies depending on the coratemt value at the membrane-
solution interface. Figure 4.4 shows that the ndimad flux does not significantly
change from the first to the last cell, i.e. thatrg effects are negligible. This is due to
two reasons: (i) a very slight decrease of the waticentration takes place along the
direction; (ii) the logarithmic nature of Eq. (4.d3uses a slight variation of the flux for a
given change in wall concentration. These finditmghlight the soundness of the
simplifying assumption of homogeneous flux imposethe Unit Cell simulations.

For the same case simulated, Figure 4.5 reportgehds of the normalized flux and the
electrolyte concentration at five probe pointsdh be observed that entry effects extend
over just one cell and they are small and comparafith large-scale trends of the same
quantities. Such finding is in accordance with otheathors [55, 63], who found a fully

developed flow field after a few unit cells.

Normalized Flux
.00

J d
0.98 J d — “IEM ,MC
IEM,norm — J d
0.96 IEM ,UC
0.94

0.92

0.90

0c0t () Fluid flow direction ‘/I\
‘

Figure 4.4. Flux at membrane-solution interfaces predictedgishe Multi-Cell approach and

0001 0.003

normalized by the flux imposed on a correspondimgt @ell domain. C30 spacer-filled channel
fed by Feed2 (seawater) at a veloaity. = 6.89 cm/s Re= 63) and a current density= 200
AIm?,
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Figure 4.5. Normalized flux and concentraticat five probe points within the C30 spacer-filled
channel fed by Feed2 (seawater) at velowity. = 6.89 cm/sRe = 63) and a current densiity=
200 A/nf.

432 Influence of feed concentration, velocity and current density on
polarization phenomena

An example of the concentration field is reportedrigure 4.6 for the case of the diluted
channel fed by Feed3 (0.017 M river water) in a §facer-filled channel, a case
purposely chosen the better to visualize poladragihenomena. The quantity shown is

the “true” (non-periodic) concentration, i.eC=C+ K.z. Different planes are

considered: (a) ax-z plane located midway between the two membrangy-£planes,

(c) x-y planes and (d) the planes representing membrduogesointerfaces (walls).
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c/G, @) (b)

(© (d)

Fluid flow direction Z‘/L X o -

Figure 4.6. Normalized concentration maps on & midplane, (b)y-z planes, (ck-y planes and
(d) membrane-solution interfaces for the DO spéitled channel fed by Feed3 (0.017 M river
water) atw,,e = 1.53 cm/sRe= 8),i = 60 A/nf.

The figure shows that (i) the presence of the gpaffects the concentration field, (ii)
the change of concentration along the main floveaion is negligible, and (iii) the
variation of concentration between the central partthe channel and the fluid-
membrane interfaces is prominent (i.e., high cotration polarization): compare, for

example, the midplane distribution in graph (ahwifte wall distribution in graph (d).
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Figure 4.7. Normalized velocity maps and corresponding veptots on (a)x-zmidplane, (b)y-z
planes and (c}-y planes for the DO spacer-filled channelgf. = 1.53 cm/sRRe= 8).

Velocity maps and vector plots on the same plafiésgure 4.6 are reported in Figure
4.7. As it can be seen, the presence of the spaices reduces the section for the
passage of the fluid thus resulting in a local éase of the velocity (Figure 4.7-cl).
Conversely, low velocity gradients can be obseffadrom the filaments and domain
boundaries in accordance with the low Reynolds remtdgminar flow regime. Velocity
vector plots show that velocity components perparidr to the membranes are present
near the filaments orthogonal to the main fluidafldirection (Figure 4.7-a2,b2). Low

velocities with no components perpendicular to thembrane are observed near the
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longitudinal filaments, thus resulting in the maxim polarization areas (Figure 4.7d).
Velocity vector plots of Figure 4.7-a2,b2 indicatesymmetric flow field without any
fluid detachment downstream of the orthogonal féas, thus confirming the existence

of a creeping flow regime.
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Figure 4.8. Normalized electrolyte concentration profiles @@monitoring line perpendicular to
the membranes and placed in the centre of thdarethe case of the DO spacer-filled channel fed
by Feed3 (0.017 M river water) at various mean fleglocities andi = 60A/nf. Here, y/H

represents thg-coordinate normalized by the channel thickrtéss

Polarization depends on both mean and local védscif first example of the effect of

fluid velocity on concentration polarization is pided by Figure 4.8, where the

normalized concentration profiles along a line padgicular to the membranes and
placed in the centre of the Unit Cell are showrdifferent mean fluid velocities. As

expected, the mixing enhancement due to the inoigaReynolds number tends to
reduce concentration gradients between bulk andbremes.

Figure 4.9 reports the mass transfer coefficierdfi(gd as the ratio between the
diffusive flux at the membrane-solution interfaaed the wall — to — bulk concentration
difference, as a function of the mean fluid velpddr the three feeds. The figure shows

that this quantity increases significantly with tthew rate. The fact that the curves at
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various current densities (and thus at variousef)pare practically identical means that
the non-linearity of the transport equation, dughi® corrective term of the diffusivity
depending on the electrolyte concentration, has aninimal effects. In fact, the
corrective term of the diffusion coefficient exhiionly small variations within the
domain, due to (i) the weak functional dependengethee concentration and (ii) the
slight changes of concentration caused by the &yfiaxes (current densities) of these
systems. As a consequence, the diffusivity comecis found to vary by less than 1%.
Curves vary little also with the electrolyte comgios; in particular, curves for Feed2
(0.5 M seawater) and Feed3 (0.017 M river wateg)amost identical, while only the
curve relative to Feedl (5 M brine) is slightlyfdient (in particular, it starts from a
higher value at low flow speed) because of theiogmtly different physical properties

of this solution (e.g. liquid viscosity, Table 2.1)
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Figure 4.9. Ratio J¢ /((_:w - éo) as a function of fluid velocity for the DO spacédtefl channel

IEM

fed by (a) Feedl1 (5 M brine), (b) Feed2 (0.5 M saaw and (c) Feed3 (0.017 M river water) at

various current densities.

In accordance with the Nernst equation, in Revé&ieetrodialysis systems, (as better
discussed below), the driving force of the proagsgends on the ratio (and not on the

difference) of the concentrations of the two solng in contact with the membrane.

Therefore, notwithstanding very similar values@f - énwere found for the three feed

concentrations, these led to very different effemsdriving force. In this regard, it is
useful to employ the polarization factor as defimedtqgs. (2.53) and (2.54) to quantify
polarization phenomena effect. Figure 4.10 showspthlarization factor as a function of
the mean fluid velocity along the main flow directi The polarization factor is always
close to oned > 0.96) when either Feedl (5 M brine) or Feed2 (@.Seawater) are

simulated, whereas it is significantly lower~x 0.5+0.9) for the case of Feed3 (0.017 M
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river water). Therefore, at a given flow rate andrent density, the higher the mean
concentration of the feed solution, the highergbkarization factor. Also, the higher the
current density (i.e. the higher the flux imposédh& membranes), the lower the value
of @, although such a dependence is crucial only éncidse of Feed3 (0.017 M river
water). Eventually, Figure 4.10 shows that a higfiew rate of the feed solution

corresponds to an enhanced mixing within the chialeaeling polarization phenomena
to decrease. The present findings confirm thatrizslion phenomena can be reduced

by carefully optimizing the fluid dynamics withihé stack.
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Figure 4.10. Polarization factor as a function of fluid velgcfor the DO spacer-filled channel fed
by (a) Feedl (5 M brine), (b) Feed2 (0.5 M seawated (c) Feed3 (0.017 M river water) at

various current densities.

The cell potential available in actual operatingditions is lower than the open circuit
voltage. Following Vermaas et.dll4], the potential drop across a cell pair can be
written as the sum of Ohmic resistances and twe@lmic voltage drops, as expressed
by Eq. (1.3). Therefore the quantifyocy— 775, indicates how much polarization
phenomena affect the obtainable potential by redy€pc,.

For the case of a monovalent binary electrolytensitering the standard Nernst
equation and assuming that the mean activity ontwle interfaces of a channel are

equal, this “corrected” potential in a cell paindze estimated as:

RT conc }_/WCO”C
Eocy 7L = 2am?lln£%] + In(0°°"°9d" ) + |n[w]] (4.2)

b w

where a,, is the mean permselectivity of the ionic exchan@nbranesﬁb is the bulk

concentration of the electrolytg, is the activity coefficient averaged over the plane
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corresponding to the membrane-solution interfdds,the polarization factor as defined
by Egs. (2.53) and (2.54), the superscriggsic and dil refer to the concentrated and
diluted channel respectively.

Figure 4.11a reports as functions of the averaga flvelocity w,,. the quantity
Eocv—/7sL, calculated by Eq. (4.2), for the DO spader, 60 A/nf and two electrolyte
couples: (i) Feedl-Feed2 (brine-seawat®® and (ii) Feed2-Feed3 (seawater-river

water, SR. The mean permselectivities were assumed tarpg;= 0.775 anda,, ;x=

0.96 [124] and the temperatufe= 298 K. The activity coefficients are calculatedthe
basis of the Pitzer equation [138]. The uncorreéiggl is also reported for comparison
purposes and, of course, does not vary with. These results show that @y is
larger forSRthan forBS (ii) the voltage dropss,. due to polarization effects is larger
for SRthan forBS and (iii) the corrected voltage over a cell g&iry — 7z, is higher for
SRthan forBS (up to 25% in the range oV, investigated). This is due to the higher

bulk concentrations ratio and mean permselectiaityS5Rconditions. On the other hand,
however, the terrﬁn(}7m°,°”°/}7vf”) corresponds to a potential enhancement only in the

case oBSconditions, where there is also a negligible eftdqolarization phenomena,
while it represents a detrimental contribution 8RR conditions. Finally, it should be
stressed that higher power densities are obtaimegriBS conditions because of the
much lower resistance of the dilute solution, asficmed by results obtained by multi-
scale modelling simulation [115].

Although quantitative comparisons with experimemtata are not currently possible, it
may be interesting to compare the present resultsaoqualitative and order-of-
magnitude basis with chronopotentiometry resultaioled by Vermaas et al. for similar
solutions, geometries and spacers [21]. For exagnfplethe SR electrolyte couple
flowing in channels of heightl = 200um equipped with commercial Sefar 03-300/51
net spacers, Vermaas et al. report a boundary faget resistance ofl7.5Q cnf atWaye
=5 mm/s and5 Q cn? atW,,.e = 20 mm/s. Figure 4.11a shows that the boundamrla
voltage droprgs, for theSRcouple in channels of a similar height=280 um) equipped
with comparable DO spacers under a current deirs@@ A/nt is [(0.03 V atWa,e= 5
mm/s and0.015 V atw,e = 20 mm/s. The correspondii, are 5Q cn? and 2.5

Q cn, respectively, values which are at least of threem order of magnitude.
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A boundary layer efficiency can be defined as

conc

Cfdil]+|n (6-6)+ |n[‘7;_/wd,]

In[
- Eocv =775 - G
L '\conc 17 conc
o In[%d'l J_,_m[y_wd“ ]

' 4

b w

and is plotted in Figure 4.11b as a functionwgf, for the same cases. The relative

Xs (4.3)

reduction ofEqcy is negligible forBS at all the flow rates considered, while 8R in
which the low Feed3 concentration (0.017 M) is preson the diluate side, there is a
significant reduction of the voltage (up to ~25% beneficial effect of raising the flow
velocity is evident for this cas@f course, since the physico-chemical parametetiseof
various solutions do not differ significantly, adar relative importance of polarization

(i.e., alowyg,) for dilute solutions is to be expected.
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Figure 4.11. DO spacer filled channel under Feed1-Feed2 (5ikkEHD.5 M seawater) and Feed2-
Feed3 (0.5 M seawater-0.017 M river water) condgiat a current density= 60 A/nf. (a) open
circuit voltage (uncorrected and corrected for poéion effects); (b) boundary layer efficiency.

4.4 Comparison of different spacer geometries

The effect of spacer geometry and orientation ofarjmation phenomena was also
investigated. As an example, Figure 4.12 shows eutnation contours over the Unit
Cell boundaries for all the configurations inveat&d here having Feed2 (0.5 M
seawater) as the dilute solution at a current densi 200 A/nf. All cases are

characterized by a pressure drop per unit length@f bar/m (imposed teri, in Eq.
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(2.36)), but differ in the mean flow speegd,. and in the bulk Reynolds numbiee due

to the different geometryalues ofw,,. andReare indicated besides each figure.

This figure shows that (i) the presence of the spatrongly modify the concentration
field compared to the spacer-less channel; (ii)amdy the spacer geometry, but also its
orientation can lead to completely different corication fields; (iii) polarization is
higher near the spacer wires where fluid velocities allegedly lower; (iv) an angle of
45° between the spacer wires and the main fluid fliirection seems to provide lower

concentration polarization.
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Figure 4.12. Normalized concentration distribution for emptyaohel, A0, A45, B0, B45, C30,
C60, DO and D45 spacer-filled channels fed by F€6d2M seawater) at a current density200
A/m? and a pressure drop per unit lenith= 0.01 bar/m. The Reynolds numbers and mean fluid

speed obtained are indicated besides each image.

The dependence of the Fanning friction factor an Reynolds number was studied in
order to better characterize the fluid dynamic beha of the spacer-filled channels

under investigation. The friction factor is definedEq. (2.45). Results are reported in
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Figure 4.13. Clearly, the inclusion of any spaa=sads the friction factor to strongly
increase with respect to the spacer-less chanmekfféct of the spacer orientation on
the f-Retrend was found for the spacers A, B and D, wrarsgle between subsequent
filaments is 90°. In this regard, Shakaib et[6B] found a difference of 12% in the
pressure drops provided by two different orientatid a diamond spacer for Reynolds
numbers quite higher than those investigated irpteeent work.

A different behaviour is exhibited by the two ofigions of the spacer C whose angles
between the filaments are of 60°-120°: the C30ntaikéon provided pressure losses far
lower (about one half) than the configuration Cb8¢ause (i) in the C30 configuration
the fluid encounters fewer filaments per unit léngind (ii) the lower angle between the
main flow direction and the filaments results itoaer resistance to the flow [62]. We
found a comparable behaviour in experiments invgh\similar but larger-scale spacers
for membrane distillation [137]. Similar experimahfindings were also reported by Da
Costa et al. [139]. This large difference in pressirops would have significant impact
on the choice of the spacer orientation in commaéRED applications.

As far as the comparison of the different spacersoncerned, the woven arrangement
provides higher pressure drops than the overlappedsee spacer A and B). Fumatech
and Deukum spacers (A and D respectively) havelaingeometrical features, in
particular they are woven spacers with a ratio mesgth/spacer length so similar that
an analogous dependence fobn Re was found. Notwithstanding the spacer C60 is
characterized by overlapped wires, it provides Hanrfactors comparable to those
provided by the woven spacers A and D. Converseé/pther configuration of the same

spacer (i.e. C30) guarantees pressure losses tharethose provided by spacer B.
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Figure 4.13. Fanning friction factor as a function of Reynoldsmber for all channels

investigated, fed by Feed1.

Notably, for all the spacer-filled channels invgatedf roughly shows &e’ trend, thus
confirming the existence of a self-similar flow neg (creeping flow), at least at the
lowest Reynolds numbers. Only at the highRst(e.g. spacer C) some discrepancies
from this trend can be observed. This occurrene®igdue to turbulence (the Reynolds
number is far too low for that, and the present @etcal solutions gave perfectly steady-
state results), but to a loss of self-similaritytiog fluid flow field: the presence of the
spacer causes secondary flows in the cross seofiothe channel whose relative
intensity increases with the flow rate. Such hypsth is supported by evidence reported
in Figure 4.14, where quite different normalizedbedy distributions can be observed at
two different Reynolds numbers for the case ofg@cer configuration C30. This is the
reason why a tenfold increase in the pressure gespunit length leads to a slightly
lower (Chinefold) increase in mean flow speed and Reynoidsber (this last from 7.3

to 63.3), showing that the pressure drop increas®s than linearly with the flow rate.
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Figure 4.14. Normalized velocity maps on they middle plane, for the C30 spacer-filled channel
fed by Feed2 at a pressure drop per unit lengti(a) 0.01 bar/mRe= 7.3,Wa. = 0.79 cm/s)
and (b)K, = 0.1 bar/mRe= 63.3 W, = 6.89 cm/s).

A quantitative comparison among the cases investigan terms of concentration
polarization is shown in Figure 4.15 which repahts polarization factor as a function of
the Reynolds number. It show all the channel caméigons fed by Feedl (5 M brine) or
Feed2 (0.5 M seawater) at a current density of R06°. In the empty channef is
constant withRe because the flow is perfectly steady and parabethat mixing does
not occur and only the-component of velocity is present. Conversely, geeted, a
performance enhancement can be observedR@dncreases (i.e. as inertial terms
overcome viscous ones) when a spacer is includedirnthe channel: its presence
produces velocity components perpendicular to tkeenbrane surfaces, whose relative
importance increases as the flow rate increasesulReof Figure 4.15 confirm what
reported in literature on diamond spacers with laygred filaments: (i) for the spacer B
a mass transfer enhancement is obtained whenuitkeflibw direction bisects the angle
between the filaments [63]; (ii) the configurati®®0 leads to an improved mixing with

respect to the configuration C30 [139].
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Figure 4.15. Polarization factor as a function of the Reynoldsmber for all channels
investigated, fed by (a) Feedl1 (5 M brine) andR&&d2 (0.5 M seawater) at a current denisity
200 A/nf.

However, referring to the pumping power consumptiecessary to achieve a certéin
value is the best way to suitably compare the wgrigpacer performance and infer the
process efficiency. In order to quantify such ééficy, various authors have adopted a
dimensionless power numbBn [54, 62, 140] defined in Eq. (2.46). The polariaat
factor 8as a function of the power numben for the investigated spacers is reported in
Figure 4.16. Clearly, higl with low Pnis the preferable condition. Notably, this figure
concerns only Feedl (5 M brine) and Feed2 (0.5 Mvater). Feed3 (0.017 M river
water) is not reported for brevity since very samitonsiderations can be inferred for the
three feeds.

By comparing Figure 4.13 with Figure 4.16 some aersitions can be made:
notwithstanding the spacer orientation does notvigeo substantial differences in
pressure drops (see spacers A, B and D) on théname, on the other hand it leads to
very different polarization factors. In particulapacer configurations with the flow
attack angle of 0° provid& lower than those obtainable in the correspondibg 4
configurations. This occurs because convection guatigularly to the membranes is
disadvantaged when the fluid is parallel to a féamarray. Such findings are in
accordance with those by Li et §4] and Shakaib et a]63], although they studied
only overlapped spacer Bn values quite higher (>fpthan those investigated in the
present work. As far as the filament array arrarg@nis concerned, results show that
the woven spacers guarant@ehigher than the overlapped ones at a giParvalue.
This is not surprising since at the lowest flowerainvestigated, the woven arrangement

forces the whole fluid volume to move up and dovemtmuously thus (i) providing
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significant velocity components perpendicular te thembranes and (ii) avoiding the
presence of stagnant zones. Conversely, the opedbmrrangement at the lowest
Reynolds numbers investigated here does not prandefficient mixing since a part of
the fluid move along the longitudinal filaments katit practically encountering any
obstacles, while many calm zones take place bettfeefilaments perpendicular to the
main flow direction. This occurrence explains wiglgsization factors lower than the
one relevant to the empty channel can be obtaih¢teadowest flow rates. As regards
spacer C, being an overlapped spacer it generadljiges lowd values. When the two
different orientations of this spacer are compam@tt may observe that the higher
pressure drops provided by C60 (Figure 4.13) atgimgn Re are counterbalanced by
the higher@ (Figure 4.15).

Finally, results of Figure 4.16 confirm that potation effect is negligible when Feed1
(brine) is flowing in the channel even at very highrrent densities and low flow rates.
In the case of Feed2 (seawater), concentratiorripateon effect is still very low but of
higher significance, while for less concentratetutsons it can play a key role (see
Figure 4.10). These findings suggest that, wherteomated solutions are adopted, the
channel geometry should be optimized taking intmoaaot other aspects such as pressure
drop, residence time, electrical resistance, etmversely, when diluted solutions are
employed, a proper attention should be paid torjmalion phenomena effects which
can dramatically affect the driving force and tllns efficiency of the process. In such
cases, a woven arrangement and a flow attack afghb° appears to be the best
performing configuration for a spacer-filled chahme high efficiency (high current

densities) RED applications, among those presémilystigated.
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Figure 4.16. Polarization factor as a function of pressure dovmll channels investigated, fed by
(a) Feedl and (b) Feed? at a current defsitg00 A/nf.
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4.5 Conclusions

The CFD model developed in this thesis (describechapter 2) was employed in order
to study concentration polarization phenomena iverge electrodialysis channels
equipped with net spacers. A transport equatiotalsié also for concentrated solutions
was implemented in the CFD code to analyse therelgte transport. Two different
simulation approaches were adopted: the less catipodlly demanding Unit Cell
approach based on inlet-outlet periodicity of vélgc pressure and electrolyte
concentration, valid for fully developed conditipnand the Multi-Cell approach
consisting in simulating five consecutive Unit Getllong the main flow direction and
imposing standard inlet-outlet boundary conditiofkis latter approach (i) highlighted
that entry effects are small and are confined o fitst unit cell and (ii) showed the
reliability of the simplifying assumption of homageous flux imposed in the Unit Cell
simulations; therefore most CFD simulations wengied out by adopting the Unit Cell
approach.

The dependence of polarization phenomena on varmmarameters was thoroughly
addressed:

* Polarization phenomena are slightly affected bydabktion features (Schmidt
number), but polarizatioeffectsgreatly decrease as the solution concentration
increases, as the voltage established over the na@mldepends on thatio of
the solutions concentrations. In particular, they mportant for river water,
barely significant for seawater, and practicallgligble for brine.

* The higher the current density imposed, the loWwergolarization facto# (i.e.
the higher the polarization effects). However, eatrhigh current densities
stacks fed by brine and seawater do not exhibitifsignt polarization effects
(especially on the brine side).

e The diffusivity correction varies by less than 1%gcause the functional
dependence on the concentration is weak and tligtiear of the concentration
within the domain is relatively limited, due to teéctrolyte fluxes normally
involved. Hence, the non-linearity of the transpequation was shown to be
weak and to have negligible effects.

e Although the fluid flow regime was laminar for alhses investigated, fluid

flow was found to strongly affect polarization pbemena. This is due to the
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non-similarity of the flow field at the various florates and to the presence of
velocity components perpendicular to the membraRastors promoting fluid
mixing within the channel (e.g. the presence oéaspacer and the increase of
feed flow rate) were found to enhance the polaomafactor, although, on the
other hand, they also lead to increased pressogsdOf course, no effect of
flow rate on polarization phenomena was observethf®empty channel where
no velocity component perpendicular to the membispeesent.

* As regards the spacer configuration, for the flates range investigated here,
spacers with woven arrays of flaments were foungrbvide higherg at any
given normalized pumping powd?n with respect to overlapped arrays. In
spacers with wires at 90°, for any wire arrangenaefibw attack angle of 45°
results in more efficient mixing compared to the d@fse. Different angles
between the filaments do not provide differént Pntrends.

Finally, on the basis of all these findings it isnin observing that for the concentrated
solutions feeds investigated here (which represseawater and brine), where
concentration polarization effects do not appeasdarucial, other factors should drive
the optimization strategy, such as the influencehainnel thickness and geometry on the
compartment Ohmic resistance, the pressure drappligging potential within the
channel and the residence time in the stack.

A limitation of the results presented here is thébr the time being — they lack a proper
validation against experimental data. Unfortunattig current state of the art in reverse
electrodialysis experiments is not such that a titgive validation of simulation results
like the present ones can be hoped for. This idypdmne to this being a young field: the
resources dedicated to it so far are not very |aagel often the investigators have
focused on general system performance and not dividoal effects such as
concentration polarization. Polarization losses iaevitably superimposed to (often
larger) Ohmic losses both in the fluids and in thembranes and to other sources of
irreversibility, which makes their assessment afialift task requiring focused
investigations. Hopefully, these will become auaiéain the near future.

All the results and conclusions presented shouldelgarded as a way to obtain some

important preliminary insights on the optimizatiohRED systems (including also fluid
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dynamics and mass transfer aspects), while a ntayeough study on the spacer

configuration is reported in the next chapter.
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5 PARAMETRIC ANALYSIS OF WOVEN AND NON-WOVEN
SPACER-FILLED CHANNELS

Abstract
Concentration polarization phenomena and pressup dffect strongly the power
output obtainable through reverse electrodialyRED); therefore the channel geometry
is a fundamental operating parameter for the sysiptimization. Woven spacers are
commonly commercialised and adopted for RED expemisy and exhibit some
potential benefits, such as better mixing and lostedow effect; however, they are not
suitably investigated in literature so far.
In this chapter, CFD simulations were carried ouprtedict fluid flow and mass transfer
in spacer-filled channels for RED applications. Thedelling approach is based on a
transport equation obtained from the rigorous $tefféaxwell equation along with the
assumptions of binary electrolyte and local elewgrality. Periodic boundary
conditions were adopted to simulate a fully devetbfiow.
A parametric analysis for different spacer geomaetrvas carried out: wovemw) and
non-woven (overlappeay) spacers with filaments at 90° were simulatedh wiifferent
pitch to height ratioslf), at various Reynolds numbers typical of RED cledsnand
with two different orientationsoQ anda45).
Simulation results show how the parameters invati) influence flow field, pressure
drop and mass transfer, thus suggesting the featiiaé a spacer should have in order to
obtain high process performance. The spacer caggesvelocity components
perpendicular to the main flow direction, but a{p calm regions with poor mixing in
proximity of the filaments. As a consequence, thacer-filled channels can have higher
concentration polarization (less mixing) at lowwlaates than the empty channel,
despite the pressure drop are higher (till to 42@$). Only the configuratiow-a45 has
features that avoid the presence of the poorly chzanes near the wires.
The filament arrangement was found to be a crde&tbure, as the-spacers established
flow fields fully different, raising pressure droput also enhancing mixing. Moreover,
higher Sherwood numbers for any given pumping powere obtained for thev-
arrangement. The effects of flow attack angle aladhent spacing are more complex as

the Reynolds number varies and are different f& tiwo filament arrangements.
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However, among the cases investigated here, thigooation that provides the best
mixing conditions isw-I/h2-045, both for any given Reynolds number and pumping

power.

51 I ntroduction

The channel configuration is a prominent featura &ED stack for fluid dynamics and
mass transfer, and thus for the net power achievaiile flow and the concentration
fields within the channel determine distributed gstee drop and concentration
polarization phenomena. Therefore the channel gegrhas a significant influence on
the pumping power consumption and on the boundaygrlresistance, as argued in
chapter 1.

Woven spacers are commonly used in the experimeatapaigns for RED applications
(section 1.4.2 reports several examples). With eetsggo spacers with overlapped
filaments, woven spacers reduce the shadow effecthe membrane; moreover, the
woven arrangement appears to be more suitableoimgting mixing, as shown in the
simulations in chapter 4 that provide some prelanyrimportant insights on the spacers
performance. On the other hand, in the wide litempertinent the study of fluid flow,
pressure drop and mass transfer in spacer-filleshroéls for membrane processes, the
investigation of woven spacers is not addressed.orty example found in the literature
is by Li et al. [55], where also two commercial sps with woven filaments are
analysed in experimental tests. However, no CFDathiod has been performed so far
on this kind of geometries.

In this chapter, 3D CFD simulations of channelshwitbven and non-woven spacers for
RED applications are carried out. Fluid flow andssi&ransfer are predicted through the
CFD modelling tool described in chapter 2, basedhenStefan—Maxwell equation and
on the Unit Cell approach. The aim of the studthes channel geometry optimization in
the suitable range of Reynolds numbers) (for RED, by means of the performance
characterization of some kinds of spacers, inclydimse ones poorly investigated with
woven filaments. A parametric analysis was perfatnimethe numerical simulations, by
varying the wires arrangement, the pitch to herghib, the channel orientation afRk

in spacers with crossing filaments arranged at 90°.
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52 CFD modelling

521 Systemsunder investigation

A net spacer can be made by a variety of geometieshe basis of: filament
shape/arrangement, angle between crossing filamenisiber of layers, filament
spacing and filament size. Other features as defoility and wettability are related to
the material. Also, fluid dynamics and mass transfighin a spacer-filled channel
depends strongly on the flow attack angle, i.e.rétative orientation of the spacer with
respect to the main flow direction.

The cases investigated in this work, are spacaamald-type with: angle between
crossing filaments of 90°, circular cross-sectidriilaments, equal spacing and size for
the two filaments. With regard to the wires arrangat, woven and non-woven
(overlapped) spacers are simulated; in particulayen spacers are commonly adopted
but not suitably investigated in literature. Theogetrical features which identify the
two kind of spacers simulated are the distance d@twwo not-crossing filament) (
and the height of the channdl)(or more simply the ratith. Three different values
were simulated/h = 2, 3, 4. The channel height was 0.306 mm.

A single channel was simulated in each CFD simutatiin order to reproduce
geometries similar to those of commercial spaderghe simulations the features of
compenetration/compression of the filaments wekertainto account as described in
section 2.5.1.1.

Two different flow attack anglesx) were investigated: the flow direction is either
parallel to a filamento = 0°) or bisects the angle formed by the filamdats 45°).
Figure 5.1 shows an example of real spacers witdtrlapped and woven wires at 90°,
also indicating the mesh length and the main flineation.

The parametric analysis was carried out for fouues of Reynolds number (Eq. (2.44)):
Re=1, 4, 16, 64. This represents a quite wide rasigee the maximurReinvestigated
here is relatively high for the thin channels tgbiof RED stacks. For example, for a
channel 50Qum thick this corresponds to a superficial velocityabout 6 cm/s.
Summarizing, the parametric analysis was carrigdrogpacers with crossing filaments
at 90° for two wire arrangements (woven and nonewospacers), three pitch to height
ratio, two flow attack angles, and foRe All cases investigated are reported in Table

5.1. For convenience, each case studied is idedtifly a code where the first letter
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indicates the overlapped)(or woven () arrangement of filaments, atth anda are
reported with their respective values.

In the casen-00, the vertical plane parallel to the main flow diien is a symmetry
plane. For all the other channel configurations than antisymmetry plane. In laminar
regime these features are reflected on the flowamtentration fields. Imagining the
domain divided in two part by the said plain, ie tase-a0 the fields in one half of the
domain are obtained by rotating the other half adoa central vertical axis; while in the
other cases the fields in one half of the domamabitained by rotating the other half
around a central axis parallel to the main flovediion.

The effect of the Schmidt numbeBd on the Sherwood numbest) was shown to be
weak for NaCl solutions in chapter 4. Moreoverhigth concentrations the polarization
effects are not significant, thus it is not impottao know the exact value &h
Therefore, here the fluid simulated is only thedze.e. an aqueous solution of NaCl at
a concentration of 0.5 M (seawater) at 25 °C. Tihsjzal properties of the solution are
reported in Table 2.1.

The current density was set at 200 A/tm chapter 4 the non-linearity of the transport
equation (Eq. (2.37)), due to the diffusivity catien term containing the concentration
itself, was shown to be very weak, so that simotptilifferent values of the current
density is not needed. Moreover, results are asdasdimensionless form by means of

the Sherwood number, thus the absolute value dfukés not important.

Overlapped

Figure 5.1. Spacers geometries investigated. Arrows indidagedifferent flow directions with
respect to the spacer that were investigated. Limgisate the projection of the symmetry and

antisymmetry planes.
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Table5.1. Cases investigated.

Case/code Filaments I/h[mm] «a[°] Rel[-]

arrangement
0-1/h2«0  overlapped 2 0
0-/h3-w0  overlapped 3 0
o-/h4-w0  overlapped 4 0
0-1/h2-045 overlapped 2 45
0-1/h3-045 overlapped 3 45
0-l/h4-a45 overlapped 4 45
1,4, 16,64

w-1/h2-«0  woven 2

w-/h300  woven 3 0
w-I/h4-«0  woven 4 0
w-1/h2-045 woven 2 45
w-I/h3-045 woven 3 45
w-l/h4-045 woven 4 45

522 Governing equations, computational domain and boundary
conditions

The simulations of this chapter were performeddilpfving the “main approach” of the
present work described in section 2.5.1. Assuminly fleveloped flow conditions, the
Unit Cell of the channel was simulated. The compatal domains were created on the
basis of the geometric features and the assumptiortke compenetration/compression
of filaments in their contact areas and in the aohareas with the walls, as described in
section 2.5.1.1. Figure 5.2 shows an example of Qell adopted for the two kind of
spacer-filled channels simulated in this chaptdére €Thoice of the cell type (allocation
with respect to the spacer wires) is arbitrary {G#vertheless, in both spacer-filled
channels the minimum repetitive volume is considexed in the case of the overlapped
wires the choice is suggested by the possibilityptidding up an almost completely
hexahedral grid. Remembering that the flow direci®fixed along the-axis, the Unit

Cells shown in Figure 5.2 are oriented such adloheattack angle is = 45°.
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The governing equatiorfsr the periodic domain were implement the continuity Eq.
(2.1), the Navier—Stokes Egs. (2.36)d the transpoEq. (2.37). The body force per unit
volume K, in Eq. (2.36) was sewith the effect ofthe large-scale pressure gradient.
Preliminary simulations were carried out in ordefind the relationslp K,-Re so that

in the subsequent on&g has been séh order to achieve the desirRe(1, 4, 16, 64).
The source termS depending on thdarge-scale concentration gradien€. was
implemented in Eq. (2.37). Aniform flux of electrolyte corresponding to the current
density according to Eq. (2.42)as imposedt the upper and lower walls representing
the fluid-membrane interfaces.

Figure5.2. Unit Cell geometry for (a) overlapped and (b) wogpace-filled channels. The cases
shown are witt/h = 3.

The computational domain of the overlapped s-filled channels was discretized by
multi-block grids composed alst 100% by hexahedral elements (onlpart < 1% of
domain is meshed by tetrahedmyramids and wedg, see Table 5.2). This kind of
discretization was possible because of the spaeemgtry and the Unit Cell pe
chosen, as well as the subdivision of the domaid8rsub-volumes. For the woven
spacer-filled channels, mulitock hybrid grids, mainly composed by hexahe

elements, were created, due to georoetrcomplexitie. In particular, the zones around
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the filaments were discretized by tetrahedra (pleiscentage of the domain is indicated
in Table 5.2), the other parts of the computatiodamain were discretized with
hexahedral volumes.

The sensitivity analysis of the results to the idiszation degree was performed (results
not reported for the sake of brevity). Thereforevdis possible to identify the size of the
computational cells which guarantees the indepeswen results on the discretization
degree along with a very good accuracy in the apatsolution (gradients and
curvatures) and a computational effort compatibil the available computing and time
resources. A mesh size equal to 0.006 mm, correlépgrio 51 control volumes in the
channel thicknessh(= 0.306 mm), was chosen for the simulations regbih this
chapter.

The grids obtained contain a number of computatioedls ranging from ~4- F0oto
~6-10 depending on the specific geometry simulated. ©firge, the number of
computational cells increases by increadihgand is higher for the woven spacer-filled
channels because the domain volume is higher asatetized with a not negligible
tetrahedral portion. Figure 5.3 reports enlargethideof the meshes in one half of a
cross section (at 45° with respect to the filamefitee mesh features are summarized in
Table 5.2.

(@ (b)

Figure 5.3. Details of the mesh over one half of a cross seaf the Unit Cell for (a) overlapped

and (b) woven spacer-filled channels. The casesslaoe withl/h = 3.

Table5.2. Summary of the grids employed.
157



Unit Cell Number of cells in Number of % of domain discretized

heighth computational with hexahedral cells
cells
0-1/h2 421'042 >99
0-1/h3 1'050'986 >99
o-1/h4 1'922'001 >99
w-I/h2 >t 1'657'319 66.3
w-I/h3 3'397'154 77.2
w-I/h4 5'756'5652 82.8

53 Results and discussion

Simulations results are presented and discussebisnsection. Section 5.3.1 reports
results relevant to fluid flow, section 5.3.2 i¢erant to pressure drop, section 5.3.3 is
devoted to mass transfer, and finally section 5c®dhpares results with available CFD
and experimental data from the literature. Fordhke of brevity, streamlines and mass
transfer coefficient maps are shown for some casaslated, by highlighting the effect
of some parameters in specific configurations; eosely, the graphs relevant to the
global variableke f, Pn andSh report all the cases investigated, so that tfecebf all
parameters is shown. For convenience, all casemdaiated by an identification code,

as reported in Table 5.1.

5.3.1 Fluidflow

Figure 5.4 reports 2-D streamlines on yhemidplane for the caseI/h3-00 at different

Re The fluid enters the Unit Cell from below a treesse filament, then occupies the
channel for the whole height and finally is forcéml come out from below the
subsequent transverse wire. At |®e the presence of creeping flow conditions can be
observed, as the flow field is symmetric withouy dlow separations downstream of the
orthogonal filaments. At highdkethe symmetry feature disappears and a detachrfent o
the fluid stream from the filaments occurs. Beldwe upper wall in proximity to the
transverse wires, the streamlines are charactebyedfagnation areas; by increasikg

a slow laminar vortex downstream the transversemfiints is developed, and the

rectilinear part of the streamlines is shortenad,the relative importance of the vertical
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components of velocity increases (as expectedp,Atgyure 5.4 refers to the medium
filament spacing investigatedh(3), but, by increasingfh of the cases-00 (figure not
shown for the sake of brevity), the longer theilieetar parts of the streamlines, shorter
the laminar vortex at the maximuRe (for 0-1/h2-¢0 it goes from filament to filament,
while for o-1/h4-00 is about 1/8).

9.9476-002 E=

74086008 e 38020008 |
st [msha]

Figure 5.4. Streamlines on thg-z midplane foro-I/h3-w0 atRe= 1, 4, 16, 64.

Figure 5.5 reports the streamlines for the sanaenfiint shape and the other flow attack
angle (cas®-045), atRe= 4 at increasingfh values. Crossing the periodic domain, the
fluid veins are divided: some of them remain coedinn its own half-channel (upper or
lower), the others move towards the other half-clearin particular, the closer the flow
veins to a wall (upper or lower), the more theydtém remain in their half-channel and
move more slowly, although with curved sigmoidaljéctories. On the contrary, the
fluid in the central part of the channel (along tleght,y-axis) moves mainly along a
3D zigzag flow path passing to the other half-clenRor lower values dfh the fluid
has a higher tendency to proceed along its halfwobla while for higher values dfh,
having the possibility to move along narrower cgivan increasing part of fluid goes
towards the other half-channel. The flow rate ha®pposite effect with respect to the
mesh length, but the range BE here investigated has only a slight influence loa t
streamlines, thus it is not shown. These findingsficms as reported in the literature
Karode and Kumar [53] and Shakaib et al. [62]. Mwe¥, streamlines are not observed
near the upper and lower walls in proximity of tfimments, thus suggesting the

existence of calm regions in these locations.
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Figure 5.5. Streamlines foo-a45 atRe= 4 atl/h = 2, 3, 4.

A flow field sensibly different is established whanwoven spacer fills the channel. It
can be observed in Figure 5.6, where the streamfiethe cas&v-1/h3-w0 are reported
at increasingRe Along the longitudinal wires, calm regions arengeated where the
fluid flows slowly. In all the remaining part of éhchannel the fluid trajectories are
determined by the curvilinear transversal filamemsnged alternatelglong the main
flow direction, in correspondence of a transvessak the fluid fillet that encounters
more space in the upper part of the channel, theheanext transverse filament finds
more space in the lower one awide versa Therefore, a part of fluid moves up and
down also with some lateral displacements, whigedther always remains either in the
superior or in the inferior part of the channel.tide that no differences can be
appreciably observed between the two lowRat thus confirming a self-similar flow

regime (creeping flow). AReincreases, the streamlines are more curvilinedrfafow
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less the filaments boundary (more detachment). Wiemmbstacles are more distant (i.e.
I’'h is higher), the curvature of the trajectories @sluced and ‘“rectilinear” parts are
longer (figure not shown for brevity).
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Figure5.6. Streamlines fow-1/h3-0 atRe= 1, 4, 16, 64.

Changing the flow attack angle (case45) the woven filaments arrangement and their
orientation with respect to the main flow directiare such as to give rise to the most
complex flow field among the cases investigatec l{Eigure 5.7). This configuration is
the only one without any stagnant regions, andritds the fluid to move along intricate
trajectories with both vertical and lateral movetsehis flow pattern is suitable for
achieving a high mixing degree. Ak increases, the streamlines are less curved, thus a
lower mixing is observed. IncreasiiRe causes the streamlines to be more curved, to
follow less the filament arrangement, and to assameshape in the central part of the
domain (figure not shown for brevity).
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Figure5.7. Streamlines fow-045 atRe= 4 atl/h = 2, 3, 4.

As mentioned above, the case0 is the only one where the vertical plane paratiel
the main flow direction y(-z midplane) is a symmetry plane, thus the flow figdd
symmetric with respect to it. In the other chancehfigurations, the/-z midplane is a
plane of geometric antisymmetry, thus the flowdis antisymmetric.

Summarizing all these results, the effect of theapeeters investigated on the flow field,
and in particular on the streamlines, can be iefertn general, the presence of a spacer
causes velocity components perpendicular to then i@ direction. The streamlines
are more curved on average within the domairRasncreases antlh reduces. The
filament shape determines flow fields completelffedent for botha investigated, but
the woven spacer guarantees a better mixing witberet to the overlapped one. For the
overlappedshape, the two flow attack angles generate vefgréift flow fields: in both
cases ¢-o0 and 0-045) the fluid accomplishes movements in the two dioas

perpendicular to the main flow direction; but iretbhaseo-a0 the lateral motion is
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confined inside the unit cell due to the filameptrallel to the main flow direction,
while in the casen-a45 some fluid particles follow the filament directiand thus
remain in their half-channel (along the height)d @ome fluid particles move towards
the other half-channel along zigzag flow pathshwit predominance of the formers
whenl/h reduces andReincreases. For the channels with woven filamemscommon
features are that the flow particles move up andrdand laterally, and that the
streamlines present a rectilinear part at Raand highl/h. On the other hand, different
a results in some important differences: the maithé the caser-a45 is characterized
by more displacements in lateral direction and abseof stagnant areas. This is a
prominent feature, which makes the case45 the best configuration for mixing, as

shown in section 5.3.3.

532 Pressuredrop

The Fanning friction factor as a function of theyRalds number for all the cases
investigated is reported in Figure 5.8. The cucas be well interpolated by power laws
as [48-50, 53, 55, 60, 61]

f = ARE (5.1)

In a more detailed analysis, at the lowlestn = 4 indicating for all cases the presence
of a creeping (self-similar) flow regime. ABe increasesthe exponentn deviates
slightly from -1, as it can be observed by the éasing discrepancy with respect to the
empty channelf(= 24Ré9. This is due to the slight but increasing inémitiects induced
by the spacers: the fluid is forced to move moraotically (onset of secondary flows),
so that the flow fields lose the self-similar faatasRerises. Of course, no turbulence
occurs in the range &ehere investigated.

The power number trend as a functiorRefcan be interpolated by a power function as

Pn= BRE (5.2)
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whereB = A/8 andm = 3 +n = 2 (see definitions in section 2.8). The chartPofvs. Re
are not shown for the sake of brevity. Table 5frts the correlations obtained for all
the channel configurations.

In order to better compare quantitatively the casesstigated, the charts in Figure 5.9
show f normalized with respect to that in an empty charf@é/Rg. Of course, this
quantity corresponds to then normalized with respect to that in an empty channe
(3Ré&). The spacer-filled channels exhibit significantriements of pressure drops with
respect to the spacer-less channel, provifliftgm ~3 to ~20 times higher. Also, these

increments become higherReincreases.
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Figure5.8. Friction factor as a function of Reynolds numhmrdll cases simulated.

Table 5.3. Correlations of the friction factor and the powemmber as a function of the Reynolds
number.

Case/code f[-] Pn[-]

0-/h2w0  168.37Re"*> 21.04 R
0-/h3w0  100.87Re*%* 12.60Re%
o-lh4w0  76.56@Re%%° 9.57R&E™
0-1/h2v45 168.48Re*** 21.06(Re
0-1/h3w45 101.11Re%%* 12.63Re
0-1/h4u45 76.74Re%%? 9.59R

164



Parametric analysif woven and non-woven spacer-filled channels

w-I/h20  340.18Re*%* 42 52RO
w-I/h3-00  172.69Re%% 21.58Re %
w-Ilh4-00  119.23Re%% 14.90R& %
W-lh2-45 341.14Re%% 42 64RO
w-I/h3-045 172.54Re*%  21.56Re ™
W-/h4-045 119.26Re*%"  14.90&Re& ™

The flow attack angle: effect is irrelevant at thedRe notwithstanding it influences
deeply the flow field. The only exception is theseaof the woven arrangement along
with the minimum filament spacingv{l/h2), which reveals an effect of but small and
limited to the highesRe In other words, when the flow is creeping orestst when the
viscous stresses are predominant on the inerties,endoes not affects the hydraulic
loss; on the contrary, whdReis sufficiently high some effects are expectediciinere
begin to be visible only for casel/h2.

The filament spacing/h has remarkable effects, especially for warrangement. Of
course, a¥/h increases, pressure drop is reduced and approteitesne of the empty
channel. Figure 5.9 shows the increments of pumpawger froml/h4 to I/h3 andl/h2. It

is evident that the pitch is a fundamental paramétedetermining the pumping
consumption.

Moreover, the filaments arrangement has a sigmficefluence. W-arrangement
requires a pressure drop increased on average G%6,167% and 54% with respect to
the o-shape, fol/h = 2, 3, 4 respectively. Thus, it is worth notirtmgt (i) passing from
the overlapped to the woven filaments, the hydcalolés is dramatically increased, and
that (ii) the arrangement has a greater influeiscina pitch decreases.

The effect of the filament arrangement is not danpg; in fact woven wires offer a
larger area of fluid-solid interface for the frimti, as the fluid particles can pass both
above and below the obstacle, while for overlappeel they can pass only through one
side. Also, higher velocity gradients at the walle obtained in the woven spacer-filled
channel. Finally, the components of velocity orthwogl to the main flow direction are

more important, thus increasing the inertial eBemt pressure drop.
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Figure5.9. Friction factor normalized by that pertaining toempty channel (2R as a function
of the Reynolds number for all cases simulated.

5.3.3 Masstransfer

Figure 5.10 reports the distribution of the massdfer coefficient normalized by the

average valueK/ k) on the upper wall for the casea45 by varyingReandl/h. These
maps are reported as an example of the effecteofwib parametersRe andl/h) onk,
and are pertaining to the configuration which cfféhie best performance, as it will be
discussed below. The maps reported in the figwesianilar, thus indicating that the two
parameters here analysed do not affect signifigahtt normalized distribution of the
mass transfer coefficient; conversely, the otheap@ters have a stronger influence, as
highlighted below (Figure 5.11). As eith&®e increases ot/h reduces, the standard
deviation of the normalizeklincreases, with the gain of higher maximum valééso, a
different location of the maximum values can beeobsd by varying eitheRe or I/h.
This effect is very remarkable at the highBst(64). Between the two lowe&e the
maps are only slightly different, thus indicatirftat the concentration fields begin to

lose the self-similarity feature.

As expected, aBeincreases, a mixing enhancement is obtainedki.mcreases, due to
the convective motions orthogonal to the main fldivection. Moreover, an increase of
k is obtained as the pitch reduces. Notice thattrdigurationw-a45 is the only one,

among the cases investigated here, that exhibitsxang enhancement for alRe by

reducingl/h, as shown better in Figure 5.12 (for the sake ofibreonly the results
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relevant to oneRe are reported in Figure 5.10). This effect of tlilanfient spacing

confirms what inferred from the streamlines res(Higure 5.7).

I/h

Fluid flow

w-045

Fluid flow

S

Figure 5.10. Maps of the local mass transfer coefficient noineal by the average value on the
upper wall for the case-a45 by varyingReandl/h.

In

Figure 5.11 the distribution of the local mass $fan coefficient normalized by the

average value K/ k) on the walls is reported for evaluating the effet filaments
arrangement and flow attack angle at a fixed valid/h and Re Of course, the
symmetry/antisymmetry features mentioned above abservable also for the
concentration field. Therefore the maps on the upged lower walls are exactly
antisymmetric (i.e. are equivalent each other drtwrned) for all cases, apart fraw0:

in this case both the two maps are symmetric, ifigrdnt between each other.

Figure 5.11 shows that the spacer filaments arrargeand the spacer orientation have
a strong impact on thie distribution. It is worth noting the presence oéas with low
mass transfer coefficients (thus high concentrafiolarization) in correspondence of

calm regions with low fluid velocities in proximitpf the filaments. These areas,
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detrimental for mixing, are located in proximity thie longitudinal wires for the case
00 and near both the filament layers for the overtapppacerq-«0 and 0-a45). The
configurationw-a45 is the only one able to avoid this disadvantagesftect of the
filaments (see Figure 5.7). This feature, combingth a complex flow field with

significant vertical and lateral velocity comporgnfavours mixing thus giving rise to

the highestk for the casev-a45.

By comparing the case®a45 andw-00, higher k are obtained for the former case and
this is found for all/lh andRe Also, different distributions ok can be observed, but
both show the maximum values lofn the proximities of two filaments (the transwadrs
ones forw-a0). The filament arrangement gives rise to compyediferent distributions
of k for botha investigated. However, the woven spacers leadniixang degree greater

than the corresponding overlapped spacer, esperidhe case ai45. Finally, from

Figure5.11 the effect ofx on the maps foo-arrangement is evident, but a similaris

obtained.
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w-I/h3-a45 w-1/h3-a0 o0-lI/h3-a45

F|UId flow

Fluid flow

A4
| y

Figure 5.11. Maps of the local mass transfer coefficient noineal by the average value on the

upper and lower walls for the two filaments arrangat © andw) and the two flow attack angles
(a0 anda4b) atl/h3 andRe= 4.

Figure 5.12 reportShas a function oRefor all cases simulated. The charts show also
Sh for fully developed (no entry effects) laminar lowithin an empty channel of
infinite streamwise and spanwise extension. Itvislent that the presence of a spacer
affects strongly mass transfer phenomena. At v@myRe mixing is not favoured in the
spacer-filled channels, due to the calm regionsseduby the filaments which are
detrimental for the mass transfer, especiallyd@r As a consequence, the spacer-filled
channels can exhib&heven lower than the empty channel [141]. On tlewohand, as
Re increases, much highesh can be attained; in fact increased inertial fldiow
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phenomena come into play, thus promoting a mixiegrée enhancement. Each channel
configuration is characterized by a specific cudt-adlue of Re beyond which mass
transfer performance is better than the empty oblahm the casev-a45 this occurs at
Reclose to 0, in the other cases for higher valbas however always &elower than

7.

All the curves of Figure 5.12 have positive contadirected upwards, due to the range
of Re here investigated. As far as the influence ofggheameters, the filament spacing
has a clear effect for aRe only in the casav-045: in particular,Shis reduced afh
increases. Faw-a0 this occurs only at the highest Reynolds numifersy-arrangement
the dependence &honl/h is not so significant.

The flow attack angle plays an important role itedaining mass transfer for thve
arrangement, although it has very slight effectgpmssure drops: for ae andl/h, a
mixing promotion is achieved when the fluid bisetk® angle between crossing
filaments, i.e. the configuration-o45 impliesShhigher than the case-«0; on the other
hand, the discrepancies between the two woven sfiled channels appear to be lower
at highRe For theo-arrangement the effect of is more complex aRe varies, but
however slighterShfor the configuration®-a45 tends to be higher than fora0, but
very similar values are found BRe= 16 (confirming results shown in section 4.4) eveéh
even an inversion can be observed.

The filament arrangement is shown to be a key pat@nfor mass transport. Results
show that thev-arrangement allows to achieve a mixing enhancemghtrespect to the
o-arrangement, notwithstanding at Id®e the performance is very similar fe; in
particular, higheShare obtained for the-arrangement at aReandl/h unless one case
(w-1/h20 atRe= 4).

All these results are in accordance with what wiasu$sed about the results pertinent
the effect of the channel features on fluid flovd anass transfer coefficient distribution.
Finally it is worth noting that for any giveRe the configuration which guarantees the

best mixing conditions i&-1/h2-a45.
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Figure5.12. Sherwood number as a function of the Reynolds murfdr all cases simulated.

Figure 5.13 showShas a function oRe for the 0-a0 casessimulated, where the two
walls have a different behaviour, as discussed abw@vith respect to the main flow
direction, thehigh wall touches the transverse filaments andltive wall touches the
longitudinal filaments. Apart from the minimuReinvestigated, the flow pattern within
the channel enhances mass transport ahite wall rather than in théow wall (see
streamlines in Figure 5.4). Interestingly, the dr@f Shis not monotonic witiRefor the
low wall. MoreoverSh reduces in this wall aBh increases, but at the higheRe
investigated values practically equal are obtafieedhe three pitches. Re= 4, also at
the high wall Shis reduced by increasifn, but then the tendency is inverted, obtaining

however similar values # varies.

50 50

Average Sh Sh on high and low walls
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Figure 5.13. Sherwood number as a function of the Reynolds murfds theo-a0 cases

simulated.

171



Figure 5.14 showShas a function oPn for all cases simulated; thus it summarizes the
combined effect of all the parameters investigaitrdoressure drop and mass transfer.
By comparing these data with those reported in feéigul2, similar considerations on
the spacers performance can be inferred. As aréifée, the pitch has not a significant
effect for the configuratiorw-c0, especially at highPn; for the o-arrangement the
dependence @honl/h is still not so significant, but however is incsed at highPn.

For any given pumping consumption;l/h2-v45 is again the configuration providing
the best performance in terms of mixing degreeudlty, the identification of the best
channel configuration in a RED stack should take iaccount also other parameters

affecting the net power producible.
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Figure5.14. Sherwood number as a function of the Power nuridveall cases simulated.

534 Comparison with CFD and experimental data from the literature

As seen in section 5.3.2, the curvé®e and Pn-Re can be fitted with good
approximation in the range &fe here investigated by means of the typical powessla
adopted in the literature. On the other hand, ffeceof Reon Shis more complex for
all geometries. The correlatio®h-Reand Sh-Pnare often reported in the literature in
the form of power laws, but these functions are switable for the present data due to
the different range dRehere investigated. All the curves of Figure 5.b@d &igure 5.14
have concavity directed upwards. The trendbin a wide range oRe (and thusPn)
starting from values relatively low emerges frormgiations and experiments carried
out in the literature [48, 54, 55, 141]: it can ©igposed with an horizontal asymptote
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for Re approaching zero, an increasing part (as that shiowthe figures mentioned
above) up to attaining the unsteady flow, an iritet an asymptote and finally a
rectilinear part in the fully turbulent regime (BExgthmic graph).

Detailed comparisons with literature data are shawthe next charts of this section.
The variables are calculated according to the diefis reported by the references. First
the present results are compared with data by lal.ef54, 55]. In these manuscripts
there are some differences: the filament diameterxiactly equal to half the channel
height @ = h/2), Sc= 1278, the boundary condition at the wallsCis = 0 and the
average mass transfer coefficient is calculatethasmean value of the lockl Also,
there are no details on the grids adopted. Forctivaparison ofSh it is assumed
proportional toS&* [61]. In Figure 5.15 results on for two overlapped spacers are
reported with data from Figure 16 in [54] and Figdna in [55]. The two series withh4

in [54] are coincident in the first pafRé; < 140), so one series is extrapolated and is
valid for the twoa. The experimental data of Figure 11 in [55] é@5 appear to be
wrong, as the series, reporting also CFD resubts fthe previous paper, is strangely too
distant from the series relevant to the ca8ethus here is not reported. As well as a
qualitative confirmation of the resultg {frelevant orPn under a certaiRe Pnincrease
asl/h reduces), a good quantitative agreement is found.

Figure 5.16 shows a comparison with CFD results from Figuran8l 9 in [54] and
experimental results from Figure 12 in [55]. Foe tturves relevant to the cases with
I/h4 it appears that they can be linked up well; fa&r tdasd/h2 the agreement is lower.
However, the effect of the parameters is foundaabalitatively the same. Figure 5.17
reports a comparison between the present CFD seswmitl the only data found in
literature for woven spacers (experimental magssstea results from Figure 13 in [55]).
The present CFD results overestimate sligBthybut a similar behaviour of the spacers
is shown; in facta45 exhibits Sh higher thaneO and the two curves approach Ris

increases.
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Figure 5.15. Power number as a function of Reynolds number funes cases simulated.

Comparison with results of Li et al. [54] (CFD) ] (experimental).
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Comparison with results of Li et al. [54] (CFD) ] (experimental).
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Figure 5.17. Sherwood number as a function of Power number @nes cases simulated.
Comparison with results of Li et al. [55] (experimta).

Another comparison is performed with the resultKbwutsou et al. [60, 61], obtained by
DNS CFD simulations and experiments. As a diffeeemdth respect to the present
simulations, in these papets = h/2, the dependence &h on Scis studied, grid
elements are ~300,000 in [60] and from 540,000 ,800,000 in [61], the boundary
condition at the walls is a fixed concentrationspatially averaged value of the local
time-averaged mass transfer coefficikm$ calculated. Figure 5.18 shows a comparison
in terms of dimensionless pressure drop with theetations obtained from literature
numerical results (Table 2 in [60]). Since thereaisgap in the two range dRe
investigated, a direct comparison is not possitawvever, the effect of increasimty is
found to be a reduction of pressure drop, andltpesf the curves is expected lower as
Reincreases (unsteadiness), thus one can guegb¢haurves could link up reasonably.
Nevertheless, the simulations of [60] seem to mterate the hydraulic friction, as in
Figure 14a of that manuscript an increment of al3%5# with respect to experiments
can be observed; also similar discrepancies anedfouith respect to experimental data
of Schock and Miquel [49] reported in the same rigguand higher discrepancies in
Figure 18 with Li et al. [55]. Figure 5.19 repofé as a function oRe for the same
cases of Figure 5.18. CFD and experimental coroglatirom Table 4 and 5 in [61] are
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reported. Also in this case there is a gap whichsdoot allow a direct comparison;
however it is confirmed that the filament spacirgesl not affect stronglgh and taking
into account the slope of the curves, similar valaan be supposed at the saRee
Figure 5.19 shows also not negligible discrepanioetareen CFD and experimental data
of [61], and in Figure 27 of [61] a fair agreemavith the results of Li et al. [55] is
shown, although with a different dependenc&loén Pn.
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Figure 5.18. Dimensionless pressure drop as a function of Rdgnoumber for some cases

simulated. Comparison with results of Koutsou efGf)] (CFD).
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Figure 5.19. Sherwood number as a function of Reynolds numberséane cases simulated.

Comparison with results of Koutsou et al. [61] (C&ld experimental).

Another thorough CFD analysis of hon-woven spailedfchannels is by Shakaib et al.
[62, 63]. In their papers, trends wikke are not shown, but only values at a fiXed
higher than the maximum studied in this manuscipt] often in dimensional form
without the indication of the channel height. Tliere, no charts for comparison are
made here, but some important results on spacéhsowerlapped filaments are reported
in order to verify eventually the agreement with #imulations results of this work. The
simulations from these papers confirm that presdtwp reduces as the filament spacing
increases for all flow attack angles, while a dligffect ofa is found. For example, in
Table 3 of [63] only an increment of 7.1, 14.0 &1d% is obtained fromO to a45 for
I/h2, I/h3 andl/h4 respectively, but for e beyond the highest investigated hedRes(=
125, corresponding tRe=~ 166 forl/h4). On the other hand, an effectobn pressure
drop is reasonable at highee where higher inertial effects occur. MoreoverfFigure

12 of [62] acceptable agreement with Koutsou efedl] and better agreement with the
experiments of Li et al. [55] for pressure drogh®wn. Table 3 in [63] reports also mass
transfer coefficients. These data confirm thath@ anglex45 enhances mass transfer for
all I/h values with respect ta0 (in the present simulations it is found for Rk apart

from Re= 16), and (ii) fore45 the sequence for mass transfer coefficietih®> I/h4 >
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I/h2 (found in the present simulations at the high®stnvestigated). Finally, a certain

agreement is found with experimental data of Lalef55] on mass transfer, showing a
difference within 30%.

The analysis of this section highlights that litera data show in general a qualitative
agreement, with not negligible discrepancies amdifterent authors and between

numerical and experimental results.

54 Conclusions

CFD simulations of fluid flow and mass transfersipacer-filled channels for reverse
electrodialysis were carried out. The effect of s#pacer-to-channel configuration was
assessed in a parametric analysis, where wowgrafid non-wovend, overlapped)
spacers with crossing filaments arranged at 90®wenulated, with different pitch to
height ratiosI(h = 2, 3, 4), two different flow directions (pardlte a filament, i.eaO0,
and bisecting the angle formed by the filaments, d45) and at various Reynolds
numbers (1, 4, 16, 64).

The flow regime is found to be steady in all ca3éw vertical plane parallel to the main
flow direction is a plane of geometric antisymmetryall channel configurations except
for the casen-a0, where it is a symmetry plane; therefore the flamd concentration
fields are either antisymmetric or symmetric widlspect to this plane. The presence of a
spacer causes velocity components perpendicultretanain flow direction, but calm
regions with low fluid velocities and poor mixintp k) are generated in proximity of
the filaments. These areas are located in proxiofityhe longitudinal wires for the case
w-¢0 and near both the filament layers for the two apged spacer configurations.
Only in the casev-045 the filaments do not cause this drawback. At Recreeping
flow conditions are observed. Reincreases, increasing inertial effects are induned
the spacer, i.e. the fluid is forced to move mdractically by the onset of secondary
flows, so that the flow fields lose the self-simitg, and a mixing enhancement is
obtained. The pumping poweRrf) is proportional tdRe", wherem s slightly larger than
2. Pnvalues from ~3 to ~20 times higher than the spbesr channel are obtained. Also,
these increments become higher Re& increases. The curveSh-Rehave concavity
directed upwards in the range RE& here investigated. The spacer-filled channels can

offer mass transfer performance better than thetyentmannel beyond a specific cut-off
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value ofRe In the casav-a45 this occurs foReclose to 0, in the other cases for higher
values, but however foRe lower than 7. Then, aRe increasessh much higher are
attained. All parameters affect the normalizedritistion ofk on the walls, but filament
arrangement and are the main.

e Asl/h reduces, the streamlines are more curved on avdoguposite effect of
Ré and Pn is increased especially for thearrangement (increments up to
210% fromw-I/h4 to w-I/h2). The filament spacing has a clear effectSrfor
all Reonly in the casev-045; in particular,Shis reduced ah increases. For
w-a0 this occurs only at the higheRe Foro-arrangement the dependence of
Shonl/h is not so significant.

« The filament arrangement is a key parameter. Wi#s@rangement establishes
flow fields fully different, raising pressure droput favouring mixing.W-
spacers requir®n increased on average by 106%, 67% and 54% witheots
to theo-spacers, follh = 2, 3, 4 respectively. Notably the influencelisajer as
the pitch decreases. The effect of the filamerdaragement is due to fact that
woven wires offer larger area for the friction, agty gradients at the walls and
inertial effects. Also, thew-arrangement allows a significant mixing
enhancement, although at I&Rethe performance is very similar fa®.

e «a influences deeply the flow field. In the casex0 the lateral motion is
confined inside the unit cell, while in the case45 some fluid particles follow
the filament and thus remain in their half-chanraid some fluid particles
move towards the other half-channel along 3D zigHaw paths, with a
predominance of the formers whé&h reduces andReincreases. For the-
arrangement the streamlines present a rectiline@p lowReand high/h, but
the casew-a45 shows more displacements in lateral direction alnsence of
stagnant areas with respect to the aasd. This is a prominent feature which
makes the case-a45 the best configuration for mixing. However does not
affect pressure drop (only the casd/h2 exhibits a small effect ok at the
highest Re, probably because the viscous stresses are piealoimon the
inertial ones at thesBe. The configurationv-a45 implies Sh higher than the
casew-a0 for all Reandl/h, but the discrepancies are lower at higa For the

o-arrangement the effect afis more complex but slighter & varies:Shfor
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the configurations-045 tends to be higher than fara0, but very similar
values are found &e= 16.
The trendsSh-Pnare qualitatively the same 8&-Re As a difference, the pitch has not a
significant effect for the configuratiom-¢0, especially at higkPn; for theo-arrangement
the dependence &honl/h is still not so significant, but however is incsed at high
Pn.
The present results show that the channel featus®s a strong impact on process
performance. For alRe and all Pn, the highestSh values are obtained by the
configurationw-/h2-¢45. The woven spacers, not yet investigated up to, rmoes very
promising: mixing is enhanced by complex flow fielevith significant vertical and
lateral motions, especially for the case45 wherecalm regions are absent. Therefore
the proper attention should be paid in the chofah@ spacer configuration, and woven
spacers deserve further studies.
A satisfactory agreement was found with the literat although the comparison is not
easy due to the range R&investigated, the presence of very few data onenmspacers
and the differences observed among the variougestud
Finally, alternative channel geometries, beyonds¢hmvestigated here, could improve
the process performance. Among the various pogibjl profiled-membrane channels

are very interesting and are object of the CFD &tmns of the next chapter.
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Prefi-membrane channels

6 PROFILED-MEMBRANE CHANNELS

Abstract
Channel geometry strongly influences fluid flow aais crucial phenomena such as
pressure drop and concentration polarization ireng electrodialysis (RED). Profiled
membranes are an alternative to the more commatdptad net spacers and offer a
number of advantages: avoiding the use of non-octhdu and relatively expensive
materials, reducing hydraulic losses and increagirgactive membrane area. However,
they are poorly investigated in literature.
In this chapter, CFD simulations were performedptedict the fluid flow and mass
transfer behaviour in channels with profiled memilesa for RED applications. In
particular, channels equipped with pillars werewated. The influence of the channel
configuration on fluid flow and concentration pdtation was assessed by means of a
parametric analysis for different profile geometrien particular, the effects of channel
geometry (shape, size and pitch of profiles) anéntation (fluid flow direction) at
various Reynolds numberRé were investigated.
The Unit Cell approach along with periodic boundamynditions was adopted to
simulate fully developed boundary conditions. Ansport equation, valid also for
concentrated solutions, obtained from the rigorStefan—Maxwell equation along with
the assumptions of binary electrolyte and locattetmeutrality, was implemented.
Simulation results show that the presence of gillarthe channel modifies significantly
the flow and concentration field, although they mit generate velocity components
perpendicular to the membranes. In the geometniesstigated here the pumping power
consumption is much lower than in a conventionalspacer and very close to that of
the empty channel, while calm zones are generatedhb profiles, which may
accentuate polarization phenomena at theRewsual for RED.
The interaction of the various parameters invettgi@roduces complex effects on fluid
dynamics and transport phenomena, thus suggestinghe channel geometry could be

optimized.

6.1 Introduction
The channel features of a RED stack affect strotiggyprocess performance, since they

have an influence on Ohmic resistances, non-Oheststances and pumping power.
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Together with flow rate and feed properties, tharetel features determine fluid
dynamics within the channels, which is crucial tee net power producible by the stack
(see chapter 1).

Net spacers are usually adopted in RED stacks ashan&al support for the
membranes, as in electrodialysis stacks and marmer abembrane processes. However,
profiled membranes are an alternative option tlRhthéts some interesting peculiarities
and thus some advantages over the spacer-fillesineta (i) reduction of Ohmic
resistances, (ii) elimination of the spacer shaddfsct and increase of the membrane
active area, (iii) reduction of the friction fact(see section 1.5). Nevertheless, only very
few experimental works have been devoted to theliGgijpn of these kinds of
geometries in RED, and no CFD simulations have loaetied out so far on them.
Therefore, after the analysis of spacer-filled cteds carried out in chapter 4 and 5, in
this chapter the CFD modelling have been extenddfie simulation of channels with
profiled membranes for RED stacks. The model deexoin this thesis (chapter 2)
based on the Stefan—Maxwell equation and on thé Celi approach, was adopted for
the simulations. By predicting fluid flow and matsansfer, the specific aims of this
study are: (i) understanding the behaviour of sgebmetries with respect to empty
channels and spacer-filled channels; (ii) verifyihthey can enhance process efficiency
and economic competitiveness. In particular, thituémce of the channel geometry
(shape, size and pitch of profiles) and orientafituid flow direction) is assessed via

parametric analysis at Reynolds numbers typic&ED applications.

6.2 CFD modelling

6.2.1 Systemsunder investigation

The geometries investigated here consist of chanwih membranes provided with
profiles on one side, obtainable by hot pressing).[The profiles are “pillars” that

separate the membranes and create the channéte fieed solutions (Figure 6.1).
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Profiled-membrane channels

Figure 6.1. Sketch of a profilednembrane channel. Red and blue colours indicategper anc

lower IEMs, respectively. Profiles are obtainedrrthe lower membrar

As schematically shown in Figure 6@vo profile shaes were investigated: (i) square
and (ii) circular. The profiles are arranged inqai@e pitch. Thigeometrical features of
the simulated systems are: (i) the size of theileol (edge or diameter), (ii) the
distance between two profiles (pitdh)and(iii) the height of the channh. Corrugated
membranes would involve lower pressure drops thmacte-filled channels, allowing
eventually the use of thinner channels, which canabgood option to reduce t
electrical resistance of the stack; therefdhes present modelling is focused on thin
channels of heighh = 160 um. The parametric analysis was carried out on t
different values of both profilesize and pitchl = 0.75, 1.00, 1.50 mnh; = 2, 3, 4 mm.
Only one channel wasmsulated in each CFIsimulation, as done for the spacer-filled
channels in chapters 4 and 5.

Two different main flow directions were investigatgg parallel to one edge of tt
square fich of the profiles (flow attack angla = 0°), (ii) along the diagonal of the
square pitch (flow attack angée= 45°). The influence of profile shape and flonaal
angle was investigated only fb= 1 mm ancL = 3 mm; then, for the circular shape and
the flow attack angle of 45°, the infloce ofl at a fixed valuel = 3 mm and the
influence ofL at a fixed valug¢ = 1 mm were assesseL/l = 2, 3, 4) (see Table 6.1). For
convenience, each case simulated is indicated hgartification code: theirst letter
indicates the square)(or circular €) shape of profiles; thell, L anda are reported with
their respective values. For instance, the s-11-L3-u45 indicates square profile, site

=1 mm, pitchL = 3 mm and flow attack anga = 45°.
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For comparison purposes a spacer-filled channelalsssimulated (Figure 6.2c). This
spacer was made by woven filaments with angle 6fa8®@ mesh length of 46dm, and

is 160 um thick; the fluid attack angle chosen was 45°caisuch configuration was
found to offer performance better than other sga¢eee chapter 4). In dimensionless
terms (/h), the spacer here considered coincides with thenoercial D spacer
(configuration D45).

Moreover, an empty flat (i.e. spacerless) chanritfl the same thickness was simulated
as a reference case. The empty channel shouldybedesl as an ideal condition, since a

certain “spacer” separating the membranes is casopyl

L (@) L (b)
i H 6 ¢ um
H.H 0.0

©

m-.rP

Figure 6.2. Sketches of the two profile geometries simulated); The woven wire spacer is also

shown for comparison (c).

Table 6.1. Profile configurations and Reynolds numbers irigeséd.

Case Shape |I[mm] L[mm] «[°] Re[]
s-11-L30 square 1 3 0 05,2,8,32
s-11-L3u45 square 1 3 45 05,2,8,32
c-11-L3-0 circular 1 3 0 05,2,8,32
c-11-L3045 circular 1 3 45 05,2,8,32
c-11-L2-u45 circular 1 2 45 8
c-11-L4-045 circular 1 4 45 8
c-10.75-L3445 circular 0.75 3 45 8
c-11.5-L3045 circular 1.5 3 45 8
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Prefi-membrane channels

The simulations presented here were performed®fr&ed2, i.e. an aqueous solution of
NaCl 0.5 M (typical concentration of seawater) 8@, whose physical properties are
indicated in

Table2.1. The effect of the Schmidt numb&q on the Sherwood numbesk) for NaCl
solutions was found weak in chapter 4 . Moreovdr, hgh concentrations the
polarization factop is near 1, i.e. the polarization effects are sagrsignificant, thus it

is not important to know the exact valueSif

The current density was set at 200 Afwver the total area of upper and lower walls) in
all the simulations. In chapter 4 was shown that ¢brrective term of the diffusion
coefficient which confers a non-linearity to thartsport equation (Eq. (2.37)), has
negligible effects, so that simulating differentlues of the current density is not

necessary.

6.2.2 Governing equations, computational domain and boundary
conditions

The present CFD simulations are based on the nioglelpproach described in section
2.5.1. The periodic domain of the channel, named Ogll, was simulated assuming
fully developed flow and concentration fields. Thait Cell for the profiled-membrane
channels was built up by joining the centres of forofiles (see Figure 6.3a). A totally
equivalent domain would be that indicated in Figbrgb. Figure 6.4 shows an example
of Unit Cell chosen for the two profile shapes diwd the spacer-filled channel
investigated in the present chapter.

The governing equations implemented for the pecialdimain were: the continuity Eq.
(2.1), the Navier—Stokes Egs. (2.36) and the tramndpg. (2.37). The body force per unit
volumeK, in Eq. (2.36) was set in order to force the fltoadmove (effect of the large-
scale pressure gradient). The relationdfifRe was found by preliminary simulations;
then K, was set in order to achieve a range of Reynoldasbeus between 0.5 and 32.
The maximum value investigated is relatively high this kind of applications; the
corresponding fluid velocity is around 0.1 m/s. Haer, an important feature of
profiled-membrane channels is a lower friction éactvhich allows operating at higher

Reynolds numbers compared to those typical of sgdlesl channels. The source term
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Sdepending on the large-scale concentration gra#ligwas implemented in Eq. (2.37).
A Neumann boundary condition was set for the commadon at the walls: a
homogeneous diffusive flux, corresponding to theremt density according to Eq.
(2.42), was imposed at the upper and lower wallsjenthe flux is set to zero at the
lateral walls (fluid-membrane profile interfaceshhe latter assumption was done
considering that an ion close to the membrane lprafiould cross solution and
membrane more easily than profile and membranegcgdfy for highly conductive
solutions and profiles with a highh ratio. Furthermore, the ionic current across the
membrane profiles is expected to be so low duddo small area, that its contribution

to the overall current is negligible.

(b)

Figure 6.3. Possible equivalent Unit Cells. Type (a) was chaeeahe present work.

@)

@) (b) (c)
- 00

g

Figure 6.4. Unit Cell geometry for (a$-11-L3 channel, (b)-I11-L3 channel and (c) spacer-filled
channel.

Multi-block hexahedral grids were used for the disication of the computational
domain. The size of the computational cells emplogieng the thickness of the channel

(i.,e. h = 160um) was chosen to be the half of the sizes imposahahe other two

186



Prefi-membrane channels

directions thus resulting into a grid much finerthe direction perpendicular to the
membranes. A refinement was also set towards thesdks. A grid independence
analysis was performed and the parametrical studg wonducted using grids still
providing grid independent results. More precisgbfious grids were tested, generated
by setting a number of divisions of the channetkhess ranging from 10 to 60; the
comparison of the results established a grid indégece for meshes with a minimum
number of divisions of the thickness equal to 3€rtfeal element size equal to 5.33).
Therefore this size was chosen for carrying outhelsimulations reported in the present
chapter. It results into grids with a number of puitational cells ranging from -10° to
~4-10° depending on the specific pitch to height ratio.

A hybrid hexahedral-tetrahedral grid was generdtedthe case of the spacer-filled
channel (~1.6.0° of computational cells) as described in detadeation 4.2.2.1. Figure
6.5 shows enlarged details of meshes employedvimptofiled-membrane channels and

for the spacer-filled channel.

o 000015 00003 (m)
1

7.56-005 0.000225

Figure 6.5. Discretization of the Unit Cell for (a3-11-L3 channel, (b)c-11-L3 channel and (c)

spacer-filled channel.
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6.3 Results and discussion

In this section, simulation results are presentadl discussed by analyzing the effect of
geometric parameters and fluid dynamic conditiondloid flow and mass transfer. In
section 4.3.2 the effect of profile shape, flowaekt angle and Reynolds number is
investigated fol = 1 mm andL = 3 mm (case$l-L3). Then, in section 6.3.2, the
parametrical analysis is focused on the effectrofile sizel and pitchL while the other
parameters are kept fixed; in particular, for threudar shape, the flow attack angié5,
and Re = 8, the effect of three values b{l0.75, 11, 11.5) for the pitchL3 and three
values ofL (L2, L3, L4) for the sizell is assessed, so that the rafidls= 2, 3, 4 are

investigated (see Table 1.1).

6.3.1 Influence of profile shape, flow attack angle and Reynolds number
6.3.1.1 Velocity and concentration fields

Figure 6.6 reports contour plots of the streamwedecity components (normalized by

Us avd ON ax-zplane placed at mid-height, for cased 3 atRe= 8 (Usvoia= 2.3 cM/s, a
typical value for RED channels). The profiles andl-thickness obstacles which
influence the fluid motion, so that the flow fiedéviates significantly from that relevant
to a corresponding empty channel. Clearly, the rateseof velocity components
perpendicular to the membranes is a prominent feaifiprofiled-membrane channels.
The cross-section of the channel is periodicaluced by the obstacles, thus resulting
in a velocity increase between two profiles, esgbcclose to the obstacles themselves.
At the same time, low-velocity wake zones can lw@gaized both downstream of each
obstacle and in the stagnation areas just upstifathe next obstacle. This is more
evident for thenO cases. Circular shaped obstacles provide a veldistyibution more
uniform than square obstacles due to the lack afpskedges. The velocity field is
characterized by a saddle shape strongly influebgdtie attack angle. For thé cases,

in the central part of the unit cell there is a imum along the flow direction and a
maximum in the direction perpendicular to it, whités feature is inverted for thet5
cases.

The streamlines are affected by the obstacles altminf their boundary in the region
close to them, as highlighted by the velocity vegbots in Figure 6.7. No flow

separation is observed, which indicates the preseha creeping flow regime.
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Prefi-membrane channels

Figure 6.8 reports maps of the local polarizatiactdr H:éb/CW on one of the walls

for the same cases of Figure 6.6 and Figure 6.ThdmO cases, th& distribution is

highly non-uniform. The lowest? values correspond to regions of high wall
concentration, associated with low mass transfeffioients, and are observed in the
calm regions between two profiles along the maawfldirection and all around the
profiles. On the contrary, high values are observed in the central region; natelttal

values off > 1 are compatible witlf,, < 1. The casex45 results in a much more
homogeneous distribution of concentration, leadtoghigher average polarization

factors (i.e. less polarization effects).
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Figure 6.6. Maps of the normalized streamwise velocity compoma thex-z midplane fors-11-
L3-00, s-11-L3-045, c-11-L3-w0 andc-11-L3-¢45 channels aRe= 8.
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Figure 6.7. Velocity vector plots on the-z midplane fors-11-L3x0, s-11-L3v45, c-11-L3-0 and
L3-u45 channels aRe
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Figure 6.8. Maps of the local polarization factoﬂzén/qm on one of the fluid-membrane

interfaces fos-11-L340, s-11-L3-u45, ¢c-11-L3-w0 andc-11-L3-w45 channels aRe= 8.

In order to show how the flow dynamics conditiorife@ concentration polarization,
Figure 6.9 reports concentration profiles in theclion perpendicular to the membranes

for casex-11-L3-u0 (a) andc-11-L3-x45 (b) at varioudRe The concentration is averaged
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in each plane parallel to the walls and normalizgdts bulk value. Notwithstanding the
absence of a velocity component perpendicular ¢owhlls, a significant reduction of

the normalized mean concentration at the walls. (ae significant increase of

g —éb/éw) is obtained at higheRe The influence oReis more evident foo = 0°.

ave —
For low Re the Iowest(_lW values (i.e. highedt,, values) are obtained far = 45°,

while for the highesRe (32) the distributions are very similar for theotangles. The
same profiles are practically obtainedr&= 0.5 andRe= 2, due to self-similar creeping
flow distributions at very low Reynolds numbersr ligherRe the curve shape varies
because of the lack in self-similarity of the fldidw and concentration fields caused by
the presence of the profiles within the channel, [242]. Note that in Figure 6.9
concentration values are simple area averages randvarywhere larger than the bulk
concentration, which is a mass flow average, duth¢oinfluence of low-speed, high-
concentration regions; as expected from the velaviaps in Figure 6.6, this effect is

much more evident fatr = 0° and low Reynolds numbers.

1.14 ¢ e Re-05 a) N 1.14

1.12 —

1.10 \ —— Egzg /
\ —=—Re=32 /

—+—Re=05 b)

__1.08
—1.06
o
<O 1.04 ¥
1O 1.02
1.00

0.98
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Figure 6.9. Normalized area-averaged electrolyte concentratiathe direction perpendicular to
the membrane-solution interfaces at variBagor channels (a-11-L3-0 and (b)c-11-L3045.

6.3.1.2 Global parameters

In Figure 6.10 the Fanning friction factor (see Eq45)) is reported as a function of the
Reynolds number for thd-L3 casesf is normalized with respect to that in an empty
channel (24R9. Unlike net spacers, the membrane profiles irngattd here lead only
to slight increments of pressure drops with resp@¢he empty channel, mainly due to
the associated area restriction. It is worth nothrag the flow attack angle has practically

no effect for the circular shape and only a snifdlat, limited to the highedRe for the
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square shape, notwithstanding it affects heaviyflbw field (see Figure 6.6 and Figure
6.7). This means that, especially for the circyleofile shape, overall pressure drop is
the sum of the individual pressure drops acrosh eastacle and thus depends only on
the number of obstacles per unit area, which, afrs®m does not depend on the flow
attack angle. On the contrary, the obstacle shageahmore significant influence; the
square shape implies a friction factor ~8% highantthe circular one. Note that, in the
present range dRe the friction factor for the net spacer-filled an@l is ~6 times higher
than in the empty channel. Up Re= 10, the friction factor for the profiled geomesie

can be interpolated by power functions as

f = ARe" (6.1)

For the empty channdél = 24. For the profiled-membrane channgls 29.6 (circular
obstacles) and =~ 32.0 (square obstacles). At higli&ethe exponent in Eqg. (6.1) begins
to deviate from -1, since the obstacles inducehsligut increasing inertial effects,
generating flow fields which do not remain self-sémasReincreases.

The pumping power consumption represents a fundeihtactor affecting the process
efficiency as it determines the net power prodeciby the stack. Therefore, a more
effective comparison of RED channels can be donednsidering the dimensionless
power numberPn, defined in Eq. (2.46). This quantity is reporiadrigure 6.11 as a
function of the Reynolds number for (@-L3 cases, (ii) empty and (iii) spacer-filled
channels.

The relationshig®’n-Recan be expressed by an equation in the form

Pn= BR& (6.2)

whereB = A/8 andm =~ 2. Compared to the empty channel, the profiled-brame

channels provide an increment Hn of about 23% and 33%, respectively, for the
circular and square shape, while the spacer-filkdnnel requires a pumping power
increase of ~5.7 times. The square shape requpasaing power about 8% larger than
the circular shape. Notably, the flow attack anglerelevant for the profiled-membrane

channels, as discussed above with regafd to
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Figure 6.10. Fanning friction factor normalized by that pertagito an empty channel (Rd as

a function of the Reynolds number ftrL3 profile configurations.

100000
10000 ¢
1000 &
i 100 - ——s-|1-1 3-a0
kS g —B—s-11-L.3-045
10 t —&—-|1-1. 3-a0
—6—c-11-L3-045
1k == empty
—4—spacer
0.1 1 1 1 1 1111l 1 1 1 1 I T | 1 1 1 1 11 11
0.1 1 10 100

Re[-]

Figure 6.11. Dimensionless power number as a function of Ralgiolmber fotl-L3, empty and

spacer-filled channels.
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The results obtained regarding the average potarizdactor defined in Eq. (2.54) are
reported in Figure 6.12 which shovig. as a function oRefor the case#l-L3. Clearly,
due to geometric symmetry and imposed equal fluggsyalues for upper and lower
walls are equal. In the empty channel, self-sinfiarallel flow is present at dite thus
resulting in afd,sVvalue independent of the Reynolds number. In tiodilpd-membrane
channels, a significant increase @f. can be observed e increases beyond ~4
(creeping flow regimes), due to the increased ialefitiid flow phenomena favouring a
mass transfer enhancement.

It is worth observing that profiled-membrane chdsreffer performance even worse
than the empty channel at Id®e This is due to the regions of high polarizatitow(6)
which arise streamwise between two profiles andratdhe profiles, as discussed above
(Figure 6.8). At higheRe the mean polarization factor is higher for thefied-
membrane channels. Analogous considerations canféeed by plottingd,,. against
the Power NumbelPn (Figure 6.13): there exists a cut-off valuePof depending on the
specific profiled geometry, beyond which profilecembranes become more efficient
than the empty channel.

In the range ofRe investigated, the spacer-filled channel simulatexte is the
configuration yielding the maximui,,. A large mass transfer enhancement is obtained
because the woven arrangement of the spacer wives the fluid significant velocity
components perpendicular to the walls, whose xeathportance increases as the flow
rate increases. Moreover, the flow attack angl® avoids the presence of stagnant
zones.

By comparing the different profile configurationsnsidered in Figure 6.12 and Figure
6.13, it can be observed that the flow attack amdflects significantly mass transport,
although it has only slight effects on pressuresdgs As highlighted above, high
polarization regions occur within the system far ttasex0, thus leading to a lowet, e
The shape of the profiles seems to affect poladmgbhenomena more in the cage
where the circular shape allows a highgg on the contrary, very simildk,svalues are
obtained for the two shapes in the cagé. However, at higiReall the configurations
provide a similar performance. Therefore, chanmelngetry and orientation might have
a significant effect on polarization phenomena, thefr relative importance depends on

the flow rate.
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Figure 6.12. Average polarization factof,,. as a function of the Reynolds number b3,
empty and spacer-filled channels.
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Figure 6.13. Average polarization factdt,, as a function of the dimensionless power number fo

11-L3, empty and spacer-filled channels.

6.3.2 Influenceof size and pitch
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6.3.2.1 Velocity and concentration fields

In this section the effects of the sizand pitchL of the profiles is analysed.f{ = 2, 3,
4). For simplicity, the comparison is restrictedhe circular shape, the flow attack angle
a45 atRe = 8. Figure 6.14 and Figure 6.15 show normalizegaswise velocity maps
and corresponding vector plots on =z plane placed at mid-height. Note that all
configurations are represented to the same gearakstale. At the fixed value of the
sizell, increasing. the effects are: (i) a more homogeneous velogty fi.e. a larger
portion of the plane exhibits velocities close e faverage; (ii) velocity vectors more
aligned to the main flow directios) i.e. a less tortuous flow path. Similarly, at theed
value of the pitchL3, the reduction ofl provides practically the same effects.
Summarizing, similar flow fields are found for tgeometries with the sanigl ratio
(11-L2 with 11.5-L3, 11-L4 with 10.75-L3). This shows that the influence of thén or I/h
ratios is only minor.

The local polarization facta? on one of the walls is reported in Figure 6.16teNiat
the scale of in this figure was kept equal to that adopted iguFe 6.8 although the
present variation range is much more limited. Tfogeg the central map in Figure 6.16
identical to that reported in Figure 6.8 for thensaconfiguration ¢-11-L3-u45). As L
increases, a slightly less uniform distributiordaé obtained; conversely, aslecreases,

only a smaller variation af distribution is found, but the trend is inverted.
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Figure 6.14. Maps of the normalized streamwise velocity compba thex-zmidplane forc-11-
L2-045, c-11-L4-045, 11-L.3-045, 11.5-L. 345 andl0.75-L3045 channels aRe= 8.
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Figure 6.16. Maps of the local polarization factc@=éD/Cw on one of the fluid-membrane

interfaces forc-11-L2-045, c-11-L4-045, 11-L.3-045, 11.5-L.3-045 andl0.75-L3w45 channels aRe=
8.

6.3.2.2 Global parameters

The dependence of the friction factoon| andL is shown in Figure 6.17. Heréjs
normalized by the value relevant to an empty cha@@4Ré and is reported as a
function of L/l. As L/l increases, hydraulic friction is reduced and tetwdsttain the
value relevant to the empty channel, both in thee @ increasing pitch and in the case
of decreasing size For a given value df/l, the absolute value of the two parameters
has a negligible impact; in fact, the maximum dépancy is just of 3%, obtained fofl

= 2. This confirms again the small importance @fltth andl/h ratios.

When L/l decreases, an increasing rate of increment ofrition coefficient can be

observed compared to the empty channel (up to H82%he case-11-L2-045), while it
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remains noticeably lower than that exhibited by spacer-filled channel (~6.8- R8.
Note that, for a fixedRe the power numbdpPn defined by Eq. (2.46) is proportional fto

aslL/l varies, so that it is not reported here.

17 |

16 | -B-c1-a45

—S—c-L3-045

fl(24/IRe)[-]

LA -]

Figure 6.17. Fanning friction factor normalized by that pertagto an empty channel (R as

a function of the profile pitch-to-size ratio fou45 channels aRe= 8.

Figure 6.18 shows the dependence of the mean pafiam factord,,.onL andl. AsL/I
varies, two different behaviours are found on thsib of the absolute value bfandl.
For increasingL and fixed |, lower f,¢Vvalues are obtained. Conversely, whien
decreases, for a fixdd 6, increases. Among the cases investigated, the noawifi,.
is achieved foc-11-L2-a45 which is also the case of with the highe@tigure 6.17).
Clearly, a trend asymptotically approaching thgsvalue of the empty channel is
expected forL/l—w. With respect to the spacer-filled channel, miximgnains less
favoured for the present lolRe (8); however, as shown by Figure 6.12 and Figui8,6
values of6,, higher than in the empty channel are obtainedhigher Reynolds

numbers.
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Figure 6.18. Average polarization factdt,. as a function of the profile pitch-to-size ratar €-
a45 channels aRe= 8. Empty and spacer-filled channels are alsornted for comparison.

6.4 Conclusions
CFD simulations of channels with profiled membrafesRED, not yet investigated up
to now, were carried out. The profiles were “p#tathat create the channels for the feed
solutions. The effect of various parameters of ¢hannel configuration on fluid flow
and mass transfer was assessed. Velocity and doatten fields highlight the presence
of calm zones of high polarization near the prgfiend in the part of the channel
comprised between two consecutive profiles aloregntiain flow direction. This kind of
geometries, does not generate velocity componamsepdicular to the membranes. At
low Reynolds numberdR@ a creeping flow regime is present; Rsincreases, inertial
effects arise, thus causing a non self-similaritythe flow field which, in its turn, (i)
enhances the rate of increase of the pumping poarsumption Pn) with Reand (ii)
favours mass transfer enhancement.
The flow attack angle has an important role in determining velocity aothcentration
fields: the velocity distribution in a midplane pHel to the walls exhibits a saddle shape
with features inverted fromx = 0° to @ = 45°, a more uniform distribution of
concentration is obtained in the casexaf 45° With regard to the global parameters, it
has practically irrelevant effects dPn, especially for the circular profiles and low
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Reynolds numbers; also, higher average polarizatéators 0, (lower polarization
effects) are found in the case of the flow attacgl@o = 45° for both shapes.

The shape of the profiles is found to affect velp@nd concentration fields very
slightly, and an increment of 8% iAn is caused by the square shape respect to the
circular one. Circular profiles give rise to a leettnixing than square ones fer= 0°
while the influence of shape on polarization is imial for & = 45°. Anyhow, at higher
Re(>32) a simila,,. is achieved regardless shape and

A parametric analysis, focused on the effect offilgrssize | and pitchL in circular
profiles and aux = 45°, shows that increasingdl (2, 3, 4) leads to a less tortuous flow
path, a more homogeneous velocity distribution, amdduction ofPn with very similar
effects caused both by the increaselLirand by the decrease bOf(i.e. less “filled”
channel). On the contrary, the concentration fietdl the average polarization factor
vary in a different way as a function of the twogaeterd. andl: asL increases (2, 3, 4
mm) with| = 1 mm, the local polarization field is less unifoandd,, decreases; ds
decreases (1.5, 1, 0.75 mm) with= 3 mm, a slightly more uniforréi distribution is
found andd,.increases.

Profiled-membrane channels provide a power nurRlmetomparable with that relevant
to the empty channel, (maximum increment ~62% Hier configuratiorc-11-L2-u45) in
the range of the flow rates investigated. Masssfianis disadvantaged by calm zones
with high local polarization, so that, at loRe 6,.svalues even worse than that
pertaining to the empty channel are obtained. Hawelveyond a cut-off value &e=
10-20, depending on the configuration, mixing istdrethan that offered by the empty
channel, whose performance is independefReof

Compared to a high-performance net spacer-fillezhokl,Pn was found to be about 5
times lower in the profiled-membrane channels. @ndther hand, mixing is improved
by adopting a net spacer. Neverthele@gesvalues (of spacer-filled and profiled-
membrane channels) tend to get closer at IRghand profiled-membrane channels
promise to offer even better performance at hidtrer

Finally, it should be stressed that hgesvalues found in this work are quite close to 1
for seawater, but they can be much lower for mdrgeti solutions. In fact, polarization
effects greatly increase as the solution bulk cotreéion decreases, becoming
prominent for solutions as brackish or river watédthough the difference of

concentration between bulk and membrane-solutiterfarce is similar at various bulk
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concentrations (at a given current density), veffeient effects on the driving force can
be obtained, quantified by the polarization fasttich represents th&tio of bulk and
interface concentration.

However, the results of the present work confirmttthe fundamental feature of
channels generated by profiled membranes is afisigni reduction of pumping costs
with respect to spacer-filled channels. Also, dlé@gorofiled membrane geometry and
Reynolds number can lead to a comparable reduofipolarization phenomena, which,
combined with advantages as lower electrical rasc#, higher membrane active area
and lower costs, makes the profiled-membrane charnpromising alternative for the
optimization of the RED process. Finally, this studys the groundwork for assessing
performance of profiled-membrane channels, whichferofendless geometric
possibilities.
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Conclusions antlifa perspectives

CONCLUSIONS AND FUTURE PERSPECTIVES

The present thesis is devoted to the Computatibhadl Dynamics (CFD) analysis of
reverse electrodialysis (RED) systems. Fluid dymamdnd associated mass transfer
phenomena were studied, giving a scientific contidn to the stack design and
optimization and the evaluation of the most effextoperating conditions. In order to

fill some main gaps in the literature, the follogiactivities were carried out:;

0] developing a CFD modelling tool;

(ii) investigating RED channels and influence of feed/ftate and features;
(iii) simulating the hydraulic circuit of a stack;

(iv) validating the simulation results.

(i) A 3D CFD model was devised for the detailed lgsia at small scale of RED
channels in the framework of a hierarchical simatastrategy of the process. From the
Stefan—Maxwell approach and assuming the localtreleeutrality condition, the
transport equation of a binary electrolyte (Na€ljtable also for concentrated solutions,
can be derived. Preliminary simulations of an empgtyannel showed that the
concentration field is greatly controlled by thdfukive transport, while the migrative
one had an impact definitely negligible. Therefdteyas shown that mass transfer in
RED channels can be dealt simply by a convectiffugion equation. As a
consequence, the transport equation was implememithdut the migrative term and
the migrative fluxes were simply superimposed wfita diffusive ones and reflected in
the boundary conditions (a a single channel waalateed and membranes are not
included). The diffusive term depends on the catretion itself, but this non-linearity
had negligible effects (the diffusivity correctioraried by less than 1%). Also, the
Navier—Stokes equations and the transport equatere suitably manipulated, in order

to simulate a periodic domain, where fully develbgenditions can be assumed.

(i) Low Reynolds numbersRg typical of RED were analysed. In these conditjcas

the Schmidt numbeiSg increases, the Sherwood numb®h (increases more at higher
Re also, polarizatioreffectsgreatly decrease as the solution concentratiore@ses, as
the voltage over the membrane depends onrdhie of the solutions activities. In
particular, they are important for river water, ddgr significant for seawater, and
practically negligible for brine. Thus different topization strategies should be

employed depending on the feeds concentration.
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Different channel configurations were investigatitjuding geometries not simulated
so far: commercial spacers, and customised spacerprofiled-membrane channels in
parametric analyses. The spacers were with cro$gamgents at 90° with either woven
(w) or overlappedd) arrangement; also a spacer with overlapped fitasnat 60°-120°
was simulated; profiled-membrane channels weresdevby pillars in square pitch.

The flow regime was found to be steady. The symyfattisymmetry geometric
features were reflected on flow and concentratimid$. Calm regions with low
velocities and poor mixing were created by the adiss (wires or pillars). At lolRethe
flow regime was creeping. ARe increases, inertial effects were induced by the
obstacles, i.e. the fluid is forced to move moraatitally (secondary flows), thus the
flow fields lose the self-similarity; therefore a@ximg enhancement is obtained and the
rate of increase of the pumping consumption (pawenber,Pn) with ReincreasesRn
proportional toR€", wherem is slightly larger than 2). All the channel configtions
were found able to provid8h values higher than the empty channel beyond afut-
value of Re despite they exhibit always larger pressure diidge curvesSh-Rehave
positive concavity directed upwards in the rangReinvestigated here.

Different angles between overlapped filaments magvigde different performance;
nevertheless, the filament arrangement was fourgketthe crucial feature for the flow
and concentration fields. Woven spacers were fotinde more effective than the
overlapped ones, as they enhance mass transfemyylex flow fields with significant
vertical and lateral motions at any giv®m. The effects of flow attack angle and
filament spacing are more complex Be varies and are different for the two wires
arrangements. However, in spacers with wires at ffd°any wire arrangement a flow
attack angle of 45° results in more cost effecthiging compared to the flow direction
parallel to one filament. The configuration thatyides the best mixing conditions both
for any givenRe and Pn was the woven spacer with pitch to height ratio2ofthe
minimum investigated) and flow attack angle of 45°,

Simulations with the free-slip condition, achievablin completely hydrophobic
materials, showed reduced pressure losses (by +4B06)also the use of special spacer
materials might be a reliable way to optimize thecpss.

A theoretical evaluation of the possibility of clsirig a porous medium in place of the
net spacer revealed that a feasible porous mediadenof small fibers causes much

larger pressure drops.
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Conclusions antlifa perspectives

In the profiled-membrane channels, the pillars riedi significantly the flow and
concentration fields, although they did not gereratlocity components perpendicular
to the membranes. The effects that arise fromnteraction of the various geometrical
parameters were complex. However, these configuratiexhibitedPn being much
lower than a net spacer-filled channel and vergelo that of the empty channel; on the
other hand calm zones generated by the profilesanegntuate polarization phenomena
with respect to the empty channel at the usualR&for RED. Nevertheless, at hidgte

profiled membranes promise to offer performancsaldo that of spacers.

(iif) An analysis at larger scale of the stack ywasformed. 2D simulations were carried
out on a simplified hydraulic circuit of a stacktWwi50 channels, equipped with

improved manifolds in rectangular geometry and peide as the channels. The results
showed that a fluid flow optimization of a RED apgtas must not focus on channel
features only. In fact, the rectangular distribntgystem was shown to be very effective
to decrease dramatically the pressure loss comparadconventional stack with small

cylindrical ducts.

A more homogeneous distribution of flow rates amtvgchannels can be obtained by
increasing the pressure drops along the channeleaging hydraulic losses in the

distributor and reducing the total flow rate. Thption of a symmetric feeding system
and a larger number of inlets and outlets is suggdet® even the flow rates distribution

and decrease the pressure losses.

(iv) Pressure drop measurements were performeairfafireement was found between
CFD simulation results and experimental data onrdwlit loss along the channel.
Moreover, simulation results were compared with ezipental and CFD data on
pressure drop and mass transfer from literatureaasatisfactory agreement was found.
Therefore, the CFD modelling was shown to be alpddi predicting tool to investigate
any customised geometry, offering the advantages aist effective and detailed

analysis at small scale, which is very importamnttfe system optimization.

CED model outcomes and next steps

The present CFD modelling is the first step ofracttired simulation tool and represents

the support base for the higher levels of modelimghe multi-scale process simulator
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[120]. The performance of RED systems depends loer dactors, as well &nandSh

In fact residence time, electrical resistance, temts adopted, channel deformation,
spacer shadow effect, etc., and the effective sizé®e spacers, affect the net power.
Thus, the CFD results are used as input data ®opthcess simulator, in order to find
the optimal channel configuration and operativeditbons.

To this aim, a thorough investigation of the effedtthe angle between crossing
filaments and of the channel orientation would edpful. The woven spacers, here
investigated for the first time in the literatutgve shown to be the very promising, and
thus deserve more detailed studies. Moreover, rikiestigation could be extended to
particular geometries, e.g. multilayer spacerssted spacers, spacers with various
cross-sections etc.

On the other side, profiled-membrane channels éxhib interesting behaviour, and
suitable geometry an®e could lead to a mixing degree comparable to neces.
These aspects combined with advantages as lowsried resistance, higher membrane
active area and lower costs, make the profiled-nmame channels a very promising
alternative. Interestingly, profiled-membrane chalerare not investigated at all in the
literature, although they offer countless geomepassibilities. Therefore a more in
depth investigation is advisable for assessingiriflaence of geometrical parameters
and also analysing the fluid/membrane interactiomenv electric/ionic currents are
involved.

With this respect, a “multi-physics” model could beitable for accounting for local
phenomena at the membrane-fluid interface, membm@fermation, presence of
multivalent ions, modelling of membranes etc. Tfaee a process simulator coupled
with  CFD/multi-physics results could eventually ndiéy the optimal channel

configuration and operating conditions, reducirgitteality of the prediction.
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Notations

Notation

a Slope of the functiop (C) obtained via linear regression [kg mpl

A Coefficient in the equation fdras a function oRe[-]

b Intercept of the functiop (C) obtained via linear regression [kg°m

B Coefficient in the equation fdras a function oPn|-]

C Molar concentration of electrolyte [molth

e Periodic molar concentration of electrolyte [mofjm

én Bulk concentration of electrolyte [molth

Cw Local molar concentration of electrolyte in the nieamesolution interface
[mol m?¥|

C, Mean molar concentration of electrolyte in the meamlesolution interface
[mol m?¥|

D Measured diffusion coefficient of electrolyte{st]

d Filament diameter [m]

Deorave  Average corrected diffusion coefficient []s

dh void Hydraulic diameter of the spacer-less channel [m]
f Fanning friction factor [-]

F Faraday’s constant [C mijl

h Channel thickness [m]

[ Current density [A i]

JldEM Diffusive flux of electrolyte at the membrane-sautinterface [mol rf s7]
7, Mean diffusive flux at the membranes-solution ifgee [mol n¥ s*]
k Mass transfer coefficient [m'b

Average mass transfer coefficient [ s

K Concentration gradient along the main flow directimol m*|
I Mesh length [m]

m Exponent tdRein the equation foPn [-]
Me Molar mass of electrolyte [kg m{|

n Exponent tdRein the equation fof [-]
p Pressure [Pa]
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p Periodic component of pressure [Pa]

p Body force per unit volume [Pa‘th

Pn Power number

Re Reynolds number [-]

Sc Schmidt number [-]

Sh Sherwood number [-]

S Area of membrane-solution interfaces’]m

SPC Specific power consumption [PY s

t Time [s]

G Velocity of solution [m 3]

\Y; Volume of a Unit Cell [

w Velocity component along the flow directiafim s’]
Waye Average velocity along in the unit cell [m §]
Wmeanvod  Average velocity alongin a corresponding spacerless channelfin s
X Cartesian position coordinate [m]

y Cartesian position coordinate [m]

z Cartesian position coordinate [m]

Apldz Mean pressure gradient along the main flow directiRa m']
GreeK letters

a Flow attack angle [°]

u Dynamic viscosity of solution [Pa s]

p) Solution density [kg ]

Abbreviations

CFD
ED
RED
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