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ABSTRACT

The measurement of local temperature distributions within a membrane distillation (MD)
channel is a crucial step for the optimization of the channel and spacer geometry. This infor-
mation allows the estimation of temperature polarization phenomena, which can dramatically
influence the thermal efficiency of the process and the optimal choice of the geometric configu-
ration (net spacer features, channel size, etc.). In the present work, a recently presented
experimental technique, based on the use of thermochromic liquid crystals and digital image
analysis, has been employed in order to assess the temperature polarization phenomena. The
local heat transfer coefficient distribution on the membrane surface in a MD spacer-filled
channel was thus assessed. The membrane has been modelled by a heat transfer polycarbon-
ate layer. Different diamond spacer geometries were investigated, in order to highlight how
the geometrical features affect both pressure drop and heat transfer in spacer-filled channels.

Keywords: Membrane distillation; Thermochromic liquid crystals; Heat transfer; Temperature
polarization; Digital image analysis

1. Introduction

The process of membrane distillation (MD) has
attracted much attention in the last decades [1]. Owing
to a number of interesting features, it has the potential
of providing a sustainable desalination solution on
small to medium scales or extending the overall pro-
ductivity of a desalination plant when coupled with
existing technologies. The main attractive feature is

the type of energy that is needed to drive the process,
namely low grade thermal energy [2]. This means that
it is a potentially attractive candidate for pairing with
thermal renewable energy sources, such as solar or
geothermal energy, and/or taking advantage of waste
heat, where any of these are available [3–10].

As the name suggests, the process is based on dis-
tillation, but in this case, the distillation is achieved
without actually boiling the saline feed water, as in
conventional thermal desalination systems such as
multi-stage flash and multi-effect distillation. Rather, a
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negative vapour pressure gradient is simply main-
tained between two sides of a microporous hydropho-
bic membrane, causing a net flux of vapour, from the
warmer saline feed side to the cooler permeate side
[11]. The vapour transported through the pores of the
hydrophobic membrane is then condensed, either
directly onto a cooler stream on the permeate side, or
on a separate internal or external condensation sur-
face. Achieving distillation without boiling means that
the feed water does not have to be maintained at satu-
ration conditions, which simplifies the mechanical
construction of the system since there need not be any
significant differential pressure on the vessel walls.
Moreover, the use of polymeric membranes means
that, at least in principle, the construction materials
can be more economical than the high-quality metals
used in conventional thermal desalination systems.
Another major feature of the MD is that the specific
energy required by the process does not quickly rise
with the salinity of the feed as it occurs, for example,
in the case of reverse osmosis [12]. This allows MD to
be applied to desalinate very high-salinity feed waters
and opens up a wide range of synergistic opportuni-
ties for hybrid technology applications.

In principle, the process can operate with a very
small vapour pressure (and thus, temperature) differ-
ence, but small driving forces lead to small fluxes,
which means that a large membrane surface area
would be needed for a given production capacity.
More significant, however, is the fact that not all of
the applied temperature difference becomes utilised as
a driving force. The reason is that, with fluids flowing
on both sides of the membrane, the trans-membrane
temperature difference is invariably lower than the
difference between the bulk temperatures of the
respective fluid streams. This temperature polarization
effect is the result of convective heat transfer resis-
tances on both sides, and it is usually quantified by
the temperature polarization coefficient, defined as the
ratio between the trans-membrane temperature differ-
ence and the difference between the bulk temperatures
of the two streams (feed and permeate).

Poor control over temperature polarization will
prevent the process from delivering the output that
would potentially be possible on the basis of the tem-
perature difference between hot and cold streams
[13,14]. The amount of temperature polarization is
determined by the balance between convective heat
fluxes, which are governed by hydrodynamic condi-
tions, and the heat flux through the membrane, which
is governed by the vapour mass flux. Thus, larger
trans-membrane vapour fluxes need to be matched by
higher convective heat transfer coefficient if polariza-
tion is to be controlled. With much research effort

currently directed towards improved membranes,
tailored specifically for MD to yield increasingly higher
vapour fluxes, temperature polarization may become
the main limiting factor for performance if the issue of
module hydrodynamics is not carefully addressed.

The principal means by which polarization, of all
kinds, is controlled within flat membrane configura-
tions (including plate & frame and spiral wound mod-
ules) is the use of channel spacers. These typically
consist of a net of polymeric filaments of varying geo-
metrical features, such as the diameter of the filaments
and the angle and spacing between them, among
other features. Spacers play an important role in pro-
moting mixing and in guaranteeing the dimensional
stability of the channel. Clearly, mixing promotion
allows polarization phenomena at a given flow rate
(Reynolds number) to be significantly reduced. On the
other hand, spacers exhibit the disadvantage of caus-
ing hydraulic losses to increase [15,16].

One of the first important studies devoted to the
investigation of spacer-filled channels is by Schock
and Miquel [16], who collected experimental data on
pressure drop and mass transfer characteristics for the
case of spiral wound units. Correlations concerning
the dependence of the friction factor and the
Sherwood number (Sh) on the Reynolds number (Re)
were proposed, and a performance calculation aiming
at the optimization of spiral wound elements was
addressed. Da Costa et al. [15] performed a more
detailed analysis of spacer characteristics and
presented more general correlations. In the last
decades, many other research efforts have been
devoted to a thorough overall understanding of the
effect of spacer geometry (filament spacing, filament
diameter, filament shape, angle between crossing
filaments, flow attack angle) on fluid dynamics
features (flow pattern, recirculation, shear rate
distribution, flow regime, pressure drops) and mass
transfer phenomena within the channel [17–40].

In particular for the case of the MD application,
Velazquez and Mengual [41] carried out experiments
to evaluate the temperature polarization coefficient in
spacer-filled channels. Martı́nez-Diez and Rodrı́guez-
Maroto [42] introduced the vapour pressure polariza-
tion coefficient in order to measure the reduction in
the effective driving force for mass transport.
However, temperature polarization was proved to be
more important than concentration polarization in
their MD experiments, as confirmed later by Laganà
et al. [43]. Martinez et al. [44] and Yun et al. [45] sta-
ted that coarser spacers with thicker filaments perform
better in reducing polarization and enhancing mass
flux. In this regard, Phattaranawik et al. [46] found
flux enhancement up to 41% in spacer-filled channels
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compared to the empty channel. Such enhancements
were also confirmed by the application of the Da
Costa et al. [15] correlation to the MD case on the
basis of the analogy between heat and mass transfer.
The same authors ([47]) tested a number of existing
correlations for laminar and turbulent flow conditions
finding that (i) the effects of mass transfer on heat
transfer rates can be neglected and (ii) the significance
of heat conduction in the membranes and of heat
transfer due to the vapour flow was comparable. Fol-
lowing such findings, the same authors ([48]) refused
the adoption of the analogy between heat and mass
transfer and proposed a new correlation more suitable
to the case of MD. Chernyshov et al. [49] experimen-
tally investigated the effect of spacer geometry on pro-
cess performance for the case of air gap MD: when a
spacer was employed within the channel, a mass flux
up to 2.5 times higher than in a spacerless channel
was found. However, due to the relevant pressure
drop increase, the spacerless channel was found to
provide the highest flux at a given pressure drop. A
model to characterize a direct contact MD module was
developed by Martı́nez and Rodrı́guez-Maroto [50],
aiming at determining the mass and heat transfer coef-
ficients through the membrane and the boundary lay-
ers. Significant heat transfer improvements were
found by the authors in the spacer-filled channel
(>50%) both by the model and by the experiments.

Currently, the selection of channel spacers within
the context of MD is often based on what is already
available commercially, rather than being based on
detailed hydrodynamic considerations or on a custom-
ized design. Given the important role that channel
spacers are meant to play in controlling the detrimen-
tal effect of temperature polarization, there is a
definite need for rational experimentally based meth-
odologies for spacer selection. Ideally, the desired
methodology would provide local spatial resolution,
revealing the detailed hydrodynamic and heat transfer
features of a candidate spacer. This aspect is available
in computational fluid dynamics (CFD), which, in
principle, can provide complete detail of all features
of the fluid flow and heat transfer. Indeed, there have
been several studies applying CFD to spacer-filled
channels for MD [51–55], and these have generally
demonstrated the great deal of useful and relevant
information that can be extracted from CFD simula-
tions. What is lacking at this point is thorough experi-
mental validation. This is mainly because the available
experimental techniques are mostly able to provide
measurements of spatially averaged quantities and at
best 1D variations.

One example found in the literature of measure-
ments of local quantities is by Ali et al. [56]. They

analysed heat and mass transfer in direct contact MD
by using a cell equipped with sixteen sensors in order
to measure the bulk and membrane surface tempera-
tures. A more comprehensive characterization of spac-
ers’ behaviour would require a technique able to
obtain the distribution of temperature with a higher
spatial resolution.

The technique employed in the present work has
been presented in previous papers [57,58]. It addresses
the requirement of a high spatial resolution of the
temperature field through the use of liquid crystal
thermography along with digital image analysis.
Image analysis is a cheap way to get information [59]
which can be employed as a valuable benchmark for
CFD model validation [60]. The technique is described
briefly in the next sections; more details can be found
in the papers cited above.

2. Experimental set-up and technique fundamentals

The heart of the present measurement technique,
firstly applied to MD by Tamburini et al. [58], is liquid
crystal thermography. Thermochromic liquid crystals
(TLC) are organic substances whose colour varies with
temperature. They have a molecular structure that
causes them to exhibit selective reflection of visible
light based on their temperature ([61]). Commercially
available TLCs can come in various forms, such as
spray paints and flat strips. In the present technique,
flat strips of TLC sheets are used to measure the local
surface temperature distribution in a specific con-
trolled region.

Before the TLC strips can be used for temperature
measurements, they need to be calibrated to determine
the exact colour-to-temperature relationship (more
specifically, the hue–temperature relationship).
Although modern digital cameras usually output
images in the RGB (red, green, and blue) colour space,
it is more convenient to transform the images into the
HSV (hue, saturation, and value) colour space repre-
sentation. In this way, one needs to deal only with a
single quantity, the hue, in the colour-to-temperature
transformation, rather than having to deal with three
quantities (each of the 3 RGB components). The cali-
bration (see Section 2.2) is performed using the same
test rig in which the intended experimental measure-
ments are carried out. Details on all these information
are provided in the following sections.

2.1. Experimental set-up

The experimental test section is schematically
depicted in Fig. 1. It consists of two rectangular flow
passages delimited by two thick transparent Plexiglas®
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plates (which provide structural stiffness and thermal
insulation) and a thin transparent polycarbonate sheet.
The height of the two flow passages is determined by
either the spacer to be tested (hot channel) or by the
appropriately sized gaskets (cold channel). The war-
mer water flows in the bottom channel (hot channel),
where the spacer to be tested is placed. One or several
adhesive-backed TLC strips (manufactured by
Hallcrest®) are affixed to the polycarbonate sheet on
the side of the hot channel, in contact with the spacer
tested. The cooling water flows in the top channel,
and since no visual obstruction between the TLC strip
and the camera is desired, no spacer is used in the
cold channel.

There are two pressure taps along the flow (axial)
direction of the bottom channel, which are connected
either to a differential pressure transducer (Fuji Elec-
tric FCX-AII Series) or an inclined-tube manometer,
thus allowing pressure drops to be measured. The
Plexiglas® test section is fixed in place on an alumin-
ium frame structure, which also supports a digital
camera (Canon® EOS 550 D) and two light sources at
the top, as depicted in Fig. 2.

A chiller (Corema® Junior Chiller JA/C 150) and a
thermostatic heating bath (Julabo® ED-5) are used to
control the temperatures of the cold and warm flows,
respectively. The desired flow rates are supplied by
two recirculation pumps with flow control valves, and
the two flow rates are measured using magnetic flow

Fig. 1. Sketch of the test section along with the indication of the different layers.

Fig. 2. Picture of the experimental rig.
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meters (Krohne® Optiflux 5300 C). The inlet and outlet
temperatures of both flows are measured using four
Pt100 probes, which transmit their readings to a data
acquisition system (National Instruments®).

2.2. TLC calibration procedure

As already anticipated, the colour information
provided by TLC images can be converted into a tem-
perature distribution only by a suitable calibration of
the liquid crystals. The thermochromic response of the
TLC sheet used was characterized by an in situ cali-
bration performed according to the steady-state
method of uniform surface temperature [62].

Water coming from the heating circulator was
forced to flow through the channels on both sides of
the TLC-polycarbonate wall, and its temperature was
progressively increased from 30˚C up to 42˚C in 0.2˚C
steps. For each imposed temperature, once steady-state
conditions were achieved in the module, a photograph
of the colorimetric response of the TLCs was acquired
thus resulting into the hue versus. temperature (H-T)
data shown in Fig. 3. A 9th degree polynomial was
employed to fit the data and provide the calibration
curve. Of course, all experiments were carried out at
temperatures falling within the useful range of
calibration and in particular in the interval 35–40˚C.

2.3. Experimental measurement procedure

In order to perform a measurement, the spacer to
be tested is placed in position in the bottom channel
and the Plexiglas® test section is carefully sealed. The
section is then placed in position and connected to the
water circulation loops. The desired inlet temperatures
are set, and the flow rates are gradually brought to
the desired level. Care is taken to remove trapped air

bubbles from the two flow loops, and the system is
left to reach a steady state. At this point, the light
sources (with which the TLC strips were calibrated)
are switched on, and other light sources in the lab are
turned off or blocked. A series of digital images is
then captured and recorded, while simultaneously
recording the inlet and outlet temperatures using the
DAQ system. The differential pressure between the
two pressure taps is also recorded. All the images col-
lected are then processed by using the Matlab® Image
Processing Toolbox. TLC images, acquired by the cam-
era in a RAW format for maximum quality, are first
converted into the TIFF format so that they could be
processed in Matlab®. Here, as anticipated, they are
converted from RGB (red, green, and blue) to HSL
(hue, saturation, and lightness) components. The cali-
bration curve provides the relationship between hue
and temperature, thus allowing hue data to be con-
verted into temperature data.

If the bulk temperatures of both fluids and the
cold-side heat transfer coefficient hc are known, the
hot-side heat transfer coefficient hh can be inferred
from the temperature T1 of the TLC sheet. With refer-
ence to the temperature profiles outlined in Fig. 4
(which also reports the relevant nomenclature), by
assuming one-dimensional heat transfer, hh can be
computed as follows:

hh ¼ T1 � Tc

Th � T1ð Þ LTLC
kTLC

þ Lp
kp
þ 1

hc

� � (1)

The soundness of the one-dimensional transfer
hypothesis was already demonstrated in a previous
work [58].

Although Eq. (1) contains the (unknown) cold-side
heat transfer coefficient hc, it was verified that, pro-
vided hc » hh, the computed value of hh is little sensi-
tive to the value of hc. Therefore, this last value was
simply computed by the Dittus–Boelter heat transfer
correlation on the basis of the cold channel thickness
and cold fluid flow rate.

Distributions of local temperature and heat transfer
coefficient over the hot side of the dividing polycar-
bonate were thus obtained for each of the test condi-
tions described in the following Section 2.4. The
analysis of the results allowed the identification of the
spacer’s geometrical features which locally enhance
heat transfer and reduce T-polarization. The experi-
mental data also allowed mean heat transfer coeffi-
cients and friction coefficients to be obtained for the
whole range of geometrical configurations and flow
rates investigated.

Fig. 3. Hue vs. temperature calibration curve.
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2.4. Test conditions investigated

The geometrical parameters describing each spacer
are sketched in Fig. 5.

Three different spacers were investigated, and for
two of them, different orientations with respect to the
main flow direction were tested. The main features of
these spacers are reported in Table 1 where the
porosity ε is also reported. From elementary geometric
considerations, it can be computed as:

e ¼ 1� pðd2f1lm2 þ d2f2lm1Þ
4lm1lm2hsp sin h

(2)

Different flow rates were investigated for each
spacer-filled channel configuration. Such flow rates
correspond to Reynolds number ranging from ≈100
to ≈2,000. The Reynolds number was calculated in
accordance with the definition by Schock and Miquel
[16]:

Re ¼ quvoid dh;void
l

(3)

where ρ is density, μ is viscosity, uvoid is the average
velocity along the main flow direction in a corre-
sponding spacerless channel, and dh,void is the hydrau-
lic diameter of the corresponding spacer less channel,
conventionally assumed to be equal to twice the chan-
nel thickness hsp (which, in its turn, is equal to the
spacer height). The mutual orientation between the
flow and the spacer is indicated by the angle ξ,
defined as the smaller of the two angles formed by
the main flow direction with the axis of a filament
touching the TLC sheet.

3. Results and discussion

The present technique allows local data on heat
transfer features to be assessed. Such local information
is provided in the following Section 3.1, while the
results based on averaged data are reported in
Section 3.2.

Fig. 4. Temperature profile on a hypothetical line orthogonal to the TLC sheet.
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3.1. Distributions of temperature, heat transfer coefficient
and temperature polarization coefficients

3.1.1. Polynet Diamond spacer

An example of local information which can be
obtained by the present technique is reported in Fig. 6
for the case of the Diamond_1 configuration (ξ = 45˚,
i.e. flow directed along the bisector of the diamond):
Fig. 6(a) and (b) show a photograph of the spacer and
a snapshot of the test section including the TLC,
respectively, along with the indication of the main
flow direction. Fig. 6(c) and (d) show temperature and
heat transfer coefficient distributions, respectively.
Two different coefficients were defined to quantify
temperature polarization: one is the temperature
polarization coefficient (TPC),

TPC ¼ T1 � Tc

Th � Tc
(4)

and the other is an efficiency loss coefficient τ defined
as

s ¼ 1� TPC ¼ Th � T1

Th � Tc
(5)

The local distribution of these two coefficients is
reported in Fig. 6(e) and (f). Notably, since (i) it is not
possible to measure the value of T3 and (ii) the flow
rate in the cold channel is always kept very high, the

Fig. 5. Sketch of a generic spacer along with the TLC sheet.

Table 1
Investigated spacer features (nomenclature in Fig. 5)

Spacer

hsp (mm) θ (˚) ξ (˚) dh,void (mm) ε (–) df1 (mm) df2 (mm) lm1 (mm) lm2 (mm)Name Supplier Code

Diamond_1 Polynet 0126 3.5 85 ~45 6.9 0.73 2.2 2 7.4 7.5
Diamond_2 3.5 85 ~90 6.9 0.73 2.2 2 7.4 7.5
Diamond_3 3.5 85 ~0 6.9 0.73 2.2 2 7.4 7.5
Diamond 1s Delstar 114878 2 88.5 ~45 3.97 0.86 1 1 5.4 5.8
Diamond_30s Delstar 113796 2 60 ~30 3.97 0.81 1 1 4.8 4.8
Diamond_60s 2 60 ~60 3.97 0.81 1 1 4.8 4.8
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temperature polarization in the cold channel was not
taken into account in the definition of TPC, which,
therefore, is a one-sided polarization coefficient.

As it can be seen in Fig. 7(c) and (d), zones with a
low wall temperature and corresponding low heat
transfer coefficient can be recognized just where the
spacer wires are in contact with the TLC surface. In
these zones, heat transfer is purely conductive, thus
resulting in the lowest TPC values and in the highest τ
values (Fig. 7(e) and (f)).

Zones with intermediate heat transfer coefficient
can be observed downstream of the spacer wires: here,
convective transport is poor, presumably because
these zones correspond to recirculation regions where
the fluid vein remains detached. Conversely, immedi-
ately upstream of the filaments, reattachment of the
fluid vein occurs and fluid mixing is enhanced, thus
resulting in higher heat transfer coefficients and lower
τ.

A slightly different behaviour can be observed for
the same spacer at lower flow rate (see Fig. 7): the
three zones mentioned before can be recognized also
in this case, but now they are less defined. This is due

to the fact that at low flow rates, the fluid acquires a
significant velocity component along the wire direc-
tion (inclination of ~45˚) rather than moving only lon-
gitudinally. In the former case, there is a scarce
mixing between the fluid located in the upper layer of
filaments and the one located in the lower one; con-
versely, when the fluid flow rate is increased, the fluid
starts moving up and down, thus enhancing mixing
and leading the value of the heat transfer coefficient
to increase.

In order to confirm this hypothesis, the fluid
behaviour at the two different flow rates was investi-
gated via a visual experiment carried out by injecting
some ink into the test section (Fig. 8). As expected, at
the low flow rate, the ink moves preferentially along
the spacer wire, while at the high flow rate, the ink
moves more longitudinally which leads to a much lar-
ger dispersion degree.

Notably, in both cases, the presence of the filament
layer not in contact with the TLC surface does not
appear to significantly affect the temperature distribu-
tion field on the TLC surface: a very small effect can
be observed only at the lower flow rates.

Fig. 6. Diamond_1 configuration at high flow rate: (a) Polynet Diamond spacer orientation; (b) acquired snapshot; (c)
temperature distribution colour map (˚C); (d) Heat transfer coefficient distribution colour map (W m−2 K−1); (e) temperature
polarization coefficient colour map (–); (f) efficiency loss coefficient colour map (–). Qh = 170 l/h (Re = 590); Th_mean = 40.4˚C;
Tc_mean = 22.1˚C.
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As already reported for the case of the
Diamond_1 configuration, also for the Diamond_2
configuration (ξ = 90˚, i.e. flow orthogonal to the fila-
ments in contact with the active wall), three different
zones can be identified as shown in Fig. 9: a low
heat transfer region where the spacer wires touch
the TLC sheet, an intermediate heat transfer region
downstream of the filaments where fluid velocity is

low due to detachment of the fluid vein, and a high
heat transfer region immediately upstream of the
filaments where the fluid hits the filament and the
fluid vein reattaches, thus promoting mixing. As a
difference from the Diamond_1 configuration perfor-
mance at a similar flow rate (see Fig. 6), in this case,
lower hh and TPC were found, thus suggesting that
the symmetric ~45˚ spacer orientation (Diamond_1

Fig. 7. Diamond_1 configuration at low flow rate: (a) temperature distribution colour map (˚C); (b) heat transfer
coefficient distribution colour map (W m−2 K−1); (c) temperature polarization coefficient colour map (–); (d) efficiency loss
coefficient colour map (–). Qh = 40 l/h (Re = 135); Th_mean = 39.4˚C; Tc_mean = 22.1˚C.

Fig. 8. Snapshots of the test section during the injection of some ink at two different flow rates: (a) Re = 135 and
(b) Re = 590.
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configuration) could be more efficient than the ~90˚
one (Diamond_2 configuration).

The results relevant to the Diamond_3 configura-
tion (ξ = 0˚, i.e. flow parallel to the filaments touching
the active wall) are reported in Fig. 10. In this case,
only two zones can be recognized, a low heat transfer
zone where only conductive heat transfer occurs and
an intermediate–high heat transfer region. This is not
surprising since the fluid touching the TLC sheet
moves parallel to the filament array without encoun-
tering any obstacle, thus resulting in a lower mixing
and in a higher τ value with respect to the other two
spacer orientations.

3.1.2. Delstar diamond spacer with ξ = ~45˚

The Delstar diamond spacer is characterized by a
lower filament diameter and pitch than the Polynet. It
is also more irregular (e.g. filaments are not perfectly
cylindrical). In Fig. 11, the results relevant to the 45˚
orientation (Diamond_1s configuration) are reported.
In this case, the contact areas between TLC sheet and
spacer wires are less regular and less continuous due

to spacer’s irregularity. In particular, minimum hh
values were found in the points where the two fila-
ment arrays (the upper and the lower one) intersect.
As a difference from the Polynet spacer, here, the fila-
ment array not in contact with the TLC surface
appears to affect the temperature distribution.

Intermediate heat transfer coefficients were found
about in the middle of the spacer mesh, while the
highest values of hh are located in the zones where the
fluid passes between the active wall and the filament
array not touching it: the restricted cross section due
to the presence of the opposite filament array causes
the fluid velocity to increase, thus (i) enhancing the
heat transfer rate and (ii) reducing the efficiency loss
coefficient.

3.1.3. Delstar diamond spacer with ξ = ~30–60˚

This second spacer supplied by Delstar is very
similar to the previous one. The main difference con-
cerns the different angle between the two filament
arrays: as reported in Table 1, the two wire arrays
form angles of 60˚ and 120˚. In the Diamond_30s

Fig. 9. Diamond_2 configuration: (a) Polynet Diamond spacer orientation; (b) acquired snapshot; (c) temperature distribu-
tion colour map (˚C); (d) heat transfer coefficient distribution colour map (W m−2 K−1); (e) temperature polarization coef-
ficient colour map (–); (f) efficiency loss coefficient colour map (–). Qh = 153 l/h (Re = 530); Th_mean = 40.3˚C;
Tc_mean = 21.6˚C.
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configuration, the angle between the main flow direc-
tion and the wires is 30˚. The results relevant to this
spacer-filled channel configuration are reported in
Fig. 12. As already discussed in the former section, the
Delstar spacers are quite irregular, thus resulting in a
discontinuous contact between wires and TLC sheet:
also in this case, minimum T1 and hh values were
found only in the points where the wire arrays inter-
sect (Fig. 12(c) and (e)). In this case, the distribution of
wall temperature and derived quantities is more com-
plex and difficult to interpret than in the previous
case, probably due to the irregularity of the geometry.
At the same time, heat transfer appears to be more
effective than in all the previous cases (Fig. 12(f)).

Concerning the other orientation of this spacer
named Diamond_60s configuration, a particular
behaviour was found. As it can be seen in Fig. 13(c)
and (f), both the T1 and the τ colour maps show clear
hexagonal regions where heat transfer is not effective.
This singular temperature field is difficult to be corre-
lated to the spacer features; it is likely to be the result
of the complex 3-D flow field taking place within this
specific configuration. Heat transfer appears favoured

within each of these hexagonal structures, thus sug-
gesting the existence of good mixing conditions in
these regions. The very low values of the efficiency
loss coefficient (Fig. 13(f)) highlight the very promising
performance of the present configuration.

Summarizing, it can be stated that the present tech-
nique is able to capture the different thermal behav-
iour exhibited by each spacer-filled channel
configuration highlighting how the spacer can dramat-
ically modify the fluid flow field and the correspond-
ing local temperature on the TLCs surface. A
comparison among all the configurations investigated
is reported in the following section.

3.2. Comparison among spacer-filled channels

First of all, the fluid dynamic behaviour of the
spacer-filled channels tested will be discussed, with
special reference to the dependence of the Fanning
friction factor on the Reynolds number. Coherently,
with the definition of the Reynolds number (Eq. 3),
the friction factor was defined as:

Fig. 10. Diamond_3 configuration: (a) Polynet Diamond spacer orientation; (b) acquired snapshot; (c) temperature distri-
bution colour map (˚C); (d) heat transfer coefficient distribution colour map (W m−2 K−1); (e) temperature polarization
coefficient colour map (–); (f) efficiency loss coefficient colour map (–). Qh = 159 l/h (Re = 553); Th_mean = 39.5˚C;
Tc_mean = 21.7˚C.
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f ¼ DP
l

dh;void
2qu2void

(6)

In this way, all the spacer-filled channels can be com-
pared to the corresponding empty channels of the
same height and mass flow rate, thus highlighting
how each spacer modifies fluid flow and transport fea-
tures [16].

Results are reported in Fig. 14. All the configura-
tions tested but the Diamond_60s exhibit similar f
versus. Re trends. The different behaviour of the
Diamond_60s indicates that this configuration is by far
the most effective in promoting flow separation and
energy dissipation.

In Fig. 15, the comparison among the spacer
configuration concerns the Nusselt number and the
average efficiency loss coefficient. Nu is defined as:

Fig. 11. Diamond_1s configuration: (a) Delstar Diamond spacer orientation; (b) acquired snapshot; (c) temperature distri-
bution colour map (˚C); (d) temperature distribution colour map along with the indication of the spacer wires (˚C); (e)
heat transfer coefficient distribution colour map (W m−2 K−1); (f) efficiency loss coefficient colour map (–). Qh = 158 l/h
(Re = 552); Th_mean = 38.8˚C; Tc_mean = 20.1˚C.
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Nu ¼ hh;mean dh;void
k

(7)

where hh,mean is the mean heat transfer coefficient
provided by the present technique. The comparison
includes also the Nusselt number in an equivalent
channel empty of spacer, for which a value of 5.38
was calculated by analytically solving the

Navier–Stokes and energy equations for parallel flow
in a flat rectangular channel confined by an adiabatic
wall on one side and a uniform heat flux wall on the
other. By observing Fig. 15(a), it can be seen that in
most cases, the dependence of Nu on Re is the stron-
gest at the lowest Re, while it decreases at larger Re:
as reported by other authors ([48,63]), the mixing
enhancement due to the presence of the spacer is lar-
ger at low flow rates, while it decreases at larger flow
rates where the fluid is better mixed also because of

Fig. 12. Diamond_30s configuration: (a) Delstar Diamond spacer orientation; (b) acquired photo; (c) temperature distribu-
tion colour map (˚C); (d) temperature distribution colour map along with the indication of the spacer wires (˚C); (e) heat
transfer coefficient distribution colour map (W m−2 K−1); (f) efficiency loss coefficient colour map (–). Qh = 122 l/h
(Re = 427); Th_mean = 38.2˚C; Tc_mean = 20.2˚C.
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increased inertial effects. The data relevant to each
spacer were fitted by a power law as Nu = a Reb. All
the exponents b were found to be between ~0.5 and
~0.6. Similar exponents (0.55–0.61) were found by
Chernyshov et al. [49] for the case of air gap MD.

Interestingly, for the case of the Diamond_3 config-
uration at the lowest flow rate, a Nu value lower than
the one relevant to the empty channel was found, thus
indicating a detrimental effect of the spacer. As it can
be seen, the Diamond_60s provides the highest Nu at

a given Re coherently with the fact that the corre-
sponding pressure drop is also the highest. Concern-
ing the Polynet spacer, the Diamond_1 configuration
(ξ = 45˚) appears to be the most efficient, while the
Diamond_3 configuration (ξ = 0˚) exhibits the worst
performance. Identical considerations can be inferred
by observing the corresponding data relevant to τ in
Fig. 15(b): the hierarchy of spacer configurations per-
formance observable in Fig. 15(a) is basically reversed
also in Fig. 15(b) (only the Diamond_1/Diamond_1s

Fig. 13. Diamond_60s configuration: (a) Delstar Diamond spacer configuration; (b) acquired photo; (c) temperature distri-
bution colour map (˚C); (d) temperature distribution colour map along with the indication of the spacer wires (˚C); (e)
heat transfer coefficient distribution colour map (W m−2 K−1); (f) efficiency loss coefficient colour map (–). Qh = 38 l/h
(Re = 131); Th_mean = 35.9˚C; Tc_mean = 20.3˚C.
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configuration hierarchy exhibits an inversion due to
the difference in channel height). For instance, also in
this graph, the Diamond_3 configuration provides the
worst results because of a poor convective heat trans-
fer perpendicularly to the TLC sheet. Clearly, as
expected, polarization effects decrease as the flow rate
increases. All these results are in accordance with
those by Shakaib et al. [33] and Gurreri et al. [64] on
diamond spacers: a better spacer performance from
the point of view of heat transfer is obtained when (i)

the fluid flow direction bisects the angle between the
filaments and (ii) the filaments are arranged at about
60˚ with respect to the flow.

It is worth noting that the comparison between the
spacer configuration performances reported in Fig. 15
and just discussed concerns only the heat transfer fea-
tures as functions of the flow rate. Clearly, pumping
power should be also taken into account in order to
establish which is the most promising configuration.
Therefore, as suggested by the literature ([22,26,34]), a
dimensionless power number Pn was used. It is
defined as:

Pn ¼ SPC
q2h4sp
l3

¼ DP
l
uvoid

q2h4sp
l3

¼ 1

8
fRe3 (8)

where SPC is the specific power consumption.
The Nusselt number and the efficiency loss coeffi-

cient τ are reported as functions of the power number
Pn for the spacers investigated in Fig. 16. Clearly, low
τ with low Pn is the preferable condition. As it can be
seen in Fig. 16(a), at a given Pn number, the employ-
ment of a net spacer within the channel guarantees
Nu numbers higher than those relevant to the empty
spacer, thus confirming the soundness of this choice.

Fig. 14. Fanning friction factor as a function of the Rey-
nolds number.

(a)

(b)

Fig. 15. Nusselt number (a) and efficiency loss coefficient
(b) as a function of the Reynolds number.

(a)

(b)

Fig. 16. Nusselt number (a) and efficiency loss coefficient
(b) as a function of the power number.
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However, it is worth observing that such convenience
gradually decreases as Pn decreases (i.e. low Re, high
f): in these conditions, as also shown by Fig. 15(a),
employing a net spacer may be economically disad-
vantageous with respect to a spacerless channel. Since
a spacer is however necessary to support the mem-
brane, for low flow rate applications, it could be more
economically efficient using a spacer constituted by fil-
aments parallel to the main flow direction only.

The τ versus Pn trends reported in Fig. 16(b) con-
firm that the Diamond_3 configuration is the worst
one, probably because of the low velocity components
perpendicular to the TLC sheet. The configurations
where the main fluid direction does not bisect the
spacer wires are confirmed to be less convenient.
Notably, since the dependence of f on Re is very simi-
lar for the various configurations (Fig. 14), analogous
considerations can be inferred from Figs. 15(b) and
Fig. 16(b). The only exception is represented by the
Diamond_60s configuration which exhibited f values
larger than those relevant to the other configurations.

As shown in Fig. 16(b), the τ values exhibited by
the Diamond_60s configuration at a given Pn value
are very similar to those of Diamond_30s; therefore,
the better heat transfer enhancement provided by the
Diamond_60s (with respect to the Diamond_30s) con-
figuration is almost exactly counterbalanced by the
higher pressure drops it generates. Moreover, interest-
ingly the different mesh size of Diamond_1s (with
respect to Diamond_30s and Diamond_60s) provides
larger temperature polarization effects.

Finally, it is worth noting that the geometrical fea-
tures of Delstar spacers inclusive of irregularities guar-
antee, at a given pumping power, reductions of the
polarization phenomena larger than those provided by
the Polynet ones.

4. Conclusions

A novel space-resolved experimental technique
recently proposed by the same authors [58] and
based on the employment of TLCs has been here
adopted to study the heat transfer performance of
some commercial spacers. In particular, different ori-
entations of some Diamond spacers with different
geometrical features were investigated. Experimental
set-up along with operating conditions was chosen
in order to be considered as representative of a
direct contact MD module. Both local and averaged
global data were provided. Notably, the possibility
of performing measurements of local temperature on
the interface between the hot and cold channel

represents a peculiarity of the present technique.
The local information collected has been then used
in order to obtain the distributions of heat transfer
coefficient and temperature polarization on the same
interface. Such local data can be considered as
spacer-specific, and only a few general consider-
ations can be inferred from them:

� the contact area between the spacer wires and
the TLCs sheet provides the lowest heat transfer
coefficient as the heat transfer is purely conduc-
tive;

� such area is much smaller for the case of the
Delstar spacers whose wires are much more
irregular (leaving room for liquid passage);

� when the spacer wires touching the TLCs sheet
are more regular (Polynet spacer case) and not
parallel to the main flow direction, (i) regions of
intermediate heat transfer coefficient can be rec-
ognized downstream these wires (due to fluid
vein detachment), while (ii) high heat transfer
coefficients and low polarizations can be found
immediately upstream the wires (due to fluid
vein reattachment and to the hit of the fluid with
the wire).

It is also worth noting that all the local data col-
lected could be employed as benchmark for the vali-
dation of CFD simulations.

All the local data were averaged in order to obtain
global information and compare spacers’ performance
on the basis of global dimensionless numbers. All the
spacer-filled channel configurations were found to
provide similar dependence of the Fanning friction
factor on the Reynolds number: only the Diamond_60s
provides higher pressure drops probably because of a
higher flow separation. Concerning the heat transfer
features, results suggest that better spacer perfor-
mance can be obtained when (i) the fluid flow direc-
tion bisects the angle between the filaments and (ii)
the filaments are arranged at about 60˚ with respect to
the flow. These findings are in agreement with others
reported in the literature [33], thus suggesting a good
reliability of the present technique. Finally, the results
relevant to fluid dynamics and heat transfer were
combined in order to find the most economically
advantageous (among those investigated in the pres-
ent work) spacer configuration. In this regard, the geo-
metrical features of the Delstar spacers inclusive of
irregularities were found to provide reductions of the
polarization phenomena larger than those provided by
the Polynet ones at given pumping costs.
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Notation
df — spacer filament diameter (m)
dh — hydraulic diameter (m)
f — fanning friction factor (–)
h — heat transfer coefficient (Wm−2 K−1)

hsp — spacer thickness (m)
k — thermal conductivity (Wm−1 K−1)
l — distance between the first and the last

pressure taps (m)
lm — spacer mesh length (m)
P — pressure (Pa)
ΔP/l — pressure drops for unit length (barm−1)
Nu — nusselt number (–)
Pn — power number (–)
Q — flow rate (m3 s−1 or l h−1)
Re — reynolds number (–)
SPC — specific power consumption (Nm−2 s−1)
T — temperature (˚C)
TPC — temperature polarization coefficient (–)
u — velocity (m s−1)
Greek letters
ε — spacer porosity (–)
μ — viscosity (Pa s)
ρ — density (kgm−3)
θ — angle between crossing filaments (˚)
τ — efficiency loss coefficient (–)
ξ — angle between main flow direction and the

filament array touching the TLS sheet (˚)
Subscripts
c — cold channel
h — hot channel
TLC — thermochromic liquid crystal
p — polycarbonate
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