Cite this article as:

F.N. Ponzio, A. Tamburini, A. Cipollina, G. Mical€jofalo, Experimental and computational invesiigabf heat
transfer in channesl filled by woven spacémggrnational Journal of Heat and Mass Transf&d4 (2017) 163-177.

doi: 10.1016/j.ijheatmasstransfer.2016.(23

EXPERIMENTAL AND COMPUTATIONAL INVESTIGATION OF HEAT TRANSFER
IN CHANNELSFILLED BY WOVEN SPACERS

F. N. Ponzio, A. Tamburinj A. Cipollina, G. Micale, M. Ciofalo

Dipartimento di Ingegneria Chimica, Gestionaleptniatica, Meccanica
Universita degli Studi di Palermo, Viale delle Sde, 90128 Palermo, Italy

ABSTRACT

Models of woven-type spacer-filled channels werestigated by Computational Fluid Dynamics
(CFD) and parallel experiments in order to charamtethe performance of Membrane Distillation
(MD) modules. The case of overlapped spacers waysed in a companion paper.

Experiments were based on a non-intrusive technigpileg Thermochromic Liquid Crystals
(TLC) and digital image processing, and provided thstribution of the local convective heat
transfer coefficient on a thermally active wall.[@Bimulations ranged from steady-state conditions
to unsteady and early turbulent flow, covering griéds number interval of great practical interest
in real MD applications. A specific spacer aspetior (pitch-to-channel height ratio of 2) and two
different spacer orientations with respect to tre@milow (0° and 45°) were considered.

Among the existing studies on spacer-filled chasniis is one of the first dealing wittoven
spacers, and one of the very few in whHiotal experimental and computational heat transfer tesul
are compared. Results suggest a convenience irtiagldpe 45° orientation for applications that
can be operated at very low Reynolds numbers, smocwenience decreases as the Reynolds

number increases.
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1INTRODUCTION

1.1 Spacer-filled channels

Several membrane-based processes, e.g. Membrati#afine [1], Reverse Osmosis [2] and
Reverse Electrodialysis [3], involve flow and heatmass transfer in spacer-filled plane channels.
Spacers serve the double purpose of maintaininggpeopriate distance between the channel walls
and promoting mixing, thus reducing polarization amcreasing transfer rates [4].

Applications differ in size (channel height from™“.® 10? m), flow regime (from creeping to
turbulent) and quantity being transferred (heattewaons etc.), but involve comparable spacer
geometries. For example, Figure 1 reports examiaksen from three families of net spacers
(extruded, overlapped, woven) which have been pamdicular attention in the literature. More
complex spacer shapes have also been proposed/[p, 6

Overlapped wire spacers have been the subjectpoé\aous study by our research group [8].

Recently obtained experimental and computatiorgllte for woven spacers are presented here.

1.2 Literaturereview
Temperature polarization may severely impair thefgpmance of MD modules [9]. Spacers
interposed between the walls of a plane channehpt® mixing and reduce polarization, thus
enhancing heat or mass transport and reducinghfpidsues [4, 10]. Unfortunately, they also cause
pressure drop to increase [11]. Thus, much resesfatt has been devoted to the search for spacer
configurations offering a compromise between heanass transfer and hydraulic los§&s11-15].
Different applications of spacer-filled channels aharacterized by different spatial scales and
flow rates, and thus the flow regimes expecteddifferent. For example, low Reynolds number
steady-state flow is typical in Reverse Electrogis, whereas unsteady and turbulent flow may

occur in Membrane Distillation. It should be kept mind that, in the complex flow passages



created by spacers, the base steady state flowvalhjose stability at critical Reynolds numbers of
a few hundred, much lower than those holding im@lehannels and other simple ducts [8, 16].

The literature is poor of results for woven spac&vhat can be said is that woven spacers,
either of the simple type in Figure 1(c) or morengbex, seem to provide better heat / mass transfer
performances than overlapped spacers in MD and otleenbrane processes [17]. Unfortunately,
also pressure drops are significantly higher [18].

In recent years, Computational Fluid Dynamics (CHas been increasingly employed to
investigate flow field and transport features iracgr-filled channels. Once properly validated
against experimental data, CFD provides valuahtalllformation on both existing spacers and
novel ones. While most CFD studies have limitedahalysis to theteadyregime [10, 19-23], a
few have been devoted to the CFD simulatiomimdteadyflows. For example, Koutsoet al. [16]
performed Direct Numerical Simulations (DNS) highliing that unsteadiness may occur even at
low Reynolds numbers; Mahdavifat al. [24] employed DNS to investigate the effects loé t
spacer-to-wall clearance on the flow field; and banmi et al. [8] simulated early turbulent flow in
channels filled with overlapped-type spacers udiigS. At high Reynolds number, DNS can
become too computationally expensive, and the fisetarbulence model may be more suitable.
For example, Shakait al [25] employed the Spalart-Allmaras model (basedaingle transport
equation for the turbulent viscosity) to predicinfeerature polarization in membrane distillation

modules.

1.3 Theissue of CFD validation

The problem of CFD results validation in geomethjcar physically complex problems deserves a
brief discussion. Steady-state, laminar flow siriates, provided mathematical consistency and
grid-independence are demonstrated, do not reatiyire being validated against experimental

data, since they are potentially more accurate #mgnpossible experiment and, at most, should be



compared with analytical solutions (if any exist) with previous numerical simulations of
demonstrated high accuracy.

Rather, the real purpose of a comparison betwedd @Edictions and experimental results
should be to check to what extent the complexityth& actual physical system is sufficiently
reflected in the computational model, i.e. to qifgarihe influence of assumptions like neglecting
minor geometrical irregularities or describing #etual flow and thermal boundary conditions as
canonical (Dirichlet, Neumann or Cauchy) ones.

In this respectlocal data, e.g. the 3-D flow and thermal fields anddrstribution of the heat
transfer coefficient on a thermally active walle anore useful thaglobal experimental results like
the friction coefficient and the mean heat transfeefficient. We have recently applied an
experimental technique, based on thermochromicidiquystals and digital image processing,
which provides local distributions of wall tempena and heat transfer coefficient [8, 15, 26-28].

Of course, local data can also be processed taatglobal (average) quantities.

1.4 Statement of the problem

In this study, a woven spacer is assumed to coabisto arrays of identical cylindrical wires, or
filaments, of diameted, arranged orthogonally in a woven fashion at htrangle with pitcH, see
Figure 2(a). A further parameter is the anglmrmed by either flament array with the main flow
direction (more general configurations might beaot#d by letting the diameters of the two
filament arrays differ, or the included angle bkeestthan 90°). Both in the experiments and in the
numerical simulations, heat transfer will be assditeeoccur only from one of the walls (top wall,
representing the fluid-membrane interface), theosfp one (bottom wall) being adiabatic. Of
course, this is only one of the possible set ofntla boundary conditions which have been
proposed or tested in real Membrane Distillaticempl and was chosen here for the relative ease by

which it can be realized in the experiments (asospd, for example, to bilateral heat transfer).



Unlike in overlapped spacers [8], a periodic uratl,cto be used both as the computational
domain in the numerical simulations and as thereefee region in the experiments, must include
not a single square of the filament mesh, butgelaportion of it; the choice adopted here, whgh i
only one of several possible alternatives, is showiigure 2(b). Here the cell volume is twice that
of a single mesh square.

The quantities measured or computed are the haradfar coefficient at the thermally active
wall (mean valuaand distribution) and the pressure drop as functidnghe parameterd, |, € and
of the flow rate. In dimensionless terms, the peablreduces to determining the Nusselt number
(mean value and distribution on the wall) and thetibn coefficient as functions dfd, 6 and Re
(Reynolds number).

In all spacers, the flow attack angfds responsible for changes in flow direction arnaifl
pattern which affect polarization and heat tran$#&] and thus deserves a particular attention.
Results will be presented here for two flow attadigles, 0° and 45°. Due to the symmetries of the
problem, the 90° orientations is equivalent to@Qh®ne; also, it is sufficient to investigate taage
6=0° through 45° since, apart from reflections, shene flow and thermal fields repeat themselves
periodically for larger angles.

The pitch-to-channel height ratio is kept fixedRapitch-to-filament diameter ratio = 4). This,
too, may be an important parameter and its inflaeacurrently being investigated by our group.

As in our previous paper [8], dimensionless quesstitare defined with reference to the
corresponding void (spacerless) configuration, toea plane channel having heigdtand thus

hydraulic diameteDn=2H. Coherently, the bulk Reynolds number is
Re =URH/v (1)

in which U = Q/(WH) is the mean “void channel” streamwise velocityingeQ the volume flow
rate andW the channel’s spanwise extent (in the experimetts,0.01 m andV = 0.22 m). This

scaling is preferable to that based on the actydraulic diameter and mean velocity of each



specific case, and makes comparisons between datifferonfigurations more meaningful. The

friction velocity Reynolds number Res defined as
Rer=u:(H2 v (2)

in which ur=((r,,)/9)"? is the friction velocity. The quantityz,,) is the wall-averaged wall shear
stress which, in a void channel, would balancdalge-scale pressure gradient along the main flow
direction¢, defined ape=4p/A¢; i.e., one hagr,,) =(H Jpe.

The Darcy friction coefficient (four times the Famg friction factor) is defined as

p=2H (3)

wzf

On the basis of the definitions given above foraRd Re, one has alsfx128(Re/ ReY.

The local Nusselt number is defined as

2H
Nu= hot 4
y (4)

in whichh=g” w/(Tb-Tw) is the local heat transfer coefficieft, being the fluid bulk temperature and
Tw the local wall temperature. Wall-averaged valudkbe indicated agh) and{Nu).

The Prandtl number was assumed to be 4, representdtwvater at ~40°C.

2EXPERIMENTAL TECHNIQUE

2.1 Scaled-up spacers

As in our previous work on overlapped spacers 8] for the reasons better discussed therein,
experiments were conducted on a purpose builtedash spacer-channel configuration, Figure

2(a). It was manufactured from commercial blackberbwire, 5 mm in diameter, commonly used

for O-ring seals. The resulting distance betweenpane channel walls wad1l mm. The pitch of

the wire net wag§R2 mm, giving a pitch-to-height ratl/H of (2.



2.2 Test section
Experimental apparatus and TLC-based thermogra@we lamply been discussed in previous
papers [8, 28], so that only a concise summaryheilgiven here.

Figure 3(a) shows the test section. Two channetgse walls are 20 mm thick Plexigtas
slabs, are separated by a 1 mm thick polycarbdagte. Hot fluid flows through the lower, spacer-
filled, channel. A TLC sheet is interposed betwdenspacer and the polycarbonate layer, with its

transparent sidéd 0.1 mm thick polyester layer) adhering to thisdattOn the opposite side of the

polycarbonate layer, cold fluid flows through thgper channel, which is void afn@ mm thick.

2.3 Surfacethermography by Thermochomic Liquid Crystals

The use of TLC to obtain surface temperature dhstions is amply documented in the scientific
literature [29, 30]. As an example, Figure 3(b)wb@ typical image recorded fé=45°, flow rate
Q=60 I/h (Res215), bulk temperatures of the hot and cold chanegual tof¥0°C and[R0°C,
respectively, and flow from left to right. The imegvas recorded by a 18-Mpixel digital camera
through the outer wall of the cold channel, thedcélid, the polycarbonate layer, and the
transparent polyester front cover of the TLC sh&ke two rectangles in colour, covering a total of
12 unit cells, correspond to the portion of thegm#hat was digitally processed. RGB images were
then converted into HSV (Hue, Saturation, Valuanponents, of which only the Hue component

was assumed to be correlated with the wall tempegat

2.4 TLC calibration
The importance ofn situ TLC calibration, and the different techniques tbhah be used to this
purpose, are discussed in a recent paper by Albdedlal. [31]. Here, calibration was performed by

the isothermal method, as discussed in our prevpgaper [8]. A typical temperature vs. hue



dependence is shown in Figure 4. As indicatedeérfitiure, a piecewise approximation with twb 4
degree polynomials was used to fit the data. Nod & well defined hue-temperature relationship
exists only in the Hue range 13 (red) through 1&&p blue), and that this relationship is strongly
nonlinear.

For the TLC sample used here (HallcReRBOC5W), the nominal colour play (from red start t
blue start) was 30-35°C. As shown in Figure 4, dotual resolved temperature range Wa§-
46°C. TLC sheets with different temperature raragescommercially available.

The uncertainty relevant to the temperature offth€ sheet mainly comes from the calibration
procedure. The conversion of the Hue value intopemature requires two steps representing the
main sources of uncertainty: (i) the water tempemmeasurement via Pt100 and (ii) the fitting of
the Hue versus Temperature points plot with a Blatéunction. As declared by the manufacturer,
Pt100 adopted uncertainty is 0.05 °C, while an taggy of 0.1 °C was estimated for the fitting.
Therefore, the global uncertainty relevant to #ragerature of the TLC sheet can be conservatively
estimated as 0.15 °C. Other uncertainties as éi)etinor arising by the Hue measurement via the
photo-camera and (ii) the discretization error $B)associated with the 1-byte representation of

Hue are small and can be reasonably neglectedr @etels can be found in reference [28]

2.5. Derivation of thelocal heat transfer coefficient from wall temperature measurements
Figure 5 reports a schematic representation ofdimperature profile across the different layers.An
elementary analysis of the heat transfer processrong through the various layers in series, under
the assumption of one-dimensional transport (detnates to be reliable in [28]), gives first the
local wall heat fluxg” and then the local hot-side heat transfer coeffith, and Nusselt number as
functions of the locally measured temperaflu®f the TLC sheet once the bulk temperatdiged.

and the cold-side heat transfer coefficient arenkmo

n Tw_Tc
g =t e (5)
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in whichr is an overall external thermal resistance comgjsbf the conductive thermal resistances
g A of the thermochromic liquid crystal filmTLC) and of the polycarbonate layguof), in series

with the convective thermal resistanch.Bssociated with the cold channel:
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Here, Th and T were measured by Pt100 RTDs at the inlet and tootlthe hot and cold channels
and a linear variation off, andT. along the flow direction was assumed, as justifigdhe fact that
estimated relaxation lengths are far larger thaneist section length, especially at large flowesat

As a matter of fact, the uncertainty relevant tie #stimation increases as the flow rate decreases.
The convection coefficiertit: was estimated by the Dittus-Bolter correlation ¥81023 R&8 PP4)
written for turbulent flow in the cold channel; ansitivity analysis showed that the valuehaf
calculated by Eq. (6) is only a weak function oé thalue used foh.. The value of 6.24-10
m2K/W was thus computed for the overall external rhalr resistance. Further details on the
experimental since i/ is only a minor contribution to. An uncertainty analysis of the above

method can be found in reference [28].

2.6 Distributions obtained by digital image processing

As an example of the information that can be ex#hdrom the pictures by digital image
processing, Figure 6 reports unit cell distribusiabtained foP/H=2, 8=90° and flow raté 60 I/h
(yielding a bulk Reynolds number &15). The flow is from left to right. Graph (a)aspicture of
the active, TLC-covered wall, in which saturatiomsmenhanced for clarity purposes. Graph (b)

shows the distribution of hue extracted from (a). Graph (c) shows the wall terapeeT,, derived



from H using the calibration curve in Figure 4. Finaliyraphs (d), (e) and (f) report the
distributions of wall heat fluxq”w, heat transfer coefficienbn and Nusselt number Nu

respectively, derived from using Egs. (5-8).

2.7 Pressuredrop measurements

Pressure drops in the hot fluid side were meashyedsing two longitudinally spaced tappings,
located along the test section mid-line and 50 partaand a Fuji Electric FCX-A% differential
manometer with a response of ~iA/Pa. Pressure drops were generally very small ghdPa at
Re=350) and thus could be measured only with adunaccuracy, especially at the lower flow

rates.

3COMPUTATIONAL METHOD
In the present study, the computational domain wees unit cell shown in Figure 2(b).
Mathematically, the problem was described by thetinaity, Navier-Stokes and energy equations
for a constant-property fluid. The “unit cell” tte@ent, discussed in previous papers [8], allowed
periodicity conditions to be adopted for all vatedat the opposite faces of the computational
domain. All simulations were conducted by the &niblume ANSYS-CFX1% code [32].

No slip conditions i=0) were imposed at the top and bottom walls andhenfilaments’
surface. As regards the thermal boundary condititims bottom wall and the filaments were

assumed to be adiabatg'£0), while at the top wall a Cauchy (mixed) comalit was imposed:
TwTec=rq'w (5)

mimicking the experimental boundary condition, ahdosing for the outer temperature(19°C)
and the thermal resistanee(6.24-16° m?K/W) values representative of those holding in the
experiments. Also the spacer sizes were the santbeagxperimental ones and the fluid was

assumed to be water at 39°C with physical propeg®92.5 kg/m, c,=4186 J/(kgK),A=0.5985
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W/(mK), 1=6.625x10" Pdm, yielding a Prandtl number of 4.63. Finally, as the parallel
experiments, two orientations of the main flow widspect to the spacer filaments of the upper
layer were considered (0° and 45°).

In preliminary studies, fluid flow was found to lsteady up to friction velocity Reynolds
numbers Reof ~80, corresponding to bulk Reynolds numbers23#0-270 depending on the flow
attack angle. The same studies showed that, imahgpe, grid-independent results were obtained by
using ~16 finite volumes. Therefore, in this range simulatiowere conducted in steady-state
mode, while the number of finite volumes was covatively increased to ~1.7x4.0Unlike the
corresponding overlapped-spacer geometry [8], taegmt one could not be discretized with purely
hexahedral volumes; a hybrid grid was thus usedyhith tetrahedral volumes were used in the
regions surrounding the filaments30% of the overall volume of the computational dothand
hexahedral volumes in the remaining regions. Fi@(cg reports a detail of the computational grid.

For larger values of Rea time-dependent behaviour was observed, indigdtie loss of
stability of the base steady-state flow. Periodiowvfwas obtained for Re= 100-120 in the case
6=0° (bulk Reynolds number315-390) and for Re= 90-110 in the casé=45° (bulk Reynolds
number[B20-420). Simulations were also extended to inoipahaotic (turbulent) flow, obtained,
in particular, for Re= 140 in the casé=0° (bulk Reynolds number 478) and for:Rel20 in the
case &=45° (bulk Reynolds number 465). As the following€dmparison” Section shows,
predictions for unsteady flow in the range investiggl do not exhibit any change of trend with
respect to lower-Re, steady-state, results and showomparable degree of agreement with

experimental data.
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4 COMPARATIVE RESULTS

4.1 Nusselt number distributions

Figure 7 reports experimental (EXP) and predict€#F¥) pseudo color maps of the hot-side
Nusselt number distributions on the active wall {Ni@r 8=0° and increasing Reynolds number.
The inset shows the corresponding woven filamerangement and main flow direction. Graphs
(a), (c) and (e) on the right show CFD resultsRer=20 (Re=32), R&80 (Re=240) and Rel40
(Re=478), respectively (the discontinuities obserirethe computational plots in this and in the
following figures are due only to graphic intergaa issues at the boundaries between regions
gridded by tetrahedra and hexahedra). It can bereéd that, as Re increases, the predicted Nu
distributions remain roughly self-similar while thdevels increase significantly. Graph (e),
relevant to Re=140 (Re=478), corresponds to an instantaneous ddracted from a chaotic flow,
which is reflected in the irregular shape of thatoars.

Graphs (b) and (d) on the left are experimentalltegor Q=60 I/h (Re=215) andQ=150 I/h
(Re=520), respectively. Note that experimental resuktse not obtained for low Reynolds numbers
comparable to that in graph (a). Experimentak Mistributions and levels are close to their
computational counterparts for comparable Reynolgimbers. The main differences regard the
values of Ny maxima, which are somewhat overestimated by theemnical simulations, and the
narrow regions of high Nupredicted by CFD along the diagonal parallel t® nain flow, which
are not present in the experimental data.

The subsequent Figure 8 reports experimental aadiqgted Ny distributions foré&=45° and
increasing Reynolds number. As above, the insetvstibe woven filament arrangement and the
main flow direction. Graphs (a), (c) and (e) on tlght report CFD results for Re20 (Re=36),
Re=80 (Re=273) and Re120 (Re=465), respectively. As in the c&€°, it can be observed that,

as Re increases, the predicteds MNlistributions remain roughly self-similar whileeih levels
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increase. Graph (e), relative to R€20 (Re=465), corresponds to an instantaneous éefracted
from a chaotic flow, as revealed by the irregulaagge of the contours.

Graphs (b) and (d) on the left are experimentalltegor Q=80 I/h (Re=280) andQ=150 I/h
(Re=540), respectively. Also for this orientation, eKkpeental results were not obtained at low
Reynolds numbers comparable to that in graph ¢(g)eimental Nu distributions and levels are in
general agreement with their computational coumtgspfor comparable Reynolds numbers. The
main differences regard the values ofnNiaxima, which — as in the cag0° - are somewhat
overestimated by the numerical simulations, andréiggons of high N predicted by CFD on the
top side of the cell slightly upstream of the cahteegion with a filament, which are not clearly

visible in the experiments.

4.2 Mean Nusselt number

Figure 9 summarizes all experimental and computatioesults for the wall-averaged hot-side
Nusselt number at the top (active) wall of the wmall, (Nu,). Computational results start from a
very low bulk Reynolds number (R2). Under these conditions (creeping floéun) is almost
independent of Re, as in parallel flow, but exlsibalues depending on the flow attack angle and
much higher than the exact (analyticd@l)uny for parallel flow in a plane channel, which(i5.15

for the present mixed boundary condition charazgeribyr/(D/A)=0.75 [33]. At Reynolds numbers
for which experimental data are available for corigwen, CFD results generally compare
favourably with these latter, with only some oveniction (20%) for the case at R&50 and
6=0° (which is the only experimental result obtaifedsuch low flow rates), and show a similar
trend with Re. One possible reason for this ovemedion is that, as discussed in [28], the
experimental derivation of the local heat trangfeefficient from the local temperature implies
some sources of uncertainty, among which at least(the estimate of the local bulk temperatures

from the measured inlet and outlet temperatureble$y to increase with decreasing flow rate, as
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the longitudinal bulk temperature profiles deviatan linearity. Moreover, CFD and experimental
results exhibits a larger disagreement@ed-90° than foB=45°, although this effect is really small
((L0% in the average Nu). Simulations currently ilmgoess suggest that this behaviour may
depend on the large sensitivity of the heat transbtefficients to the flow attack angle in the
proximity of 8=0° (or 90°), so that small constructive imperfent of the experimental scaled-up
spacer may cause large differences in the results.

As shown in Figure 9, for Re>500 only experimewntata exist and they exhibit a power-lan’Re
behaviour, with the exception of the two or thraghkst-Re values (which, however, may be
affected by accuracy issues since they correspondhe highest flow rates that could be
investigated). Note that a mean Nusselt numbeeasing roughly as Re has been reported for

different spacers by the present [8, 28] and adlnénors [34, 35].

4.3 Friction coefficient

Figure 10(a) reports all experimental and componai results concerning the Darcy friction
coefficientf as a function of the bulk Reynolds number. Up &R (i.e., under conditions of
creeping flow), computational results follow almastactly a Ré trend and show no difference
between the two orientations. For larger Re, tmeyeasingly deviate from this trend and merge
smoothly, especially fo€=0°, with the experimental results (some underptemi can be observed
for 8245°). For Re larger than ~200-300, when unstebmly is expected, results tend to follow a
power law trend with an exponent of ~ -0.37.

In Figure 10(b), the friction coefficient is nornmdd by the value that it would attain in a plane
channel void of spacers under parallel flow coodii (96/Re). The figure shows that the pressure
loss enhancement produced by the spacer (for a §iow rate) is[114.6 for very low Re (creeping
flow), as reported for the same geometry but incbvatext of Reverse Electrodialysis by Gureri

al. [36], and increases with Re following roughly aner law of exponent 0.6, attaining values

14



above 100 at the highest flow rates investigateoteNhat, in either graph, the transition from
steady to unsteady and turbulent flow occurrinRet300 (as predicted by CFD and confirmed by
visual observations of the temperature patterriberexperiments), is not associated to any obvious
change in value or slope of the friction coeffitciemhis confirms that, in complex geometries,
transition occurs smoothly (in bifurcation theomndguage, supercritically) and may well be

associated to no relevant discontinuity in glohsmfities.

4.4 Flow and temper aturefields

Flow attack angleZ=0°

The following Figures 11 through 13 report seleatedmples of the flow and temperature fields
predicted by CFD for woven spacers witH=2, &=0° and increasing flow rates.

In particular, Figure 11 is for Reb, yielding creeping flow at a bulk Reynolds numBe of
~2.3. Graph (a) shows a vector plot of the in-plaglecity and contours of the normal velocity for
a plane parallel to the main flow direction. Instland the following figures, the insets show the
location and orientation of the selected planes tedvelocity normal to each plane is made
dimensionless by the mean veloclty Due to the negligible inertial effects, the floeattaches
almost immediately downstream of the transversami@nt, no separation region exists and the
secondary flow pattern is almost symmetric betwden upstream and downstream directions.
Graph (b) reports the temperature distribution lo@ $ame plane and shows an almost parallel
stratification with little non-uniformity of the #rmal boundary layer thickness near the upper,
thermally active, wall. Graphs (c) and (d) are esponding plots for a plane orthogonal to the main
flow direction. The velocity plot (c) shows that, this low Reynolds number, the longitudinal
spacer filaments act almost as impervious vertwalls, dividing the flow passage area into
separate, roughly rectangular, ducts. The temperatistribution (d) shows that large spanwise

temperature gradients exist and that the thermahdary layer thickens immediately above the
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longitudinal filaments. Graph (e) reports flow stmdines; lines entering the unit cell from differen
side boundaries are marked with different colotife figure shows that, despite the low Reynolds
number, a large fraction of the streamlines engetire unit cell from above a transverse filament,
i.e. close to the upper, cold wall, exit the cetinh below the next filament andce versathus
causing considerable cross-stream mixing and emareat transfer with respect not only to a
void, parallel-walled, channel but also to a charitled with an overlapped spacer of the same
pitch [36].

Figure 12 reports corresponding results for=R8, yielding a bulk Reynolds number Re of
~240. The flow is still steady, but inertial effecre now obvious. Graph (a), reporting vectors of
the in-plane velocity and contours of the normdbery for a plane parallel to the main flow
direction, shows large stagnant flow regions in wWake of the transverse filaments; in the same
wake regions, the corresponding temperature digtab in graph (b) shows inverse thermal
stratification, with masses of hot fluid interposeetween the upper wall and the relatively cold
midplane. The thermal boundary layer adjacent ¢oupper wall is now much thinner than in the
previous, low Reynolds number, case. In the plartkogonal to the main flow direction, the
streamwise velocity, graph (c), exhibits now twetiict maxima on the two sides of each
longitudinal filament. These maxima are shifted desards in the left half of the cross section, in
relation to the fact that in this half the fluidters the cell from below the upstream transverse
filament, and upwards in the right half, where thed enters the cell from above the same
transverse filament. In the same plane, large skEagnvelocities are visible, following the
inclination of the nearest longitudinal filamentdathus moving upwards in the left half of the
section and downwards in the right half. The terapge distribution, graph (d), exhibits a large
spanwise variation of the thermal boundary lay&kiiess along the cold wall, and confirms that
large blobs of hot fluid are convected towards dipper wall (andvice versa by the secondary
motion in graph (c). Bulk-to-wall temperature drffaces are now much lower than in the case

Re=5 in Figure 11, i.e. temperature polarization ighlty reduced. The flow streamlines in graph
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(e) are much less uniform in the spanwise directiam in the previous case and show regions of
recirculation.

The instantaneous flow and temperature fields cdegouat larger Reynolds numbers,
corresponding to time-dependent (periodic or twebt)l flow, are not too dissimilar from those
relevant to Re=80 (apart, of course, from irregularities relatedhe unsteadiness), and thus are not
reported for brevity. As expected, they show amaasing thinning of the thermal boundary layer

thickness, i.e. a decreasing temperature polavizati

Flow attack angleZ=45°
Figures 13 and 14 report selected examples oflolednd temperature fields predicted for woven
spacers withP/H=2, 6=45° and different flow rates. As in the previoigufes 11 and 12, insets
show the location and orientation of the selecté@hgs and the normal velocity is made
dimensionless by the mean velodity

Figure 13 is for Re5, yielding creeping flow at about the same budyiRblds number Re
(~2.3) as in the cas#=0°. Graph (a) shows a vector plot of the in-plaakcity and contours of the
normal velocity for a plane parallel to the maiowil direction. Note that, in this configuration,ghi
plane forms an angle of 45° with the filaments. iAd=igure 11(a), due to the negligible inertial
effects, the flow reattaches almost immediately mtweam of the transverse filament, no
separation region exists and the secondary flotepats almost symmetric between the upstream
and downstream directions. The temperature digtabwon the same plane, graph (b), exhibits an
almost parallel stratification with little non-uoiimity of the thermal boundary layer thickness near
the upper, thermally active, wall (apart from thallwregions immediately adjacent to the
filaments). A global distortion of the isothermsistg near the bottom (adiabatic) wall, where it
does not significantly affect heat transfer. Grafif)sand (d) are for a plane orthogonal to the main

flow direction. The velocity plot (c) shows a sirmpPoiseuille-like, distribution of the streamwise
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velocity, similar to that expected in a rectanguaaannel; however, a weak secondary circulation is
also visible, consisting in a counter-clockwiseatimin of the fluid (as viewed from downstream, see
inset) around the left filaments and in an oppositeckwise rotation around the right ones. The
temperature distribution (d) shows a global distortof the isotherms induced by the above
secondary flow, which involves also the region e€id to the upper, thermally active wall thus
affecting heat transfer. Graph (e) shows thatlic orientation, despite the low Reynolds number,
significant mixing and streamline bifurcation ocgmot only in the cross-stream (vertical) direction
but also in the lateral direction, giving rise tolaracteristic X-shape of the fluid trajectories.
Figure 14 reports corresponding results for=R6, yielding steady-state flow at a bulk
Reynolds number Re of ~273. Graph (a), reportingors of the in-plane velocity and contours of
the normal velocity for a plane parallel to the m#ow direction, shows that, despite the large
Reynolds number, wake effects downstream of tlaenfints are small thanks to the 45° orientation
of the obstacles with respect to the main flow (pare with Figure 12(a) foig=0°). The
corresponding temperature distribution in graph gl)pws a thin and relatively uniform thermal
boundary layer near the top, cold wall and an atrmagform temperature elsewhere. In the plane
orthogonal to the main flow direction, the streasewvvelocity, graph (c), exhibits now two sharp
maxima in the lower left and upper right cornerghaf cross section. The secondary flow, rotating
counter-clockwise rotation around the left filamsem@ind clockwise around the right ones, is so
intense that it induces an opposite, clockwise Iswithe central region of the duct (note that its
chirality is that of a left-handed spiral when veavfrom upstream). The temperature distribution in
the plane normal to the main flow direction, grdpgh shows the entrainment of near-wall (cold)
fluid towards the bottom wall, yielding a signifitareduction of heat transfer rates in the
corresponding region of the wall, see also Figui®.8treamlines, graph (e), exhibit much the
same “X” shaped pattern as for the lower Reynoldsler case in Figure 13(e), but are more

irregular and show some recirculation.
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Instantaneous flow and temperature fields compatedn arbitrary time for this orientation
(6=45°) and higher values of Reorresponding to time-dependent (periodic oruleit) flow, do

not differ substantially from those reported foe ttase R&80 in Figure 14.

5. CONCLUSIONS

The spacer investigated in this study consistetivof interwoven layers of mutually orthogonal
cylindrical filaments with a pitch-to-channel heighatio of 2. Thus, this study complements a
previous investigation [8] dedicated awerlappedspacers with the same pitch-to-height ratio and
similar flow rates.

Experiments by thermochromic liquid crystals pre@ddthe distribution and the surface-
averaged value of the heat transfer coefficieah the thermally active wall for two orientationfs o
the filaments with respect to the main flow (0° &%) and bulk Reynolds numbers Re in the range
200CR000. Parallel numerical simulations were conduatetie range Re2-500; steady-state flow
was predicted for both orientations up to Re=24€0¢) or 270 ¢=45°), while for larger values of
Re the flow became first periodic and eventuallgatic.

Together, experiments and CFD simulations covereérg large interval of bulk Reynolds
numbers ranging from ~2 to ~2000. In the rangeveflapping, a very good agreement (better than
that reported for non-woven spacers in previouskvi®}) was obtained between experimental and
computational results: the comparison concernell lmaial and global quantities. The 2D maps of
the Nusselt number experimentally assessed vidltRebased technique were very well predicted
by the CFD simulations both in terms of distribat@nd absolute values. Global data concerned the
Darcy friction coefficientf and the average Nusselt numiBiu,) as functions of the Reynolds
number: both trends were in a good agreement, sdiswepancies were observed only (i) at
intermediate Re for the prediction bat &=45° and (ii) at low Re for the prediction @flun) at

&=0°.
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As far as the comparison between the two diffecenfigurations is concerned, at very low Re
the 8=45° configuration is much more efficient than thelevant to8=0°: in particular{Nun) for
6=45° is about twice that fa#=0°, whilef is very similar. As Re increases, the gagNnn) for the
two configurations gradually decreases (up to atrd@mappearing for Re>300); this effect reduces
the 8=45° orientation convenience as Re increases. Tireiags are confirmed in the literature by
CFD data (Re range 1-64) concerning the mass €lextrolyte) transfer in thin spacer-filled
channels for Reverse Electrodialysis applicati®®,[although in that case flux was imposed on
both cross-stream boundaries (béateral mass transf@r At the largest Re investigated (only by
experiments), where the flow regime is expectedédofully turbulent, the two configurations

exhibit very similakNun)-Re and-Re trends.
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NOMENCLATURE

Symbol Quantity

Dn “Void” hydraulic diameter, B

d Spacer filament diameter K#2)

f Darcy friction coefficient

h Heat transfer coefficient)’ w/(To-Tw)

H Channel height

I Spacer filament pitch

Nu Nusselt numbehDn/A

Pr Prandtl number

Q Volume flow rate

qQ’'w Wall heat flux

r Overall external thermal resistance

Re Bulk Reynolds numbet)Dn/'v

Rer Friction velocity Reynolds numbasi{H/2)/v
S Thickness

T Temperature

U Mean velocity in the void chann&)/(HW)
u, Vv, WOr U Velocity components along y, z

Ur Friction velocity

W Channel spanwise extent

X, Y, Z Cartesian coordinates

Greek symbols

2] Angle formed by the spacer with the main flow
A Thermal conductivity

U Viscosity

vV Kinematic viscosityu/p

& Distance along the flow direction

Yo Density

Tw Wall shear stress

Subscripts



poly
TLC

Averages

9l

(P)

Bulk

Cold

Hot

Polycarbonate sheet
Thermochromic Liquid Crystals
Wall (=hot side of TLC layer)

Main flow direction

Time average of the generic quantity

Space average (e.g. on a planepof
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@) (b) (€)

Figurel Different families of net spacers: a) extrudedp®@rlapped; c) woven.
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()

Figure2 (a) Purpose built woven spacé&/i=2); (b) unit cell used for the numerical simulaso
(c) enhancement of the detail highlighted in (bpwing the hybrid computational grid.
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Figure3 (a) Representation of the test section with an enhadetall of the different layers; (b)
typical image of the active wall partially coveraith Thermochromic Liquid Crystals
(&=45°, flow rateQ=60 I/h yielding Re215,Th=40°C, T=20°C, flow from left to right).

The image regions used for temperature measureraenes/idenced in colour.
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Figure4 Typical in situ TLC calibration curve (tests conducted fé=45°). A piecewise

approximation using twoorder polynomials is also reported.
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Figure5
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Sketch of the temperature profile across the @iffelayers of the test section
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(e)

Figure6 Distributions obtained by digital image processiog a unit cell of a woven spacer
(P/IH=2, 6=90°, Re=215, flow from left to right). (apicture of the TLC-covered wall.
(b) Hue H extracted from (a). (c) Wall temperatufe derived fromH using the
calibration curve in Figure 4. (d), (e), (f) Loddibktributions of wall heat flux)” w, heat

transfer coefficienh, and Nusselt number Nderived fromTw using Egs. (5)-(7).
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(d)

Figure7 Experimental (EXP) and predicted (CFD) Nusselt bemdistributions on the active
wall for &0° and increasing Reynolds number. (a) CFD=R@ (Re=32); note that
experimental results were not obtained for this Reynolds number. (b) EX=60 I/h
(Re=215); (c) CFD, Re=80 (Re=240). (d) EXRQ=150 I/h (Re520); (c) CFD, Re=140

(Re=478). The inset shows the woven filament amearent and the main flow direction.
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Figure8 Experimental (EXP) and predicted (CFD) Nusselt bemdistributions on the active
wall for 8=45° and increasing Reynolds number. (a) CFD=R@ (Re=36); note that
experimental results were not obtained for this Reynolds number. (b) EXE=80 I/h
(Re=280); (c) CFD, Re=80 (Re=273). (d) EXRQ=150 I/h (Re540); (c) CFD, Re=120

(Re=465). The inset shows the woven filament amarent and the main flow direction.
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Figure9 Mean Nusselt number for woven spacers WitH=2, 8=0° or 45° and bulk Reynolds
numbers in the range 2-2000. Solid symbols: expartal results. Hollow symbols:

computational results. A power-law trend line isluded.
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Figure10 Darcy friction coefficientf for woven spacers witf/H=2 and &0° and 45°. Solid
symbols: experimental results. Hollow symbols: catafional results. (af as a
function of Re in log-log scale (power-law trendds are included). (f)normalized by

the void plane channel (parallel flow) coeffici@@/Re in log-log scale.
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Flow and temperature field fevoven spacers witR/H=2, 8=0°, Re=5 (creeping flow
at Re=2.3). (a) Vector plot of the in-plane velocity aomhtours of the normal velocity
for a plane parallel to the main flow directiondsaset on the left). (b) Temperature
distribution on the same plane. (c) Vector plotha in-plane velocity and contours of
the normal velocity for a plane orthogonal to thaimflow direction (see inset on the
right). (d) Temperature distribution on the samanpl (e) Streamlines (lines entering
the unit cell from different side boundaries areked with different colours).
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Figure12 Flow and temperature field for woven spacers WitH=2, 8=0°, Re=80 (steady-state
flow at Re=240). (a) Vector plot of the in-plane velocity aodntours of the normal
velocity for a plane parallel to the main flow diten (see inset on the left). (b)
Temperature distribution on the same plane. (cX&fqaot of the in-plane velocity and
contours of the normal velocity for a plane orthogioto the main flow direction (see
inset on the right). (d) Temperature distributiom the same plane. (e) Streamlines

(lines entering the unit cell from different sideumdaries are marked with different
colours).
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Figure13 Flow and temperature field for woven spacers ViRthl=2, &=45°, Re=5 (creeping
flow at Re=2.3). (a) Vector plot of the in-plane velocity andntours of the normal
velocity for a plane parallel to the main flow diten (see inset on the left). (b)
Temperature distribution on the same plane. (cXdfqaot of the in-plane velocity and
contours of the normal velocity for a plane orthogioto the main flow direction (see
inset on the right). (d) Temperature distributiom the same plane. (e) Streamlines
(lines entering the unit cell from different sideumdaries are marked with different

colours).
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Figure14 Flow and temperature field for woven spacers WitH=2, &=45°, Re=80 (steady-state
flow at Re=273). (a) Vector plot of the in-plane velocity acdntours of the normal
velocity for a plane parallel to the main flow diten (see inset on the left). (b)
Temperature distribution on the same plane. (cXdfqaot of the in-plane velocity and
contours of the normal velocity for a plane orthogioto the main flow direction (see
inset on the right). (d) Temperature distributiom the same plane. (e) Streamlines
(lines entering the unit cell from different sideumdaries are marked with different
colours).
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