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ABSTRACT

The analysis of flow fields and temperature disitilns is of paramount importance in the
development and optimization of new spacer-filléérmel geometries for Membrane Distillation
modules. The literature reports only few studiestb@ experimental characterization of such
channels and, to the authors’ knowledge, none @itpresents local information concerning the
temperature distribution on the membrane surface.tHe present work, a non-intrusive
experimental technique named TLC-IA-TP is preseniteis based on the use of Thermochromic
Liquid Crystals (TLCs) and digital Image Analysia) and it is applied here for the first time to
the analysis of Temperature Polarization (TP) imcsp-filled channels typically adopted in
thermally-driven membrane separation processegalticular, this technique allows the local
distribution of convective heat transfer coeffi¢ero be determined, thus providing (i) useful
indications on strengths and weaknesses of sonteisperangements and (ii) valuable benchmark

data for Computational Fluid Dynamics (CFD) studiesr the purpose of the present work, the
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technique’s fundamentals are presented, along avdibmprehensive assessment of the technique’s

accuracy. Results of some preliminary measurenent®mmercial spacers are also reported.

Keywords: Membrane distillation, Temperature polarization,efimochromic Liquid Crystals,

Digital Image Analysis, Spacer filled channel



1INTRODUCTION AND LITERATURE REVIEW

Membrane distillation (MD) is a relatively new pess that is being investigated worldwide as a
low cost, energy saving alternative to conventiosgparation processes such as distillation and
reverse osmosis [1,2]. Nowadays, the possibilitgrofing the process via solar thermal energy and
waste heat has further enhanced the interest tewtiid technique [3-7]. MD is a separation
technique combining the features of both thermal amembrane-based distillation processes.
Thermal energy causes the liquid to vaporise ieaporator channel, while a hydrophobic micro-

porous membrane allows the passage of vapour ordycondenser channel (Figure 1).

Hydrophobic
membrane

Figure 1. Operating principle of the Membrane Distillatiorpaeation process in the Direct Contact configura{@@MD)

The driving force of the overall process is thensrsanembrane vapour pressure difference,
function of the liquid temperature at the two meamsr interfaces, while the associated flux
depends both on trans-membrane resistance to reas$ransfer and on the convective resistance
from the liquid bulk to the membrane interface ahe¥ side. The latter gives rise to the so called
polarization phenomenon occurring within the ligfilted channels. A number of published papers
have already addressed the problem of a detail¢demmatical description of mass and heat balance

and transport equations in MD modules [8,9].



Polarization phenomena may play a fundamentalirot@ntrolling mass and heat transfer, thus
affecting the process performance in terms of $igediux per unit surface of membrane.
Polarization is also strictly related to the valwéghe flux crossing the membrane (the higher the
flux, the larger the corresponding polarizationhus, while most researchers are mainly working
on the development of improved membranes for MP,dloblem of temperature polarization may
become the dominant factor limiting flux enhancem#rus hindering the above efforts.

One of the main solutions proposed to the problépotarization in membrane-based systems is
the promotion of mixing inside the channels by dafle choice of the module geometry. Indeed,
hydrodynamics is known to play a crucial role ifiuencing MD module performance [10]. In this
regard, spacers are normally interposed betweesecative membrane sheets in planar or spiral-
wound modules to mechanically support the membraneh spacers are also beneficial as mixing
promoters. The benefit of different spacer georestin reducing polarization phenomena, thus
enhancing the overall performance of the process, be significant [11]. On the other hand, the
presence of a spacer may significantly influenaefthid flow also in terms of pressure drops and
shear stresses as demonstrated by a number oflpedbistudies [12-16]. Spacers so far adopted for
MD applications are basically nets consisting ob tov more layers of polymeric wires, which are
often thought of and designed for completely déférapplications than MD separation. In this
regard a suitable optimization of their featured gaometrical configuration would be desirable to
enhance the process performance.

Since mixing enhancement depends, in general, laihelgeometrical features of a spacer, the
effect of using different types of spacers in MDachels has been studied in order to find the
geometric characteristics which maximize the heatdfer coefficient and the corresponding mass
flux across the membrane, i.e. minimize the tentpeggolarization effect [17-21].

Spacers can be characterized by wire diameterargist between subsequent wires, angle
between wires, wire orientation with respect toftbe, etc.. In particular, the last feature is lamo
to be one of the most important, as it is respdaditr the changes in flow direction and flow

pattern [22,23]. Recentl$phakaibet al (2012) [24] employed Computational Fluid Dynamics
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(CFD) to address this issue and confirmed that espacientation greatly affects temperature
polarization and heat transfer rates.

Phattaranawilet al [25] measured 30-40% enhancements in mass fltosathe membrane in
DCMD when the channel was filled with a spacer wébpect to the values obtained with an empty
channel. This occurrence was also associated wiulstantial increase of the temperature
polarization coefficientr, defined as the ratio between the trans-membremedrature difference

and the difference between bulk temperatures itvbechannels: with reference to Figure 1

r= (Tl _T3)/(Th _Tc) (1)

According to this definition, the lower the valué © the stronger is the effect of temperature
polarization on the driving force, thus worseniing tperformance of the separation process. A
coefficient ranging from 0.57 to 0.76 was found foe case of an empty channel, against values
ranging from 0.9 to 0.97 in spacer-filled chanr{alsthe same mass flow rate).

Martinez and Rodriguez-Maroto [26] demonstrated liogv presence of a spacer significantly
increases not only the heat transfer coefficienttdiso its dependence on the fluid flow velocity
inside the channel.

Chernyshowet al [27] carried out experiments on temperature jd#ion in Air Gap Membrane
Distillation (AGMD) module with the aim of investging the dependence of permeate flux and
pressure drop on flow rate for five spacers of same thickness but different geometries. They
obtained fluxes up to 2.5 times higher in spad&eichannels than that in an empty channel, thus

concluding that employing an empty channel is aacaaptable choice.

Lower enhancements of the permeate flux (up to 3@&sE obtained by Yuet al [28] for the
case of DCMD modules. They also found that thecefté a spacer placed in the hot-side channel
was larger than that of the same spacer placedeocald-side.

It should be observed that the beneficial effedhefspacer on the overall performance decreases

at high flow rates, when mixing is already promobsdturbulence in the fluid. In this regard, the
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findings by Phattaranawikt al [29] suggest the existence of transitional flfimv within the

spacer-filled channels at typical MD operating dtiods.

Another important aspect is the spatial resolutbthe experimental techniques adopted so far.
Up to now, most studies have focused on the evatuaf efficiency enhancement at a large scale
by referring only to average values of temperaamd heat or mass flux. Surprisingly, only little
attention has been devoted to the local charaetesiz of the spacer influence on the separation
process. Data on temperature distributions wouldwala better understanding of temperature
polarization phenomena as related to the spaceosngtry, thus guiding the choice of the more
effective spacer-channel configurations. CFD magatly aid the design of improved spacers for
MD processes: a CFD model may intrinsically be ablprovide local information on temperature
distribution and polarization as well as on flowldi and pressure drops with any level of detail.
Thus, many efforts have been devoted to the CFilaiion of spacer-filled channel modules for
MD [20,21,24,30,31], but the results obtained hawe yet been sufficiently validated because of
the lack of detailed experimental information omdbtemperature and heat transfer coefficient
distributions [32].

This issue is addressed in this work by employingosel space-resolved technique, briefly
presented in two previous conference papers [33B34the same authors, to assess the local
temperature and heat transfer coefficient distidouon the membrane surface. This technique,
named TLC-IA-TP, makes a combined use of Thermoulrd.iquid Crystals and digital Image
Analysis.

TLCs are organic compounds able to change theaucatith varying temperature. They show a
temperature range in which they reflect light ia thsible spectrum from red (at lower temperature)
through orange, yellow and green with increasimgpterature, up to blue and violet (at the higher
temperature). They are colourless below and aldusgeattive range of temperature [35]. TLCs are
used in a number of applications, well documentedthie scientific literature, for obtaining
superficial temperature distributions in the stwdyheat transfer phenomena [36-39] and for flow

dynamics visualization inside channels [40-42].



2EXPERIMENTAL SET-UP AND PROCEDURES
2.1 Description of the experimental facility

A test rig was purposely designed and manufactwiéd the aim of measuring the temperature
distribution at the hot fluid/surface interface af “MD-like” spacer-filled channel by the use of
Thermochromic Liquid Crystals in sheet form. Thst teection (Figure 2) consists of two channels
made of Plexiglds (20mm thick) separated by a transparent polycateotayer, 1 mm thick,
allowing heat transfer from the hot to the coldroha (thus simulating the presence of an MD

membrane).
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Figure 2. Representation of the test section with an enhadetall of the different layers. Axis A-B and A-C repent the rotational
axis around which the test-rig can be tilted

A schematic representation of the test sectiongaleith the temperature profile is reported in

Figure 3. As a difference from Figure 1, the terapaesT, T, on both sides of the TLC sheet have



been reported and the flow is assumed to be cewwums in the experimental rig standard

operation.
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Figure 3. Sketch of the temperature profile in the test secti

With reference to Figure 2 and Figure 3 the openatif the test rig is quite simple. Hot fluid is
forced to flow through the “hot channel”, filled thia spacer and delimited on one side by a thick
and insulated Plexigl§swall and on the other side by the polycarbonaterlaA sheet of
thermochromic liquid crystals (in the present ekpents Hallcrest R30C5W were used) is
interposed between this latter and the hot fluidh whe visible surface perfectly adhering to the
transparent polycarbonate wall by means of a \@rylayer of transparent silicon grease.

The thickness of the polycarbonate laygs was chosen (as better illustrated in section iB.1)
order to maximize the wall temperature variatiorasweed by the TLCs.

Cold fluid is forced to flow on the opposite sidetbe polycarbonate layer, within the “cold
channel”. In this latter a 3 mm thick, 20 mm wigmeser frame was also inserted to guarantee the
channel thickness during the test runs and to ptermwbulence in the cold fluid, but leaving the
central part of the cold channel completely freevisual investigation and for recording the TLC

images by a digital camera (Figure 4). Polarizabanomena occurring in the hot channel are thus



measurable by the temperature distribution providgdhe coloured TLC sheet, according to a
post-processing procedure that will be describeskation 2.2.

It is worth noting that, though no membrane is eyed in the system, latent and conductive
heat transfer through the membrane were replacediyethe conductive heat transfer from the hot
channel to the cold one vizonduction across the TLC and polycarbonate lay&lisoperating
conditions have been selected in order to maxirthieereliability of the experimental technique,
being also within the range of typical operatingditions of MD systems. Of course, results cannot
be looked as real measurements of temperaturébdisbn within a membrane distillation unit, but
can be very effectively employed to compare diffiérgpacer-filled channel configurations aiming
at finding the more efficient ones and to validativanced modelling approaches so far developed

and presented in the literature [20,21,23,24,31].

Figure 4. A picture of the test section taken from the cdidmmnel side. The spacer frame and the black TLOshee visible in the
upper part of the module.
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Figure 5. Schematic diagram of the experimental rig, inclgdimeasuring and data acquisition equipment.

The overall scheme of the experimental rig is shawhigure 5. The hot stream is heated by a

heating circulator Julabo® ED-5, while the coldidlus cooled by an industrial refrigerator

Corem& Junior Chiller JA/C 150, equipped with a circulateia an interposed buffer tank

provided with a cooling coil. The flow rates of hand cold streams are controlled by by-pass

circuits and globe valves, and are measured bytreletagnetic flowmeters KrohfieOptiflux

5300C. The inlet and outlet temperatures of the liguad streams were measured by four Pt100

RTDs connected, through a signal amplifier, to @idtal Instruments data acquisition board. As

it can be seen in Figure 6, the whole test seaianounted on a tilting table, which allows it to

rotate around the axis A-B of Figure 2 and thusgerate either in the horizontal or in the vertical

orientation of the channels. An independent, ortimady tilt (around axis A-C of Figure 2) is also

possible and is used to facilitate the eliminabbair bubbles during the channel fill-up process.
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Figure 6. Pictures of the experimental rig

The TLC surface, illuminated by two halogen bulivas photographed by a CaffoBOS 550 D
digital camera with 18 Mpixel resolution. Severakiges were typically recorded at a few seconds’
intervals for each experimental condition, in order perform a statistical average of the
temperature distribution maps. Results were foundet practically independent of the number of
collected images, with the average maps very sindahe individual ones. Digital images were
post-processed by using the Matlab Image ProceSaothox®, as described in the next section

2.2.

2.2 TLC-IA-TP technique fundamentals

In order to avoid image compression effects, allges were recorded in RAW form. RAW files
were subsequently converted to TIFF and then sptHSV (Hue, Saturation, Value) components
(Figure 7). This is necessary as original TIFF issagre defined in the RGB space where the colour
of each pixel results from the combination of theee intensities of red, green and blue additive
primaries. On the other hand, the H component®HBYV space is close to the colour perceived by
the human eye, and can be related to the correspgpteinperature value in a unique way by means

of a calibration curve derivad situ (see section 2.4).
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Figure 7. RGB (left) and HSV (right) colour space representetio

The colour map shown by the TLC sheet is thus cdegtento a map of local temperature.

With reference to the temperature profiles sketdhdeigure 3 and under the assumption of one-
dimensional heat transfer (see section 3.2),possible to write the heat transfer equations ohea
layer of the test section, i.e. convective heatsfer in the hot channel (Eq. 2), conductive heat
transfer in the TLC sheet (Eg. 3) and in the palyoaate layer (Eq. 4), convective heat transfer in

the cold channel (Eq. 5):

q=h, (Th - T1) (2
A
q-= LTLC (Tl - Tz) 3)
TLC
Apo
q-= - (Tz_Ts) 4)
I—pol
q=nh, (Ts _Tc) ©)

Conventionally, the temperature exhibited by theC$lwill be identified withT; as justified by
the structure of the TLC package, see also se@&iénBy arranging together equations 2-5, the

global heat transfer equation can be derived:

12



1
q = L (Th _T )
1 + LTLC + pol +
h 11 h (6)
hh /]TLC /]pol hc

Finally the combination of Eq. 2 and Eq. 6 gives tbcal hot-side heat transfer coefficidnt
which is only a function of the locally measuredhperatureT; of the TLC sheet once the bulk

temperatures of hot and cold fluids and the calig-sieat transfer coefficient are known:

h — Tl _Tc
h — 7)
L Lo 1 (
o)
TLC pol C

Notably, T, and T, were measured by Pt100 RTDs only at the inlet @nthe outlet of the 2
channels and a linear variationTgfandT. along the channel was assumed.
On the basis of the former equations and in acomelawith Eg. 1, the local temperature

polarization coefficient can be calculated as:

T-T; — T _(Tc +q/hc)
T, -T T, - T,

c

7=

(8)

Post processing was conducted on the central regfidghe overall test section, thus avoiding

border and entry effects (see Figure 8).
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Figure 8. lllustration of theTLC surface and of the relevant investigated are#hi® case of Tenax-A spacer (see Table 1 andé&igur
9) atQy=163 I/h,T;;=35.65°C,Q=1100 I/h,T.=11.3°C.

2.3 Spacer geometries investigated

Experimental tests were carried out using threéemiht spacer configurations with different
geometrical features, as shown in Figure 9 anédish Table 1. Note that the overall channel
height, h., may be less than the sum of the two wire diametgrs dw, due to partial
compenetration of the wires. The Tenax CRiEpacer consists of one layer of thick wires and
another layer of thinner wires oriented at 45° wibpect to the former. Due to its asymmetry, it
was tested with either the thin wires or thick wir®uching the TLC sheet, yielding the two
configurations Tenax-A or Tenax-B, respectivelybbith cases the thick wires were parallel to the
main flow direction. Finally a symmetric commercéhibmond spacer, characterized by rhombus-

shaped unit cells, was tested; in this case thel@gonals were parallel to the fluid flow.
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Figure 9. Pictures of the tested spacers: a) Tenax-A, b) X&)&) Diamond, d) sketch of spacer features.

For each spacer, the hot-side flow rate was magargofrom 60 I/h to 160 I/h.

Table 1. List of the geometric features of the spacers deste

Spacer hen [mm] | T | dwa [mm] | dwz [mm] | lma [mm] | Im2 [mm] | Voidages
Tena@
3.0 45° 2.0 1.0 5.2 4.4 0.63
CN13
Poly-nef
3.5 90° 2.0 2.0 11.0 11.0 0.85
Type 0128 (Diamond

2.4 In situ calibration of the TLCs

The thermochromic response of the TLC sheet was d¢inaracterized by an-situ calibration.
Water from the heating thermostat was made to laiteithrough the ducts on both sides of the

TLC-polycarbonate wall at a temperature graduadlyying from 30°C up to 40°C in 0.2°C steps.
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At each imposed temperature, once steady statatomsdinside the test section were achieved (as
indicated by the Pt100 readings), a photographhef dolorimetric response of the TLCs was
acquired. This provided, after the relevant datstqpoocessing, the Hue vs T dependence shown in
Figure 10. A 6th degree polynomial was employedfitathe data within the experimentally
investigated range and was adopted as the catibratirve. It is worth noting how the slope of the
curve changes markedly from the green to the @geon at about 31.5°C and how the blue region
is spread through a large range of temperaturgserifrental tests have mainly been focused on the
first part of the curve, i.e. from ~30°C up to ~@5Swhere larger variations in the hue component

with the temperature can be observed.

Calibration cunve
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40+

Ternperalure [FC)
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&
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3 wi 0z 03 04 s 06 07
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Figure 10. Calibration curve for the TLC sheet adopted durirgekperimental tests. Real pictures correspondingffierent TLC
colours corresponding to different temperaturesaése shown

3SENSITIVITY ANALYSISAND CHOICE OF WORKING QUANTITIES

The set-up of the experimental technique requiredraful analysis of the dependence of the
results on a number of issues related to desigiperating conditions and to simplifying modelling
assumptions. Preliminarily, it should be observedt tit is desirable to keep the hot fluid
temperature as uniform as possible in the diffetests, so as to obtain a fixed value of the Ptandt

number thus reducing the number of parameters wedolAlso, high values of, ( > 40°C) may
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affect the TLCs’ response or even damage them.vahee T;, = 35°C was chosen in the present
tests. In its turn, the cold fluid bulk temperatdiecould not be reduced too much due to the
limitations of the cooling system. The vallie = 15°C was adopted here. Finally, in order to
minimize thermal losses and improve the tempoiibty, it is desirable that the average system
temperature T, + T.)/2 be not too far from the ambient temperaturevas 25°C in the present
tests).
In this section four issues are addressed, namely:

1) the choice of the polycarbonate layer thicknéss,

2) the assumption of one-dimensional heat flux;

3) the accuracy of the heat transfer coefficienneste within the “cold channelby;

4) the measurement uncertainty.

3.1 Choice of the polycarbonate layer thickness Ly

Characterizing the dependence of Theemperature distribution (recorded by the TLCs)ttua
thickness of the polycarbonate laykeg, , was an important step in the design of thedestion. In
fact, matching the temperature variation of the $@th theircolour play(range of temperature in
which TLCs are active) allows the resolution of teeperimental information collected to be
maximized.

This analysis must be based on the values of tpeated heat transfer coefficient in the hot
channel h,. In particular, the variation range ®f (Figure 3) corresponding tm, varying from a
minimum hp min to @ maximunhi maxis a function olLpo and, in some cases, attains a maximum for
a specific value of o as demonstrated in the following.

With reference to the sketch reported in Figura @&duced temperatué can be defined as:

6=T-T, ()

Thus, EQgs. 2 to 4 can be rewritten as:
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q=h,(6,-6,) (10)

A
q=7"< 6.-6,) (11)

A
q=-"9, (12)

By combining Eqgs 11 and 12:

q= {—1)&1 = h;Hl (13)

L L
TLC 4 —pol

A A

pol

whereh, is a fictitious heat transfer coefficient takingd account for the conduction through
the TLC and polycarbonate layers. By equating ERj.with Eq. 10, the relation between the

temperatured; and the polycarbonate layer thickness can berai

(14)

By defining 48 as the difference between the valuesfptalculated forh, = hy maxandhy =
hnmin it is possible to analyse the trend4#fas a function of .

This is shown in Figure 11 foF, = 35°C, T3 = 15°C, Lt.c = 0.12mm (commercial TLC sheet
thickness) Ar.c = 0.15 W/mK, dyo = 0.19 W/mK, hp min = 400 W/niK (roughly corresponding to
the thermal conduction through a half channel théds) and three different valueshgfnax (1000,

2500 and 5000 W/fK).
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At hi max= 5000 W/miK, A6 decreases monotonically Bs, increases from 0. Fdf,o = 1mm a
value of 48 = 5.2°C is obtained. Such value is fairly closehe typicalcolour playof the TLC
sheet, thus being the optimal condition for an eateutemperature measurement. When ldwegx
equal to 2500 W/AK and 1000 W/fK are assumed, fdry,q = 1mm values of16 of 4.6°C and
3.0°C are estimated, respectively. These range®are still acceptable for a good resolution of
the TLC temperature, although only part of the Tddlour playwill be used in these cases. Thus, a
value ofL,o = 1Imm has been considered as a suitable compramide expected range of
values. As already mentioned, it can be also olesetivat, for sufficiently low values &, max 46

exhibits a maximum at low but finite valueslgf,.
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Figure 11. Variation of 46 as a function of the polycarbonate layer thickrfesshe case offi, max= 1000, 2500, 5000 WAK, for
hn,min = 400W/miK, Ty, = 35°C, T3 = 15°C,L ¢ = 0.12mm (commercial TLC sheet thicknesk) = 0.15W/mK, A, = 0.19W/mK.

3.2 Hypothesis of one-dimensional heat flux

Egs. 2-5 (and 10-12) are based on the assumptionestlimensional heat transfer, i.e. only heat
flow perpendicular to the TLC-polycarbonate layeaswaken into account. Actually, the presence
of the spacer causes a periodic pattern of altenabnes characterized by different heat transfer
coefficients and thus by different temperatureshansolid surface. These, in turn, can generate hea
fluxes along directions parallel to the TLC-polylmanate layer (longitudinal heat transfer). Since,
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the size of the spacer mesh may be comparabletiathhickness of this layer, longitudinal heat
transfer cannot be neglectagriori, and the one-dimensional approximation needs twahdated.

In the following, a simple theoretical analysisséd on the assumption of two-dimensional heat
flux, will be conducted and the corresponding ressulill be compared with those obtained under
the assumption of one-dimensional heat flux.

Under the hypotheses of two-dimensional heat feteady state conditions, absence of heat
generation, constaritand with reference to Figure 12, the heat condoatquation can be written

as.

0°T 0°T _
+ =

Z _+Z =0 15
x> oy? (15)

TLC

Figure 12. Sketch of the differential volume adopted to inttgrequation 14.= L, + Ly.c ; Im = Spacer pitch.
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In order to solve Eq. 15, four boundary conditiamsl an interface condition (between the TLC

and the polycarbonate sheet) were imposed:

Heat flux continuity at the hot fluid - TLC inteda:

—ATLC(‘;—;j =h,(T,-T,) for 0O<Xx<Imy=0 (16)
y=0

Heat flux continuity at the cold fluid - polycarbate interface:

—Apm(g—;j =h (T,-T.) for 0< X< lm; y = L (= Lpol + L1ic) (17)
y=L

Zero heat flux through the= 0 andx = |, boundaries:

(O_Tj -0 for x=0;0<y<L (18)

OX x=0

(O_TJ -0 for x=h;0<y<L (19)
aX x=

Heat flux continuity at the TLC-polycarbonate iritere:

_ATLC(O_TJ = =My (G_Tj for 0<Xx<lm y=Lrc (20)
ay y=Lric ay y=L1ic

Eq. 15 along with the boundary/interface condition&qgs. 16-20 were implemented and solved

by means of the DAEs solver of the software gPROIAS,44].

A trapezoidal profile ohy along thex direction was imposed and the corresponding rdfil

was calculated. Thé; profile was then employed to calculate théx) profile via Eq. 7 valid for
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one-dimensional heat flux. Finally, thg profile thus obtained was compared with the imgdose
one.

The results presented in Figure 13 for differeniuea of L = L, + Ly.c show that the one-
dimensional analysis approximates quite well th&filer provided by the two-dimensional one. A
slight disagreement can be observed only in theezomhere an abrupt jump in thg spatial

derivative occurs.
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Figure 13. Comparison between the impodgdrend and the corresponding calculated (accorddiriige one-dimensional heat flux
model) one for the case kf = 6mm.

In Figure 13 it can also be observed that the lotherthicknessd. of the TLC-polycarbonate
layer the hot and the cold channel, the lower theedancy between the imposegdprofile and that
calculated by the 1-D heat transfer hypothesis.

The effect of the spacer mesh lenghtvas also investigated and the relevant resultseqrarted
in Figure 14. As it can be seen, the differencevbenh the two approaches is small and decreases as
Imincreases.
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Summarizing, it can be stated that adopting thedimensional approach provides a sufficiently

accurate representation of the heat transport ogrur the test section.
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Figure 14. Comparison between the impodgdrend and the corresponding calculated (accoririije monodimensional heat flux
model) one for the case bf= 1.2mm.

3.3 Estimation of the heat transfer coefficient in the cold channel

The heat transfer coefficient in the cold chanrg), was calculated via the Dittus-Boelter
equation for turbulent flow in empty channelu(= 0.023R&%r%4), although it is not strictly
applicable to the present case because of the ¢tdavsocde Reynolds number (~3000) and of the
presence of a spacer frame along the channel geyipin order to reduce the influence of the
uncertainty inh; on the estimate dfy, the highest possible cold fluid flow rates weraimained
during the test runs, thus achieving the highessitte values ofi. and making the term li/ of Eq.
7 as small as possible with respect to the othes.adowever, neglectingli/altogether in Eq. 7 is
not advisable and using some estimate of this gyaist preferable. A sensitivity analysis was
performed by investigating the effect of a variatiof h, on the estimated value &k. Even
significant variations oh; were found to lead to very small variationshgfin particular for values
of he ranging from 2000 to 4500 W/ only a difference of about 4% was found for tverage

hy, thus confirming that, under the adopted operatimuditions, errors in the estimatelgfare not
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significantly detrimental to the accuracy of theestimate. Notably, a nominal value lgf~ 3000

W/m?K was assumed for the uncertainty assessment peesierthe following section.

3.4 Uncertainty assessment

A thorough assessment of the TLC-IA-TP techniqueediainty in estimatingy, was carried out
by referring to the uncertainty definition given bpffat [45]. According to Eq. 7y, is depending
onn = 8 different quantities X In formulae:h, = f(T1, Te, Th, Lric, Arie, Lpon Apol Ne) = f(X1, X,

.., Xn). The uncertainty (standard deviation)hgican be estimated as:

(21)

Therefore, the assessment of the TLC-IA-TP techsigncertainty requires the knowledge of the
specific uncertainties(x;) relevant to each of the

T,) The uncertainty relevant to the temperature ef ThC sheet comes from the calibration
procedure: the conversion from Hue to temperategeires (i) the measurement of the temperature
via Pt100 and (ii) the fitting of the Hue vs T pigitwith a polynomial function. The of the Pt100
adopted is 0.05°C (as declared by the manufactusdri)e ao of 0.1°C was found for the fitting.
Thus, the globab relevant to the variabl€& can be conservatively estimated as 0.15°C. Tlor err
arising by the Hue measurement via the photo-canaeh the discretization error (1/256)
associated with the 1-byte representation of Hiee samall and were neglected. Notably, the
calibrationin situ reduces further possible uncertainties in thereg# ofT;, such as those related
with the spectral content of the light source.

Th, Tc) Also theorelevant to these variables derive from two contidns: one is again due to

the Pt100 uncertaintf.e. 0.05°C), while the other is due to the asstionpof a linear variation of
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the temperature along the channel. This lafteras estimated to be 0.1°C. Therefore, the global
relevant to the variabl€g, andT; has been assumed to be conservatively ~0.15°C.

Ltic, Lpo)) For these two quantities a conservative uncestain10°m was chosen in accordance
with the maximum variability experimentally measiirey a thickness gauge (Schimdt Control
Instruments, resolution £{Im) on several samples of TLC and polycarbonate.

Apol) On the basis of the values which can be foundifferent handbooks, &@(A,.) equal to
0.015 W/mK was assumed.

ArLc) Since the TLCs are a composite materia(4r. c) twice o(Ap0) Was chosen.

hy) For the case of the heat transfer coefficierthim cold channel an uncertainty of 500Vi#m
was assumed.

The uncertainties employed for the eight quantdiessummarized in the following Table 2.

Table 2: Uncertainties relevant to the quantities necessaegtimatey,.

Quantity T1 Te Th Ltic Aic Lpol Apol he
[°C] | [°C] | [°C] [m] [W/mK] [m] | [WimK] | [W/m’K]

Uncertaintyc | 0.15 0.15| 0.15| 0.00001 0.03 0.00001  0.015 500

By applying Eqg. 21 it results that the higher thethe higher the relative uncertaingh,)/h, as

Figure 15 shows:
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Figure 15. Uncertainty on measurement versus the correspomgdinglues

This occurrence is due to the differen@g { T1) which decreases &g increases. This difference
significantly affects the global uncertainty sinitceappears in the denominator of all the partial

derivatives in Eq. 21.

As concerns the mean value laf, the uncertainty in the measurement of this gtyantias
estimated to be below +15% for practically all d@ses investigated in the present work. Only in
the case of the diamond spacer at the highestriev(which leads to the highds), a o of ~<18%
was estimated. An example relevant to the Tenaypdécer is reported in Figure 16 where the
different symbols refer to two distinct tests (cootkd at several days’ distance) while the error
bars represent the calculatedlt is worth observing that the TLC-IA-TP technggwas found to
have a good reproducibility as a close inspectibRigure 16 shows: only a very slight difference

in the values oh, between the two tests was found (maximum disci@pbalow 1.2%).
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Figure 16. Trend of measured values of heat transfer coeffid@ the case of the spacer Tenax-A, indicatirgiLC-IA-TP
technique’s uncertainty and reproducibility. Th@tsymbols refer to a set of experiments and thevagit reproducibility test
performed, respectively.

A further analysis was carried out aiming at firglithe quantities whose uncertainty mostly
affects o(hy). Figure 17 reports the relative importance of ¥lagious contributions to the total
uncertainty o(hy). As it can be seen, whem, is low, the globala(h,) is mainly due to the
polycarbonate thermal conductivity uncertainty whadone contributes about 34% ath,). The
other main contributions come froafT:) and o(T.): T, and T, are the only two quantities for which
the term T, - T1)? appears at the denominator in the relevant patégbatives. This explains why
their relative contribution greatly increases lasincreases. Conversely only a slight relative
influence ona(hy) was found for the other quantities: in particuthe results of Figure 17 confirm

the small effect of the uncertaintyg
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Figure 17. Influence of eactd(x) on O(h,) as a function offi,. Values are normalized by the total uncertaintyhsd their sum is 1.

4 RESULTS AND DISCUSSION
4.1 Temperature and heat transfer coefficient distribution

Following the formerly described procedure, the gemacquired during the experimental tests
were post-processed in order to obtain distribstiointemperature and heat transfer coefficient.

As previously mentioned, three different spacemcieh configurations were investigated.

The results relevant to the spacer named TenaeAmsented in Figure 18. In particular, Figure
18a reports the original photograph of a test megwhich contains 9 repetitive unit cells of the
spacer. Figure 18b shows the relevant temperatig®ibdtion map. Figure 18c shows the
corresponding local heat transfer coefficient. Nibi&t, here as in the following Figure &@ure 19.

and Figure 20, in all graphs (a,b,c) the viewingection is from the cold channel side as in the

actually recorded pictures.
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Figure 18. Images obtained with the Tenax-A spaceQgt163 I/h, T,=35.65°C,Q=1100 I/h,T=14.3°C: a) Typical test region
showing the TLC surface along with an arrow indiegitthe main flow direction; b) Distribution of Idceemperature [°C] on the
TLC surface; c) Distribution of the local hot-sideat transfer coefficient [W/#] along with lines showing the location of the
spacer wires.

By analysing the images recorded and with referémd¢be actual position of the wires, reported
for clarity purposes in Figure 18c, it is possitieidentify in each unit cell three different reg
characterized by:

- Minimum temperature and heat transfer coefficiem500 W/niK in Figure 18d) in
correspondence with the intersection points whbieethicker longitudinal wires push the
thinner oblique wires tightly against the wall $att convection is inhibited and heat transfer
occurs purely by conduction. In these regions |dloal temperature polarization coefficient
of Eq. 8is ~ 0.72.

- High temperature and heat transfer coefficiem>3000 W/niK in Figure 18d) in the
reattachment regions immediately upstream of tHiejwd wires, where mixing is enhanced

thanks to a significant presence of velocity congmis perpendicular to the conductive wall,
29



thus resulting irr values close to 1. These regions are roughlytiellgnd elongated in a 45°
direction due to the wires’ orientation.

- Intermediate temperature and heat transfer coeffiqil5004,<3000 W/niK in Figure 18d)
immediately downstream of the oblique wires andtipalarly, downstream of contact areas,
in correspondence with separated flow regions (herd.72-0.85).

It is worth noting that the heat transfer coeffitieloesnot attain minimum (purely conductive)

values along the whole linear contact between tilad and the oblique wires, presumably

because these latter are rather flimsy and allones@sidual flow rate.

The Tenax-B spacer is geometrically identical ® Tenax-A: the only difference concerns the
orientation. In the case of Tenax-B, the longitadliwires are in contact with the TLC surface.
Relevant results are presented in Figure 19 and/ Shwoface patterns of temperature and heat

transfer coefficient quite different from those ebh&ed with Tenax-A.
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Figure 19. Images obtained with the Tenax-B spacefQgt163 I/h, T;=34.75°C, @=1100 I/h,T;=14.6°C: a) Typical test region
showing the TLC surface along with an arrow indiogitthe main flow direction; b) Distribution of Idcemperature [°C] on the
TLC surface; c) Distribution of the local hot-sideat transfer coefficient [W/f] along with lines showing the location of the
spacer wires.

As also already observed in Figure 18 for the TeAapacer, the lowest values laf (purely
conductive heat transfer) occur in the zones witeréwo arrays of spacer wires intersect, due to
the tight contact between the wall and the neaf-waks (which in this case are the thick,
longitudinal ones). The highekt can be observed in the central strips betweetotigitudinal
wires, without a clear relation with the locatiohtbe thinner oblique wires. Smaller, crescent-
shaped, regions of high heat transfer occur alstregm of the contact spots and downstream of
the thick wires. The maximumexhibited by the Tenax-B configuration is equat-h89 which

Is lower than that found for the Tenax-A configioat
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It is worth noting how the irregular shape of filants generates also an irregular distribution
of temperatures and heat transfer coefficientslitggn for example, to a TLC-spacer contact area

corresponding to the crossing of the longitudimal ablique filaments.

A more regular geometry (and, thus, behaviour) lbarobserved in the Diamond spacer, in
which the wires are almost perfect circular rodarébver, the Diamond spacer is characterized
by symmetry properties thus appearing as partigukuitable for MD spiral wound modules
where two membranes are simultaneously employethertwo sides of the same channel. A
symmetric spacer guarantees identical mixing comt as well as identical values bf.
Conversely, spacers made of overlapped wires wifflereint orientations (as the previously
analyzed Tenax spacer) lead to different heat #wethe two sides.

As Figure 20b-c show, absolute minima of tempeealuand heat transfer coefficiehf are
still recognizable in the intersection points whtre contact between wires and wall is tightest,
as in the previous geometries, but now continudiiges characterized by values almost as low
of T andh,, exist along the wires touching the TLC sheet. Hirese zones are much sharper than
in the other spacers due to the Diamond wires beioge stiff and regular. In all the other zones,
large regions of highh, are observable suggesting that this spacer iscplny suitable to

promote an efficient and uniform fluid mixing thresulting in averagevalues close to 1.
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Figure 20. Images obtained with the Diamond spaceQgt163 I/h, T,;=35.65°CQ=1000 I/h,T=14.55°C: a) Typical test region
showing the TLC surface along with an arrow indiegitthe main flow direction; b) Distribution of Idceemperature [°C] on the
TLC surface; c) Distribution of the local hot-sideat transfer coefficient [W/#] along with lines showing the location of the
spacer wires.

4.2 Comparison between spacers

By letting the flow rate in the hot channel vargrfr 60 I/h to 160 I/h and post-processing images
and data for each spacer, a comparison was corbloetereen different spacer geometries.

Figure 21 shows how the mean heat transfer coeffficiaries with the hot water flow ra@® for
the tested spacers. Tenax-A and Diamond, both ebtlgue wires close to the conductive wall,

present highehy in the wholeQy, range investigated with respect to Tenax-B, tmakcating that
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obligue wires are more effective in promoting mginnside the channel, with respect to

longitudinal wires.
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Figure 21. Mean heat transfer coefficient versus hot charpel fate: comparison of different spacers.

Given the different channel height, provided by the different spacers, a more appabgri
comparison can be done by plotting the Nusselt rumbrsus the Reynolds number. This latter
was conventionally calculated on the basis of thal tmass flow rate and twice the channel height,
and thus coincides with the Reynolds number thatlidvbe established in the absence of the spacer.
The results are shown in Figure 22. They are coetpaith the Nusselt number in an equivalent
channel empty of spacer, for which a value of m@8 calculated by analytically solving the heat
transfer equation for laminar flow in a flat reagaar channel confined by an adiabatic wall on one
side and a constant heat flux wall on the otheraltsady found by other authors [25,27,28], for a
given mass flow all the spacers give rise to higtesselt numbers compared to the empty channel,
thus confirming how the presence of the spacerrmgdsaheat transfer by promoting mixing. Even
though mean heat transfer coefficients for Diamand Tenax-A spacers are close to each other,
Nusselt numbers for Diamond spacer are higher thase for Tenax-A at all Reynolds numbers

considered here. This can be explained by the dahgekness of the Diamond spacer compared to
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Tenax-A (3.5mm vs. 3.0mm), leading to a higher hytlc diameter, which directly influences the

Nusselt number estimation.
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Figure 22. Nusselt numbeversusReynolds number: comparison of different spacers.

The data plotted in Figure 22 can be interpolated power law:

(22)

Nu = ARe”

Figure 22 and Table 3 report A andvalues obtained for each spacer configurationh@lgh

both Tenax-A and Diamond spacers present obliqueswslose to the conductive TLC wall, the

correspondingi-values are quite different (0.43 for Diamond spafel7 for Tenax-A spacer), an

occurrence which requires further experiments aradysis to be properly explained.
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Table 3: A anda values obtained for spacers investigated.

Spacer A a

Tenax - A 8.46 0.17
Tenax - B 0.70 0.52
Diamond 2.17 0.43

For a comparison with literature data, some findifrgm previous works have been considered.
In particular, the articles published by Martiretzal. in 2006 [26] and Phattaraniwe al.in 2003
[29] were analysed and relevant experimental dageevextracted and re-processed in order to
estimate the Reynolds and Nusselt number to be amdpvith the values obtained in the present
work. Notwithstanding the significant difference channel thickness and spacer geometry, some
important similarities were found. In fact, wherabysing the trends of non-dimensional nhumbers,
Nu andRe,for a woven spaceh{=0.45 mm,Reranging from 50-350), Martinezt al.[26] found
the relationship (after re-adapting according ®dRefinition ofReandNu for the empty channel, as

already explained above):

Nu= 0229Re""? (23)

Eq. 23 givedNu values around 12 fdRearound 250, thus very close to the ones reportéte
present study for the spacer Tenax-B, althoughptheer-law dependence dre has a slightly
smaller exponent in our case.

Phattaranawiket al. [29] analysed the trend df and Nusselt number for different non-woven
spacers. They proposed the use of a correlation fievious literature studies [46] adopting the
heat-mass transfer analogy (eq.20 in [29]). Re4augphe correlation to the present definition of
Nu and Re and considering the geometrical features of thanidind spacer used in the present

work, the following power-law expression is found:
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Nu= 213Re* (24)

Starting from this equation, calculations show tfaat Re around 250 au value around 34 is
found, compared to a smaller value of about 23inbthfor the Diamond spacer in the present
investigation. At the same time, a similar exponehthe power law relatingNu vs Recan be
observed in the two cases.

Although being only qualitative comparisons, givie different geometries and experimental
approaches adopted in previous literature workesfair agreement found between the TLC-IA-TP
technique and such previous findings encourage ridsva further use of the hereby presented
experimental technique for wider investigationstioé behaviour of spacer filled channels for

membrane distillation.

5 CONCLUSIONS

A space-resolved thermographic technique basedemrmbchromic liquid crystals (TLCs) was
developed in order to estimate the temperaturehaatl transfer coefficient distributions in spacer-
filled channels for Membrane Distillation modulés.purposely designed experimental apparatus
was set-up and used for testing different spacefigurations. Raw images were recorded and
post-processed using the Maffalmage Processing ToolboXhe technique proved to be able to
provide local distributions of temperature on thenmbrane surface, heat transfer and thermal
polarization coefficients, allowing these quangtie be correlated with the geometrical features of

each spacer. Preliminary results show that:

Oblique wires generate velocity components perpemali to the conductive wall, which
improve convective heat transfer in the channel,

- Minimum heat transfer coefficients occur where sps@re in direct contact with the wall;

- Low heat transfer coefficients are observed dowastr of these direct contact areas;

- For all the spacers considered here, a signifieahtincement of the average Nusselt number

(from 2.5 up to 5.8 times that in an empty chaniseefbserved. Among them, the symmetric
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and wide meshed Diamond spacer seems better toopromixing conditions and heat
transfer;

- In the range investigated, the Nusselt number wasd to increase with Re following a weak
power law, with exponents ranging from 0.17 to Oas2ording to the spatial configuration
tested.

The technique has proved to be quite promisingfartier investigations will be performed in

order to fully characterize mixing and heat trangfieenomena promotion in spacer-filled channels

for Membrane Distillation modules.
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NOMENCLATURE

Symbol Quantity Sl Unit
A Pre-exponential factor -

dh Hydraulic diameter m

dho Void hydraulic diameter~2-h) m

Ow Wire diameter m

h Heat transfer coefficient W/(K)
hen Channel height (= spacer thickness) m

L Height/Length m

Im Spacer wire pitch m

N Molar flux mol/(m?s)
Nu Nusselt numberh(d,y/4) -

Pr Prandtl number -

q Heat flux W/m?

Q Flow rate m/s

Re Reynolds number p{i-thy/) -

T Temperature °K

i Mean velocity in the channel m/s

X Main flow direction (longitudinal) m

y Orthogonal direction m

o Exponential factor -

€ Voidage (porosity) -

A Thermal conductivity W(mK)
u Viscosity Pa-s
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p Density Kg/m®
o Reduced temperature °C
g Uncertainty variable
r Temperature Polarization coefficient -

J Angle between crossing wires °
Subscripts

c Cold

h Hot

pol Polycarbonate

TLC Thermochromic Liquid Crystals
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