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ABSTRACT

This study addresses issues which arise in the gatipnal and experimental modelling of flow and
heat / mass transfer in membrane distillation athetroprocesses adopting spacer-filled channels
(either planar or spiral wound), but have not bgafficiently clarified in the literature so far. b

of the argumentations presented are based on ariggmputational results obtained by the authors
by finite volume simulations; some literature résalre also considered where appropriate. The main
guestions addressed regard the choice of scalethéoreduction of data and the definition of
dimensionless numbers (ReNu, Sh); the definition of average heat or maassfer coefficients;
the combined effects of the main parameters thatacherize the process (notably spacer pitch to
channel height ratidH, flow attack anglgzand Reynolds number Re) and the applicabilityrapte
correlations; the influence of the spacer’s theroaalductivity. In regard to the complex influende o
the parameters, R&H and y were found to interact heavily, making a sepaedieect analysis
impossible and power-law friction or heat / masansfer correlations of little use. Thermal
conduction in the spacer, even for low-conductipi®yymeric spacersi€0.15 WmtK1), was found

to be responsible for up to 10% of the total hesidfer;
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Transfer; Mass Transfer.

" Corresponding author; email: michele.ciofalo@uriipa.



1INTRODUCTION

1.1 Membrane-based processes

Compared to traditional fluid treatment technolsgieanembrane processes offer significant
advantages, among which a compact and modularrgdbig ability selectively to transfer specific
components, a high energy efficiency and a modevagte production [1].

In the present paper, the attention is on Membi@is#llation (MD) and other membrane
processes adopting flat (plane or spirally wouriddnnels, generally provided with spacers. In such
systems, understanding the fluid dynamics in thenobls is crucial both for enhancing mixing (in
order to reduce undesirable polarization effecits) fr limiting pressure drop (in order to reduce
pumping power requirements and structural iss@ker arrangements (e.g. dead-end or tubular and
hollow-fiber membranes) raise flow and mixing peabk of a different kind and are beyond the scope
of the present work.

In MD, the transferred species is water vapor &ediriving force is the temperature difference
between feed and permeate, of the order of 5 . 9Me feed channel thickness usually ranges from
2 to 5 mm and the cross flow velocity from 5 to@0/s, yielding Reynolds numbers (based on the
hydraulic diameter of the channels) ranging fror® &) 2000. MD has been the subject of several
experimental and computational studies carriecogwdur group at the University of Palermo in the

context of international research programs [2-6].

1.2 Polarization phenomena

Membrane processes are inherently affected byipateon phenomena which cause a decrease of
the driving forces and thus a loss of efficiencyublly, separation membrane processes exhibit
concentration polarization. In Membrane Distillatidhe effects of concentration polarization are
usually negligible compared to that of temperatpodarization: this phenomenon results in a
temperature difference at the membrane interfacedler than the temperature difference between
the bulk solutions (Figure 1). The loss of effiagnn the process is often quantified by introdgcin

a temperature polarization coefficient (TPC), dediras:
Tfm_Tpm
be _pr

TPC= (1)
in which “f” and “p” refer to feed and permeate while"*and “b” refer to membrane surface and
fluid bulk, respectively. This coefficient increaseith the Reynolds number, especially for low Re,

and decreases with the heat flux [7].
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Figurel Sketch of the temperature polarization effect ienMbrane Distillation.

The negative effects of polarization phenomenab@aoounteracted using mixing promoters, which
usually serve also as spacers keeping a fixedndistetween opposite membranes. There are many
studies in the literature on the characterizatibrspmcer-filled channels, mostly focused on the
investigation of the effect of spacer geometrya(fient diameter, filament arrangement, filament
spacing, angle between crossing filaments, flowcattangle) on fluid dynamics features such as
recirculation, flow regime, flow pattern, shearerdistribution, mass and heat transport phenomena,
and pressure drops.

Figure 2(a) shows a general overlapped spacer gegniermed by stacking two arrays of
cylindrical rods, or filaments: the most generalecss characterized by diametdyrsd,, pitchedy, |2,
included anglex and flow attack anglg Neglecting contact deformation or partial compeaten
of the filaments, the channel heightcan be assumed equaldgrd.. Figure 2(b) shows a woven
spacer geometry; a unit cell is reported for theigaar casedi= do, 1= 1>=6d, a=90°. Other types

of spacers have also been investigated.



Figure?2 (a) General overlapped spacer geometry, formedankisig two arrays of cylindrical rods, or filamsnt
the most general case is characterized by diameéteds, pitchesls, I,, included angler and flow attack

angley (b) Woven geometry; a unit cell is shown for tased:= da, |1:= 1,=6 d, a=90°.

2THE APPLICATION OF CFD TO SPACER-FILLED CHANNELS

2.1 Review of theliterature

While a thorough discussion of the choice of dinn@mless numbers and of the definition of average
heat / mass transfer coefficients is postpone@d¢tians 3 and 4, in the following, in order to make
comparisons easier, the Reynolds number Re, theyOsdction coefficientf and the Nusselt or
Sherwood numbers Nu, Sh will be based on twiceltlamnel height (2) as the length scale and on
the inlet, or approach, velocity..id as the velocity scale, independent of the (pogdiifferent)
choices made by the authors of the various papamieed.

Applications of Computational Fluid Dynamics to tfearacterization of spacer-filled channels
for membrane processes started to appear in énatlire with some consistency in the 1990s. Many
of the published studies regarded simplified, twoahsional geometries, e.g. cylindrical obstacles
placed in a plane channel [8-11]. Although they npagvide valuable insight into the basic
mechanisms of flow separation and drag, 2-D stuthesonly deal with transverse filaments and are
not adequate to predict the complex mixing and hewtss transfer enhancement caused by real 3-D
spacers.

In 2001 Karode and Kumar [12] presented purely dggnamic CFD simulations for a multi-
cell model of the ultrafiltration spacer-filled airzels investigated experimentally by Da Castal.
[13]. The authors considered overlapped spacenshich the pitch (inter-flament distance) to
channel height ratio ranged between 1 and 4 andRéymolds number betweé®b00 and5000.
Steady-state flow was assumed in all cases. TheENHCS 1 CFD code was used. The main factors

influencing the effectiveness of a spacer were dotnbe the pitch to channel height ratio and the



angle between the spacer filaments. For the highkgtflow rates, simulations overestimated the
pressure drop compared to that measured experillyenitarode and Kumar attributed this
discrepancy to the non-ideality of the actual spatieat could allow some fluid flow between the
filaments and the membrane.

Li et al. [14] used the CFX-4[3 code to study, for a non-woven geometry, the erite on
mass transfer of pitch (distance between pardlehénts)l, anglea between filaments and flow
attack angle/ They carried out direct numerical simulations @Nor Reynolds numbers aR00-
1000, a range in which spiral wound membrane madulay actually operate. The authors defined
the average mass transfer coefficient as the arerage of the local mass transfer coefficient. The
results, in terms of Sherwood number in functioPoWer numbemRn), showed the spacer geometry
to be optimal fot/H=4, a=120° and)=30°.

Koutsouet al.[15] performed DNS at Re<800 using FluéntThe computational domain was a
periodic unit cell. The authors highlighted thatransition to unsteady flow occurs at Reynolds
numbers of 140-180 for the parameter range examifleely also found the presence of closed
recirculation zones attached to the spacer filagjeptesumably detrimental for concentration
polarization and fouling. In a later pap&mutsouet al. [16] investigated Reynolds and Schmidt
number effects on the time-mean local and spatalraged Sherwood number, taking into
consideration various realistic spacer geometilibsy carried out 3D DNS with the same Reynolds
number range as in [15] and Schmidt numbers irrdhge 1-100. A local time-mean value of the
mass transfer coefficienk)(at the channel walls was defined on the basih@flocal time-mean
value of the wall mass flux and of the local timean concentration at the channel symmetry plane.
In order to calculate the overall mean Sherwoodlremthe authors used the spatially averaged value
of k. They found that the distributions of the locai¢tmean Sherwood number at the top and bottom
walls were symmetrical with respect to the charthayonal, which was also the direction of the
mean flow.

Koutsouet al.[17] developed a novel spacer geometry consistfrgpheres of diameter equal
to the channel heightl connected by cylindrical segments of diaméié2. They considered the
periodic unit cell formed by four neighbouring spbal nodes and connecting segments and
performed DNS using Fludnt The main advantage of this novel geometry istli@tcontact of the
spherical spacer nodes with the membrane surfacesr pointwise, unlike in conventional
geometries characterized by contact lines thatter&bead” zones associated with reduced mass
transfer rates. The authors observed the sameajdrands of results obtained with conventional
spacers, but, regarding the local shear stressgamass transfer coefficients on the membrane



surface, they found that the novel geometry exéibigher values and a more uniform spatial
distribution of these parameters.

Cipollinaet al.[2] studied spiral wound MD channels with douldgdr flament spacers using
either DNS or steady state simulations. The contjpmal domain included 5-6 unit cells both
streamwise and spanwise and was meshed by a thtahbastructured finite volume grid. The code
used was Ansys-CHX. The authors imposed R400, developing flow and thermal fields along the
unit cells starting from uniform inlet velocity anidmperature (i.e., inlet-outlet conditions with no
periodicity), and a uniform heat flux on both wallthey concluded that higher velocities reduce
temperature polarisation while filaments transvdos¢he flow increase polarisation. In a further
paper [3], the authors extended the study to aefavgriety of non-woven spacers. The results
confirmed thafilaments mainly parallel to the fluid flow direoti are to be preferrednd showed
that 3- and 4-layer spacers provide a better comprofeteeen lowAp and low temperature
polarization than diamond or oblique 2-layer spsicer

Al-Sharif et al. [18] studied the effect of three different ovepagd spacers on fluid dynamic,
heat transfer and temperature polarization usingnB@AM®. Like Cipollinaet al. [2, 3], they
adopted a developing flow approach, i.e. they adersd a certain number of unit cells in the axial
direction and applied uniform profiles for velocagd temperature at the inlet of the domain anad zer
gradient conditions at the outlet. A uniform hdaxfooundary condition was imposed on both walls.
From the results of simulations for £800-1200, the authors stated that spacers chaescidoy 3
layers of orthogonal cylindrical filaments placada (filaments touching the walls) and 90° (cehtra
filaments) with respect to the flow (type 3) cauiegllowest pressure drop, symmetrical temperature
profile and high velocities near the membrane w&lpgacers with two layers of orthogonal cylindrical
filaments placed at 0°-90° with respect to the floype 2) were the least desirable as they produced
asymmetric temperature and velocity profiles amgh lressure drops. An intermediate behavior was
reported for spacers with a flow attack angle of @pe 1).

Also Mojab et al. [19] used OpenFOARIto investigate by DNS laminar to turbulent flow
regimes in a channel provided with an overlappeatep which consisted of two layers of mutually
orthogonal rods, or filaments, placed at 45° wébpect to the flow direction. The filament spacing
was just 1.085 times the channel height, equasiturn to twice the rod diameter. This configuati
was identical to the commercial spacer CONWHED-IThe authors used the periodic unit cell
approach with no-slip conditions at the spacerraathbrane surfaces. They found that the main flow
splits into two streams which move parallel to fieements with 90° direction difference to each
other. At the cell midplane these streams intemadtexchange momentum. The 90° angle between

the flow streams produces tangential forces whalse secondary swirling motions in the main flow



streams. The authors found four different flow negs: laminar-steady (Re<480), laminar-unsteady-
periodic (Re=480-720), fully unsteady (Re>720) anrtbulent flow proper (Re>2400).

Saeeckt al.[20] used Flueni to investigate the impact of dimensionless filatmeash spacing
on wall shear stress and mass transfer coefficientee two membrane walls. They employed steady
state and laminar flow conditions and considerethascomputational domain a strip of unit cells
including six bottom filaments and one top filamehhe average mass transfer coefficient was
defined as the area average of the local massfeéracsefficient. The authors compared different
spacers with pitch to channel height ratié) varying between 2 and 6; cases with differentigsal
of I/H for the top and bottom layer of filaments werealensidered. The Reynolds number (based,
in this case, on hydraulic diameter and mean fititiatsvelocity) ranged between 75 and 200 (if
computed on the basis of the present definitionwBeld vary in a complex way as a function of the
pitch to channel height ratios of each filamenelyln all simulations the flow direction was péeh
to the top filaments. The authors observed closad fecirculation near the bottom membrane
surface for spacer geometries characterized/Hy3. For spacers with/H>4 they observed
reattachment and separation regions, with a rdattant point location that shifted downstream with
an increase in Re, until it met the next bottonanfient. Finally, they found that the spacer
arrangement witl/H=4 on both walls provides moderate pressure dropistlae highest Spacer
Configuration Efficacy (defined as the ratio of thkeerwood number to the power number).

With the aim of characterizing water flow in a spatfilled channel, Bucst al.[21] performed
Particle Image Velocimetry (PIV) in a transparest isection provided with a commercial non-woven
Toray™ spacer with a thickness of 0.787 niid=5.56, a flow attack angle of 45° and filaments of
diameter varying along their axis. They also sirtedathe unit cell of the experimental geometry,
reconstructed from computerized tomography (CThsc&he authors assumed steady laminar flow
and Re112, 256 and 480. The measured flow was lamindr aily a slight unsteadiness in the
upper velocity limit, and CFD simulations were imogl agreement with the measured flow fields.

Tamburiniet al. [4] studied the effects of spacer orientation eathtransfer in MD channels
provided with non-woven spacers using DNS, the celitapproach and the Ansys-CBEXcode. In
order to reproduce their own experimental measunénas faithfully as possible, the authors
considered only one of the walls (top wall) to bertnally active (i.e., representing a membrane) and
imposed on it a third-type (mixed) boundary comlitwith an outer temperature of 19°C and an
interposed thermal resistaneg; of 6.25-1¢ m?K/W. The opposite (bottom) wall and the filament
surfaces were assumed to be adiabatic. The avéhaggelt numbe(Nu) was defined as the area
average of the local Nu on the active wall. Theharg found that, when the fluid moves at a 45°

angle with respect to the filaments adjacent tottipewall, (Nu) is higher than in the 0° and 90°



orientations. They also compared CFD predictiortd Wieir own experimental results, obtained by
Liquid Crystal Thermography, and found a good agred in the time averages of both local and
surface-averaged Nusselt numbers.

Gurreriet al [22] used Ansys-CFX to simulate woven (w) and overlapped (0) spacetis w
three pitch to height ratio¥/1=2, 3, 4), two different flow directions (eitherrpdel to a filament,
a=0, or bisecting the angle formed by the filaments45°) and four Reynolds numbers (1, 4, 16,
64). Such low Re are representative of flow in Reedlectrodialysis (RED) stacks. They found that
the filament spacing has a clear effect on Sh lloRa only in woven spacers with=45° (in the
range investigated, Sh decreasesl/bk increases), while for the overlapped arrangembat t
dependence of Sh diiH is not as significant. The authors stated thatwloeen arrangement
establishes different flow fields than those typmlhoverlapped spacers, raising pressure drop but
favoring mixing, especially for higher Reynolds rhems anda=45°. Finally, they found that the
woven spacer witlr=45° is the most promising configuration for mixjngyields higher values of

Sh than the case=0° for all Re and/H, although the improvements are lower at high Re.

2.2 Settled and unsettled issuesin the numerical modelling of spacer-filled channels
As the above, fairly complete, survey shows, CFbwsations of spacer-filled channels for
membrane processes started to appear in the ditersince the year 2001 and have been presented
at an increasing rate since then. They have besedban most cases, on a small number of open
source or commercial codes (OpenFOAM, Ansys-OFXAnsys-Flueril and, in one case,
PHOENICS1), since in-house codes are poorly suitable forcttraplex geometry of spacer-filled
channels. Published studies are almost evenly @liviaetween those using the Periodic Unit Cell
approach [4, 14-17, 19, 21-22] and those simulatingii-cell, developing flow configurations [2, 3,
9, 11, 12, 18, 20]. Further distinctions can benraccording to the 2-D [8, 9, 11] versus 3-D [2-4,
12, 14-22] dimensionality of the simulations andhe flow regimes investigated: thus, some authors
carried out only steady-state, laminar simulati@®, 11, 19, 21-22]; others dealt with unsteaay a
early turbulent regimes by Direct Numerical Simigdat2, 4, 14-16, 19]; and others yet [8, 11] used
turbulence models (RNé&-= in the former case, Spalart-Allmaras &ad in the latter). In regard to
the phenomena modelled, some papers [12, 15, 1&irBllated only the fluid flow, while others
considered also heat transfer [2-4, 9, 11, 18] assriransfer [16-17, 20, 22].

Schwingeet al [23], Ghidosset al. [24], Hitsovet al.[25], Fimbres-Wehis and Wiley [26] and
Karabelast al.[27] have presented reviews addressing a numbss@és in the modeling of spacer-

filled channels. In particular, Fimbres-Weihs andey [26] examined problems concerning the



definition of the dimensionless numbers that cherae the phenomenon, the use of periodic
conditions, and the comparison of 88.2D and steady-states. transient simulations.

The present paper aims to complement the abovewsyby discussing a number of aspects not
sufficiently clarified so far. The main issues asifred here are:

. choice of scales to compute dimensionless numbers;

. definition of average heat / mass transfer coeffits;

. influence of the thermal conductivity of the spacer

. complex influence of the parametéfid, y; Re.
Most of the results that follow make reference ¢athtransfer in Membrane Distillation (MD) and
were obtained for the spacer geometry Diamond_8§u(€ 3), consisting of identical overlapping
cylindrical filaments (Figure 2(a)) witdi=H/2 and an intrinsic angl@=90°, under steady-state
(laminar) flow assumptions. All simulations werendacted by the finite volume codesys CFX

Numerical methods and computational details haea losscussed elsewhere [4, 22].

3. CHOICE OF SCALESTO COMPUTE DIMENSIONLESSNUMBERS
3.1 Scalesfor the Reynolds number
In regard to the Reynolds number, several defimitioan be found in the literature, differing in the
choice of the length and velocity scales.

The length scale has been variously identified withfilament diametedk, the channel height
H, or the hydraulic diameter=4V4/Syet, in WhichV is the volume of fluid an8wetthe wetted surface
(including both the filaments and the membrane syal further alternative consists in using the
hydraulic diameter of the void channel, which caridentified with twice its height £2) in the limit
of laterally infinite plane channel.

As to the velocity scale, some authors prefer thlernae-averaged velocitym along the main
flow directions, which coincides with the area averageddn any arbitrary cross section orthogonal

to the flow and is sometimes called theerstitial velocity:

1
u., —V—I USdV (2)

f v,

An alternative velocity scale is tveid channelelocity uvig, i.€. the velocity which would yield the
given flow rate if the channel were void of any &grauveid Is sometimes called thelet, approach
or superficialvelocity. The two quantitiesm anduyoiqd are related by

Uvoid=Umé (3)

whereg is the porosity, or void ratid/i/Viot.



Thus, at least the following quantities (coveringven out of a total of eight possible
combinations!) have been called the “Reynolds nuiribehe literature:

e Rey=umdW/Vv[2,3,11-12, 19-21]

. Rep) = Uvoiadh/V [18]

. Reg) = UvoidH/ v [18]

. Reas) = woic2H/v [4, 6, 22]

. Res) = umH/v [14]

. Ree) = Uvoiad/ v [15-17]

. Re7) = um2H/ v [5]
In particular, in a spacer with overlapped filanseat diameted, distance between the filamemts
and channel heighi=2d:, one has

|/H —7m/8
E=————

|/H )

dh:2H£|/—|_| (5)
|/H+7m/2

(independent of the angle formed by the filamentk wach other and with the main flow), so that

between the above definitions of the Reynolds nurtiieefollowing relations apply:
1
Re(l):z Rg,= & Rg=F Rg= & Rg= FM Re=eF By (6)

in which F=(I/H)/(I/H+772). Similar formulae can be written for spacersirelsterized bywoven
filaments or by more complex configurations.

Definition Rey) is by far the most popular. Definitions §@nd Re), differing only by a factor
2, are based on velocity and length scales thabtldepend on the spacer and are proportionakto th
flow rate through the channel, which allows a mdirect performance comparison between different
spacers (including the “null” case of a void, spacerless, channel). Note that, Iféf - 0, one has

3.2 Scalesfor thefriction coefficient

With some exceptions [2-3, 8-9, 19, 21], most efliterature on spacer-filled channels deals toesom
extent with measured or predicted pressure drapae&uthors [11, 18] choose to report this quantity
in dimensioned form (i.e., in Pa or Pa/m), or usedimensioned or dimensionless wall shear stress

[15-16] or the power number, related to the pumpdogver consumption per unit volume [14].
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However, the commonest choice [4, 12, 20, 22] im&ke the pressure dréyp dimensionless as a
Darcy friction coefficient on the basis of the usual relation

f :% 2Lref
As pU?

ref

(7)

in which As is the distance travelled along the main flow ctign s, while Lres and Urer are the
reference length and velocity, respectively. Ndiat t is four times the Fanning coefficient. The
reported values dfdepend sensitively on the choicelgds andUrer. Normally, they are the same
used to define the Reynolds number, but this islveays true; for example, Saestdal.[20] evaluate
Re fromum anddn but computé from um and .

The definitions adopted have an even larger infteeonf than they have on Re, due to the
square term in Eq.(7). For example, adoptifg-th, Ure=Um to compute1) andLre=2H, Ure=Uvoid
to computd(s), from the above formulae for overlapped spacdadiaws thatf(1)/f4=0.291 forl/H=2,
0.527 forl/H=4, and 0.8 (still far from 1) fdfH=12. One also has R#¢Re4=0.560 forl/H=2, 0.718
for I/H=4, and 0.884 fol/H=12. Since(1)<f4) and simultaneously Rg<Res), whilef is normally a
decreasingunction of Re, plottind(1) against Rg) yields a curve far below the corresponding plot
of f4) against R@). These differences should be kept in mind whenpasmg results from different

literature sources.

3.3 Scalesfor the Nusselt or Sherwood number
With a few exceptions [2-3, 18], most of the stgdiealing with heat / mass transfer in spacerdfille
channels express the relevant results in dimeressrfbrm by introducing a Nusselt or a Sherwood
number. While the exact definition of the local averaged heat / mass transfer coefficients
themselves will be discussed in section 4 belowirtfluence of the scales chosen for their congersi
into dimensionless Nusselt / Sherwood numberssis wbrth a brief discussion.

Considering, for example, heat transfer, one has

_hbe
Nu = ; (8)

in whichhis the heat transfer coefficient (ratio of a héat to a temperature differencé)er is the
reference length scale, aids the fluid’s thermal conductivity. For mass ts&r, Nu is replaced by
Sh,his replaced by the mass transfer coefficlefratio of a mass flux to a concentration differenc
and A is replaced by the kinematic diffusiviy. If, coherently, one defines Nu on the basis ef th
same length scale used for the definition of Refatioen different Nusselt numbers are obtained,

which, following the above nomenclature for Re, roayclassified as

11



. Nu) = Nug) = hd/A [9, 11, 20, 26]
. Nug) = Nus) = hH/A [14]
e Nug)=h2H/A [4, 22]
e Nug) =hd/ [16-17]
(with obvious changes when mass transfer is coresijle
Also in this case, the different definitions shobélcarefully considered when comparing results

from different literature sources.

A4 DEFINITION OF LOCAL OR AVERAGED HEAT / MASSTRANSFER COEFFICIENTS
4.1 L ocal coefficients
Making reference to heat transfer, and assumindnéta¢ flux to be positive if it exits the channels

(cooled fluid), the most common definition of tleedl heat transfer coefficient is:

__G,
h=
T,-T, )

w

In Eq. (9)q w is the local heat fluxTw is the local wall temperature aiid is the bulk temperature,

usually defined as:

j pCc, TUdA
T, = W (10)

A
A being the area of a generic cross section of fla@rmel andis the velocity component along the
main flow directions. Oftenp andcp can be treated as constant properties. NoteTthamains a
function ofs. In some circumstances, notably involving compglamee-dimensional geometries, the
association of the wall temperature at a given tpomthe surface with the bulk temperature at a
specific abscisssis rather arbitrary. Moreover, in many simulati@aopting the unit cell approach,
only the periodic component of the bulk temperata varying from cell to cell, is simulated. In
these cases it may be preferable to define thetbulperature by replacing the area integrals in Eq.
(20) with volume integrals taken over the wholetwall. Yet another alternative is to replace the
bulk temperature in the definition (9) lofvith a different reference value, e.g. the fluigmperature
at the channel midplane [16] or the fluid’s inletriperature [11].

In the case of mass transfer, temperature is reglag concentration artis replaced by a mass
transfer coefficienk.

12



The problem with the above definition lofor k is that, in complex geometries involving flow
recirculation, these coefficients may easily bec@mgular or negative in some regions of the wall.
This occurs whenever the iso-surfalcel, (or C=Cp) touches the wallh (k) diverges on the line
To=Tw (Cb=Cw) and becomes negative inside this line. An exangpteported in Figure 3, showing
the iso-surfac@=Ty, (bulk temperature) for an overlapped spacer Wik4, )=0°, Re=42 and two-
side heat transfer with uniform imposed wall h&at.fEven in the absence of singularities, the $&mp
fact that the iso-surfacB=Ty (or C=Cy) approaches the wall closely may give rise to atmab and
unphysically large values bfork. This kind of distribution is rather common, espég for imposed
flux (Neumann) or mixed (third-type) boundary cdrals, two-side heat / mass transfer, high
Reynolds numbers and high Prandtl / Schmidt numbBére only situation in which singularities
cannot occur are those characterized by imposed tesperature or concentration (Dirichlet
boundary conditions).

0 0.01 0.02 (m) 1
I I r .

0.005 0.015

Figure3 Iso-surfacel=T, (bulk temperature) for an overlapped spacer Witl¥4, )=0°, Re=42 and two-side heat

transfer with uniform imposed wall heat flux.

Several computational studies dealing with heanass transfer prefer to avoid the complications
related to the definition df or k and mention only temperatures or concentrationisheat / mass

fluxes.
4.2 Average coefficients

In most papers dealing with heat or mass transfepacer-filled channels [9, 14, 16-17, 20], the

average coefficient is simply defined as the axeaage

13



h® =( —j s_—jI Iols (11)

whereSmay be the whole active transfer surface or aregisn of it (e.g., one of two active channel
walls). Obvious modifications apply if mass tramsfeconsidered.

The problem with this definition is that, if thecll h (or k) is singular or attains unphysically
very high or negative values (for the reasons dised in the previous section), also its avetage
(or(ky) will be affected by this behavior and will att@inomalous values. A definition of the averages

that does not suffer from this problem is [4, 22]

W,

in which (g w) and(Tw) are surface averagesf, or Tw over the surface of interest (e.g., one of the
walls or both walls). The usual obvious modificasoapply in the case of mass transfer.
Corresponding dimensionless numbers*NINU® or SHY, SH? can be obtained from the above
definitions by using Eq. (8) or its mass transfguiealent, provided a length scale has been chosen.
Nu® and N coincide when a uniform wall temperature is imghsehile they are different

when a uniform wall heat flux or a wall thermalistégnce are imposed. In fact, one can write:

Nu‘l):constant<<Aq?W> , N = constarqt<qiW> (13)

(AT.)

in whichATow = To — Tw. WhenTy is imposedATuww is a constant (sap\Tew’) and one has

bw

Nu® = Nu® = constan1;<<q—W> (14)
AT?

bw

On the contrary, when a uniform heat flux is imghs$pw is a constant (sag «°) and one has

Nu(l)zconstant<q;vo< _T_ > # N@®= constarty’ (15)

bw

(AT,)

since the average of the reciprocahdd the reciprocal of the average.
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Figure4 Average Nusselt and Sherwood numbers, computekfiyitions (1) and (2), as functions of the Reysol
number for an overlapped spacer witd=4, flow attack anglg=45°, two-side heat / mass transfer and

third-type boundary conditions (Prandtl number RiSdhmidt number Sc=600).

The difference between the two definitions is tifated in Figure 4, which reports average Nusselt
and Sherwood numbers, computed by definitions ftl) (@), as functions of the Reynolds number
for an overlapped spacer witlii=4, a flow attack anglg=45° and two-side heat / mass transfer. The
values 4 and 600 were assumed for the Prandtl ahdifit numbers, respectively. Third type
boundary conditions were imposed at the wallsatt be observed that Muand SK are always
lower than NP and SK, and that the difference increases with Re. Italan be observed that the
difference between $hand SK (Sc=600) is larger than that betweerf'™Nand N (Pr=4).

5COMPLEX INFLUENCE OF THE PARAMETERSI/H, ) Re
In this section, some considerations will be présgtconcerning the individual influence of the main
spacer parameters that affect heat / mass transfieembrane processes. The objective is to clarify
to what extent this influence can be representesirople correlations suitable for design purposes,
especially by separated-effect power-law correfetiof the kind commonly used in engineering [10,
28]. In particular, the quantitiddH (spacer pitch to channel height ratig)flow attack angle) and
Re (Reynolds number) will be considered.

Simulations were carried out for overlapped nondtmting spacers with orthogonal filaments
(intrinsic anglea=90°), two-side heat transfer, and third-type therboundary conditions at both
walls. One parameter at a time amafd} yyand Re was made to vary. Simulations were limited

laminar, steady-state conditions so that no turmdenodel was used.
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5.1 Influence of the Reynolds number

In regard to the influence of the Reynolds numbegure 5(a) reports the average Nusselt number
Nu® at both walls as a function of Re =4 and three values of the flow attack ang(@°, 20°

and 45°). Note that, fop=45°, NU?iop=Nu@pottom ON the whole, a monotonic increase of?Nwith

Re can be observed, with some reservations comgethe bottom-wall value fop=0° at low
Reynolds numbers; however, the rate of variatioNwf with Re is not uniform, but depends on the
flow attack angle and on the wall considered; shiggests that separated-effect correlations would
perform poorly. The situation is even worse for shhealler aspect ratidH=2.5, Figure 5(b). Here,
Nu® is far from monotonic, but rather exhibitsplateauon either wall and at all attack angles;
however, the level attained and the Reynolds numdiege in which N@ remains approximately
constant depend on the specific wall and anpgiensidered, and a simple fit of the results apgpear
prohibitive. Results of comparable complexity al#ained by considering other aspect ratios and
flow attack angles. Note thafpdateauor even a decrease in Nu when expressed as adiunétRe

is not surprising since, as the fluid’s velocityiesa, the length of the wake and recirculationsagi
created downstream of each obstacle also varietyasdhe flow interaction with the subsequent

obstacles and with the walls changes in a compbex @and may either promote or impair heat / mass

transfer.
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Figure5 Influence of the Reynolds number on heat transfegrage Nusselt numbers ®Ron top and bottom walls

as functions of Re for overlapped spacers, two-biekt transfer and different flow attack angjega)
I/H=4; (b)I/H=2.5.
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5.2 Influence of the spacer pitch to channel height ratio

In regard to the influence of the spacer pitchthiammel height ratiéYH (aspect ratio) on pressure
drop, Figure 6reports the friction coefficient (normalized by the friction coefficient in the
corresponding spacerless chanrigi96/Re) as a function dfH in overlapped spacers for two
different values of the flow attack angjg0° and 45°) and two different values of the Rdgao
number Re (20 and 300). Note thdbes not change jpfvaries from 0° to 90°. The figure shows that
f decreases markedly withtH (of course, one expectfs— 1 for I/H - »); it also shows that the
influence of the flow attack angle(better discussed in the following section) isligdgle for the

lower Reynolds number (20), while it is significaat Re=300, when inertial effects become

important.
15
—&— Gamma=45°, Re=300 —— Gamma=45°, Re=20
—e— Gamma=0-90°, Re=300 —O=— Gamma=0-90°, Re=20
10
W
«w
5
0
0 1 2 3 4 5 6 7 8 9
IIH
Figure6 Influence of the spacer pitch to channel heigtibran pressure drop: friction coefficiehfnormalized by

96/Re) as a function &fH in overlapped spacers for two different valuethefflow attack anglg’(0° and
45°) and two different values of the Reynolds nuniRe (20 and 300). Note that identical value$ arfe
obtained fory=0° and 90°.

In order to illustrate the influence BH on heat / mass transfer, the behavior of the geekusselt
number N as a function of/H for two values of Re (20 and 300) apett5° is reported in Figure
7(a). The choice of this flow attack angle makesvhlues of N# on the two walls identical, so that
a single value needs to be reported. It can berebdehat, for the larger Reynolds number of 300,
close to those expected in MD applications,?°Npossesses a marked maximum/Bi=3.5, in

accordance with most of the literature. A seconigworthy feature of the results is that, ft>4,
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Nu® decreases slowly withiH, and still exhibits values only25% lower than the maximum for
I/H=6. Taking account of the strong reduction in thetibn coefficient associated with an increase
in I/H, see Figure 6, high aspect ratio spacers are jtgmttractive candidates in an optimization

perspective.

20

15 4

spacerless channel

—— Gamma=45°, Re=300

= Gamma=45°, Re=20

0 T T T T T T T
0 1 2 3 4 5 6 7 8 9
IHH
(a)
200
=& Gamma=45°, Re=300
——Gamma=45°, Re=20
150
= 100 |
»
50
spacerless channel
O T T T T T T —
0 1 2 3 4 5 6 7 8 9
IIH
(b)
Figure?7 Influence of the spacer pitch to channel heigtibran heat transfer: average Nusselt numbé? ia) and

Sherwood number $h(b) as functions offH for overlapped spacers, two-side heat trangfet5° and
two different values of Re (20 and 300).

In regard to the viability of simple correlatiotise complex dependence of Ruponl/H shown
by Figure 7(a) for Re=300 makes this possibilithea unlikely. At the lower Reynolds number, Ru
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is always lower than the valuéB) obtained in a spacerless plane channel andasesewith Re
tending to this spacerless value it — o (as it must be any Re for physical consistency). This
means that at very low Re, in the absence of sagmf secondary flow, the spacer acts mainly as an
obstacleto heat transfer rather than agramotet

Figure 7(b) reports the corresponding behaviohefdverage Sherwood numbefSlcomputed
for a Schmidt number of 600 (chosen as represeatati sodium chloride in Direct or Reverse
Electrodialysis) and a bulk concentrationf®5M. For Re=300, the behavior of Blis similar to
that of N and exhibits its maximum at the saifté ratio (B.5). As a difference, for the lower
Reynolds number $hremains slightly higher than the spacerless ptiraanel value of B (which,
in laminar flow, is independent of the Schmidt nmand thus is identical to M), and exhibits an

asymptotic approacthom aboveo this value fot/H - .

5.3 Influence of the flow attack angle

In regard to the variation of the Nusselt numbehwhe attack anglg most of the experimental and
3-D computational studies presented so far considgr a few orientations, with the main flow
parallel or orthogonal to the filaments, or bisegtihe angle formed by these latter [3, 4, 12,95-1
21-22] (an orientation cannot even be defined enddse of 2-D numerical simulations [8, 11]). Yet,
the few studies considering different attack angleq, as well as physical intuition, suggest that
orientations other than the basic ones mentionedeainay offer advantages in terms of heat / mass
transfer and frictional pressure drop, and thusaameh investigating.

Preliminarily it should be observed that, for eaglacer configuration, symmetries exist such
that the influence ofneeds not to be studied in the whole interval/®4iut in a narrower range.
Consider, for example, the overlapped geometrychieek in Figure 8, in which the two arrays of
wires are assumed to be mutually orthogonal aricht® the same diameters and pitches. The flow
attack anglg/can be conventionally defined as the angle forbnethe main flow direction with the
filaments touching the top wall (reference directid. Alternative definitions have also been used in
the literature.

A moment's reflection shows that, for symmetry edexsations, the following properties hold
for any quantity @ that can be defined as an average over eithetother the bottom wall (e.qg.
pressure, shear stress, temperature, concentriagianor mass flux, heat or mass transfer coefiicie

Nusselt or Sherwood number):

.. ()=, ,(y+km) (‘wall'="top or " bottorh k=0, 1, 2,...) (16)
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Py (V) =P (7—y) - (‘wall” ="tog or " bottort) (17)

and, provided the same boundary conditions appihertop and bottom wall,

Brop(¥) = Prop (5= V) (18)

Figure8 Sketch of the unit cell of an overlapped spadiefichannel, showing the reference filament dicecand

the flow attack anglg:

Thanks to the above properties, a knowledge ob#teavior of both top- and bottom-wall average
guantities in the intervgk=0-774 (obtained either experimentally or computatityas sufficient for

the whole curves in 072and for both walls to be built. Two consequende=gs. (16)-(18) are:

% =0 fory= k]_ZT ("wall"="top or " bottory k=0, £1,£2,...) (19)
4
thop (%) = DPpottom (%) (20)

If a quantity¥ is obtained by averaging over the whole (top+bojtavall surface, then, as a
consequence of the above symmetry propertiesepisrtience owris periodic with period72 and

satisfies the following properties:

o0 fory=kZ (k=0+1x2,.) 1)
oy 4
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w(y) =w(5-v) (22)

Examples are the overall average Nusselt numberfPaNe[Nu@roptNu@soon]/2 and the
corresponding average Sherwood numbePSh Properties (21)-(22) hold also for the friction

coefficientf.
11
[IIH=2, Re~130, two-side heat transfer
ﬁﬁ
=z
7 /A —A=— bottom wall
= O= top wall
Trd average top-bottom
6
0 15 30 45
y ()
(a)
11
|HH=2, Re~130, two-side heat transfer|
a
=
=z
— —bottom wall - - - top wall average top-bottom
6 : :
0 45 90 135 180 225 270 315 360
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(b)
Figure9 Influence of the flow attack angle on the averblgsselt number N& on the top and bottom walls for an

overlapped spacer filled channel withH =2, Re=130, two-side heat transfer. (a) Detail of @,

Nu®@yoom and top-bottom average fgr0-774; (b) overall behavior fop=0-27z
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For example, Figure 9 reports the average Nussetioer N as a function of/for the top
and the bottom walls of an overlapped spacer-filkdnnel characterized bfH=2, Re=130. The
top-bottom average is also reported. Graph (a) shiowetail the intervagk=0-774, whereas graph (b)
(built from graph (a) using the above symmetry prtips) spans the whole interyal0-27z It can
be observed that both the individual top and botiaat averages, and the overall average, exhibit a
complex behavior and are not monotonic functionginfthe base interval @4 (0-45°).

In particular, in the present case the overall agelis minimum (~7.4) fop=0, due to the deep
minimum exhibited by the average Nu on the bottoatbwwhere the flow is orthogonal to the
filaments, and is maximum (~9.4) fgr15°, mainly due to the high heat transfer ratesrst, again
on the bottom wall, for this flow orientation. Tlariance of the overall (top-bottom) average with

is necessarily lower than that exhibited by each aweerage, but is still quite significant.

Figure 10 reports the friction coefficiehtdefined on the basis of the hydraulic diametethef
spacerless channelH2 and on the corresponding velocilyidg) as a function ofy for the same
configuration in Figure 9, i.¢/H =2, Re=130 (in this case thermal boundary conditionsa@repurse,
immaterial). It can be observed tHatttains a maximum fop=15°, in approximate correspondence
with the heat transfer maximum. Obviously no simgderelation, let alone a power-law one, can

capture the complex behaviour of either Nd as functions of«

I/IH=2, Re~130

3.5

25

7 (0

Figure10 Influence of the flow attack angle on the Dardgtfon coefficientf for an overlapped spacer filled channel

with I/H =2, Re=130, two-side heat transfd®=1.
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6 INFLUENCE OF THE THERMAL CONDUCTIVITY OF THE SPACER

In MD, spacer filaments are usually made of somgrperic material whose thermal conductivity
(Asps~0.12-0.20 WrTtK 1), albeit low, isnot negligible with respect to the thermal conducyivaf
water ¢+~0.6 WmK™). Therefore, conduction through the spacer is ebgoeto have some influence
on heat transfer and thus on the Nusselt numbersé bffects are implicitly taken into account in
experimental work (provided the same spacer materiadopted as in real applications), but in
computational work the issue is generally negledpdcers are simulated as non conducting regions
or even as non-gridded regions external to the coatipnal domain, and zero heat flux conditions
are imposed at the fluid-spacer interfaces.

In the present study, some simulations were ru Wit spacer filaments included in the
computational domain and gridded with finite volisnand continuity of temperature and normal
heat flux imposed at the fluid-spacer interfacee Tonductivity ratioAspd A+ was made to vary
between 0.01 (equivalent to non conducting filaregahd chosen only as a consistency test) and 4
(realizable, for example, by using plastics changét a suitable filler). Note that common practica

applications correspond #pd A = 0.25.

15
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-0—-Re=5.7
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Figure1l Influence of the thermal conductivity of the spadéusselt number N#l as a function of the conductivity
ratio AspdAr for an overlapped configuration withH=2, )=45° two-side heat transfer. Note that

Nu®@ror=NuPportomfor this flow attack angle.

Figure 11 shows the average Nusselt numb& Bsia function of the ratidpd A for two values
of the Reynolds number and dH=2, two-side heat transferz45° (note that N@wop=Nu@pottom for

this flow attack angle). The Nusselt number incesaonsiderably with the conductivity ratio: even
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for a realistic spacer conductivityspd4=0.25), NP values are some 7% higher than in the non-
conductive case, and the increment rised%0% in the case of high-conductivity filaments

(Aspd A=4). Interestingly, the relative increment of Rudepends little on the Reynolds number.

CO=NWhODNDO

Figurel1l2 Top and bottom wall distributions of the local ek number for an overlapped spacer configuratiicim
I/H=2, 8=45°, Re=5.7, two-side heat transfer and diffexatties of the thermal conductivity of the spacer
filaments. (a)lspd A=0.01; (b)Aspd A=0.25;(C) Aspd A=1; (d) Aspd A=4.

O=2NWHENDN®®O

Figure1l3  Top and bottom wall distributions of the local ek number for an overlapped spacer configuratiicim
[/H=2, 6=45°, Re=126.4, two-side heat transfer and diffexatues of the thermal conductivity of the
spacer filaments. (&dspd A=0.01; (b)Aspd A=0.25;(C) Aspd A=1; (d) Aspd A=4.

Figures 12 and 13 report maps of the local Nussatiber Nu on the top and bottom walls
corresponding to four different values of the cactolity ratio (0.01, 0.25, 1 and 4) for the same
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configuration [fH=2, y=45°, two-side heat transfer) and Re=5.7 and 126spectively. They show
that the presence of the conductive filaments ndt ads to an increase of the local and average
Nu values but also produces a profound changeeimistribution of Nu; in particular, as expected,
the low values of Nu in correspondence with thdsjpacer contact areas increase considerably with
Aspd At, while maxima are less affected.

At least two conclusions can be drawn from the ebesgults:

) In comparative studies between experimentalltesund CFD predictions, these latter should
include the simulation of conduction in the spadaments since it is typically responsible for 5-
10% of the overall heat flow.

Il) Leaving cost considerations apart, the useonidcictive spacers might be beneficial in MD.
Of course, not all of the thermal power transferredh the hot bulk fluid to the conducting spacer
can be regarded as “useful”. In fact, only theticactransferred back to the near-wall, colderdlui
results in an increased vapor mass flux throughmtbmbrane, whereas the fraction that is directly
transferred from the spacer to the membrane byuatdiwh through the contact spots can actually be
detrimental, as it increments the conductive lofisagsreduce the feed temperature without producing
any permeate. Therefore, the net effect of theespaanductivity depends on the exact geometry of
the spacer and of the spacer-membrane contact arehsome considerable CFD and experimental

work is probably required before definite conclusi@n this issue can be drawn.

7 CONCLUSIONS
The main objective of the present paper was tafglamumber of issues arising in the study ofdlui
flow and heat/mass transfer in Membrane Distilla(ipID) and other membrane processes involving
flat, spacer-filled, channels (either plane or &by wound). Other designs, including dead-end
arrangements and tubular or hollow-fiber membramaise different problems which were not
discussed here. The conclusions reached were lmas@dany years’ experience with MD, both
experimental and computational.
The results of the study can be summarized aswsllo
* Inregard to the choice of the scales for dataceoin and for the definition of dimensionless
numbers, one should keep in mind that several npt@ave been adopted in the literature, and
that they should be carefully considered whenewergarisons of data from different sources
are to be performed.
* Inregard to the definition dbcal heat or mass transfer coefficients, the definibased on the
local heat / mass flux and on the difference beibwtbe local temperature or concentration at

the wall and the corresponding bulk values =&} w/(To-Tw) or k=ju/(Cb-Cw), remains the most
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commonly adopted, but we have shown that thesetijganmay become singular or negative
at some points of the wall in complex geometriesa&onsequence, the definition of the average
coefficients as surface averagg®=(h), kY=(k) (definitions 1) may lead to singularities.
Alternative definitions such as2=(q"w)/(To-(Tw)), k®=(ju)/(Co-(Cw)) (definitions 2) are more
robust in that they do not suffer from singulastie

In regard to the influence of thermal conductiomhe spacer, numerical simulations performed
by including this phenomenon in the computationaddel have shown that even low-
conductivity polymeric spacerd<£0.15 Wm'K) may be responsible for up to 10% of the total
heat transferred from the fluid to the membraneeré&fore, the comparison of experimental
results with CFD simulations neglecting spacer catidn is questionable. Our results also
show that significant increments of heat flow woatitur by using relatively high-conductivity
spacers (e.gd=2-10 WmK1), making this possibility at least worth investigg in greater
detail.

Finally, in regard to the complex dependence of hesass transfer and pressure drop upon the
physical and geometrical parameters that charaetédre spacer-filled channels, an analysis was
presented for overlapped spacers with orthogolahénts. The Nusselt and Sherwood number
Nu® and SK’ on either side varied in a complex way with theyfeds number, exhibiting in
some cases plateauin an interval of Re (for example, this was betw&==100 and Re300

for I/H=2.5 andy=20°); the friction coefficienf decreased monotonically with Re but did not
follow a simple power-law dependence. When the espaspect ratiH was made to vary, for
sufficiently high Reynolds number Kuand SK) exhibited a maximum fol/H=3.5, whilef
decreased monotonically. Finally, Rand SK varied in a complex way with the flow attack
angle, exhibiting in some cases multiple maximaramdma even in the basic interva0-774;
similar variations were also exhibited by the foatcoefficientf. Notably, the three parameters
Re,I/H and ywere found to interact heavily, making a sepaedteet analysis impossible and
power-law friction of heat / mass transfer coriielag of little use. For any optimization study
seeking the maximum of some objective function las parameters are made to vary,
interpolation from an adequately large and finelgpped database of Nusselt / Sherwood
numbers and friction coefficients is probably todveferred to the use of correlations.

A number of issues have intentionally been left @futhe present study, and may be the subject of

further work. Among them, the influence of boundeoyditions for temperature and concentration;

the influence of entry effects in complex, e.g. cgpdilled, geometries; and the subject of

unsteadiness and turbulence modeling in MD andeelaroblems.
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NOMENCLATURE

Symbol
A
C
D
ok
dn

Sc
Sh

Uvoid

Um

<

Quantity

Cross sectional area

Concentration

Kinematic diffusivity

Spacer filament diametetKi/2)

Spacer hydraulic diameteV#Syet

Darcy friction coefficient

Channel height

Heat transfer coefficient} w/(To-Tw)

Mass flux

Mass transfer coefficienju/(Cp-Cw)

Spacer filament pitch

Nusselt numbeh-2H2

Prandtl numbergp/A

Volume flow rate

Volume flow rate per unit width

Heat flux

Thermal resistance at the wall

Bulk Reynolds numbetoii2H/v

Surface area

Co-ordinate along the main flow direction
Schmidt numbery/D

Sherwood numbek;2HD

Temperature

Overall heat transfer coefficierd,w/(To-Tex)
Mean velocity in the void chann&)/(HW)
Mean velocity in the spacer-filled channel
Volume

Channel width (spanwise extent)

Unit

mol m
nf st

ms?
As!

W n¥
2 m W-l

K
W m?2K?
m s?
ms
nt

m

28



Greek symbols

T " > ™M o X Q

iS)

Subscripts
b

f

s

spa

tot

wet

Averages

(D

Included angle

Flow attack angle

Channel half-thickness
Porosity, or void ratioV/Viot
Thermal conductivity
Viscosity

Kinematic viscosity

Density

Bulk

Fluid

Main flow direction
Spacer

Total

Wall

Wetted

Surface average of quanti®y

deg or radians
deg or radians
m

W mK?

kg mt st

kg m3
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