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ARTICLE INFO ABSTRACT

Keywords: Temperature polarisation (TP) is a major drawback limiting the global acceptance of membrane distillation (MD)
Temperature polarisation technology. TP is typically quantified using a dimensionless index known as Temperature Polarisation Coefficient
Temperature profile

(TPC). TPC has significant limitations, whereby it cannot be used to compare different MD configurations or
design conditions, nor to analyse the TP phenomenon along the membrane. In this research, the temperature
profile over and along a lengthy DCMD membrane has been measured under various operational conditions,
where its impact on TP has been explored for the first time. A specialised DCMD membrane cell was manu-
factured to capture temperature profiles, both along and over the membrane surfaces, using miniature ther-
mocouples. The effects of flow rate and feed temperature were investigated on the temperature profiles. The
results showed that the extent of TP was not constant along the membrane, and that the temperature profile was
not symmetrical across the feed and permeate side, predominantly due to the effects of the inlet and outlet on the
flow. The TPC value calculated using the conventional method was not able to accurately reflect the TP phe-
nomenon along the membrane, indicating TPC to be an ineffective tool to study TP along the membrane.

Membrane distillation
Surface temperature

in Kelvin.

The effect of TP causes a difference in temperatures between the
localised bulk feed and its corresponding membrane surface, which re-
sults in the formation of a non-isothermal boundary layer in the vicinity
of the hydrophobic membrane. The term localised bulk refers to the fact
that the bulk temperatures of both feed and permeate will change when
the fluid moves along the membrane; hence, producing different
‘localised bulk’ temperatures along the membrane. For direct contact
membrane distillation (DCMD), TP happens at both the feed and
permeate sides. At the feed side, the temperature at the membrane
surface is lower than that of the bulk feed temperature, due to the
cooling effects of evaporation and heat loss resulting from membrane
conduction. Accordingly, the membrane surface temperature at the
permeate side is higher than its bulk temperature, as the hot water
vapour condenses at the vicinity of the membrane surface due to
absorbed heat via the membrane. These occurrences reduce the vapour
pressure difference across the membrane, thereby significantly reducing
the driving force of the MD system [5]. For this reason, membranes with
low thermal conductivity are preferred for long membrane modules [6].

1. Introduction

Membrane distillation (MD) has been characterised as an energy-
intensive process, one only favoured when used in combination with
solar energy or waste heat [1,2]. The main hindrances of the MD process
are its: temperature polarisation (TP), concentration polarisation
(boundary layers formation), membrane conductivity (heat transfer
through conduction of membrane), membrane wetting, scaling and
fouling [3]. In MD systems, TP is a key cause of flux reduction. Ac-
cording to Abu Zeid et al. [4], 50-80% of the driving force in the MD
process is wasted due to the TP phenomenon. This is because, according
to the Antoine Equation (1), the vapour pressure is exponentially related
to the temperature. Consequently, any changes in the temperature will
have a major impact on the driving force of the system, as illustrated by:

@

P,, =exp (23‘237 — 34812)

T —45

where, P, is the vapour pressure for pure water and T is the temperature
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Nomenclature

Pow Vapour pressure for pure water

T¢ Bulk temperature of feed side

T, Bulk temperature of permeate side

Tif Temperature at the membrane interface (surface) of the
feed side

Tip Temperature at the membrane interface (surface) of the
permeate side

h¢ Convective heat transfer coefficient of feed solution

hp Convective heat transfer coefficient of permeate
solution

Re Reynolds Number

Dy, Hydraulic diameter of the rectangular duct

v Kinematic viscosity

Vavg Average flow velocity

TP Temperature Polarisation

TPC Temperature Polarisation Coefficient

MD Membrane Distillation

DCMD  Direct Contact Membrane Distillation

VMD Vacuum Membrane Distillation

AGMD  Air Gap Membrane Distillation

SGMD  Sweeping Gas Membrane Distillation

In 1987, Schofield [7] introduced a dimensionless parameter, known
as Temperature Polarisation Coefficient (TPC), to quantify the effects of
TP. They defined TPC for a DCMD module as given in Equation (2),

rre=1r—Tv @)
T, —T,

where Tyand T, are the bulk temperatures of the feed and permeate sides
respectively, and Tjrand Tj, are temperatures at the membrane interface
(surface) of the feed and permeate sides, respectively. Hence, TPC values
can vary between 0 and 1. TPC reaches a value of 0 when the effect of TP
is high, and the TP is minimised when the TPC value is close to 1. For
DCMD modules, TPC values are commonly in the range of 0.4-0.7 [8].
This definition has been widely accepted by many researchers for the
DCMD configuration [5]. Similarly, TPC has been also defined for other
MD configurations (i.e., VMD, AGMD, SGMD) [9-14].

Generally, TPC is calculated by measuring bulk temperatures at the
inlets, by using external thermocouples [15], and estimating surface
membrane temperatures by interpolations and iteration using heat and
mass transfer equations [5,16]. However, due to conductive heat losses,
it is expected that the temperature drops from the feed inlet to the feed
outlet, in addition to temperature increasing from permeate inlet to
permeate outlet. Therefore, estimating a single value for surface tem-
perature is inaccurate, especially for a long membrane module. Identi-
fying this imprecision, Manawi et al. [16] have developed a model to
predict intermediate temperature along the membrane, as a means to
calculate local TPC values along the membrane rather than using a single
conventional average TPC value. They claim that the flux calculations
from their model using localised TPC are closer to experimental results
than the conventional method. Using this predictive model, TP
decreased with decreasing the feed temperature, increasing the
permeate temperature and increasing flow rate. These findings are
compatible with trends found using conventional TPC calculations [17].

Although, in the literature, there are numerous studies that investi-
gate the TP phenomenon using Computational Fluid Dynamics (CFD)
[18-20], only a few studies [21-23] have investigated the TP phe-
nomenon by estimating surface temperature empirically. To study the
local TP phenomenon along the MD module experimentally, Tamburini
et al. [21] have used a non-invasive technique combining
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colour-changing crystals (Thermochromic Liquid Crystals (TLCs)) and
digital image analysis [21]. The experimental setup did not include a
real membrane, where rather, the membrane properties were carefully
simulated using TLC sheets and a polycarbonate layer. Applying this
technique, they were able to investigate the variation of surface tem-
perature along the membrane, local TPC and local heat transfer co-
efficients. The best geometrical features for spacers were determined
accordingly. Santoro et al. [22] used two optical techniques to monitor
the temperature of the membrane surface and the bulk temperature.
PVDF Electrospun nanofibrous membranes were doped with Ru(phen);
in order to monitor surface temperature changes along the membrane.
The bulk temperature variation was monitored using an IR camera. The
bi-dimensional maps of membrane surface temperatures for both feed
and permeate sides were plotted accordingly. Within their experiment,
they observed that the bulk temperatures of both feed and permeate
across the inlet and outlet were only varied by approximately 2 °C.
However, the change in surface temperatures along the membrane was
considerably greater, by multiple folds. It is worth noting here, that only
results for one operating condition were reported in this research, where
no comparison between different operating conditions against surface
temperature or local TPC was determined.

TPC has also been quantitatively evaluated by Ali et al. [23], using
16 thermocouples located at specific locations. At the feed side, four
thermocouples were positioned at the membrane surface along the
membrane, and the other four thermocouples were used to measure the
localised bulk temperature. This arrangement was duplicated at the
permeated side with the remaining 8 thermocouples. Although mea-
surements were made at 4 locations in the study to determine local TPCs,
local TPC variation along the membrane was ignored in the analysis,
while ‘average TPC’ values were reported. The authors concluded that
the average TPC increases with increasing Re number.

Within the literature to date, the majority of research studies have
applied the conventional TPC definition to analyse the TP phenomenon,
even though the global definition of TPC is known to be inadequate.
Surprisingly, there is a lack of attention in the literature deviating from
the dependency on TPC values when studying the TP phenomenon. This
research proposes a unique method for experimentally building a tem-
perature profile perpendicular to the membrane, to move away from the
dependency on TPC values to study the TP phenomenon. Highly sensi-
tive and accurate miniature thermocouples are placed near the mem-
brane surface (0.3 mm) to measure temperature along the membrane for
both feed and permeate sides. The temperature difference across mem-
brane is a good indicator of the magnitude of the driving force for water
production. This research quantifies the TP phenomenon by analysing
the temperature difference between the measured localised bulk and
respective surface temperatures. Unlike most studies in the literature
that have estimated an overall TPC for MD systems, this research will
analyse the TP phenomenon along the membrane. Additionally, this
paper will study how temperature profile, i.e., the TP phenomenon, will
behave when the flow rate is increased, as increasing the flow rate is the
most common technique used to mitigate TP [5]. The feed temperature,
one of the important operating parameters that influences the permeate
flux of MD systems, will be also investigated against the temperature
boundary layer formation. The effects of other operating conditions (i.e.,
feed salinity, permeate temperature and flow orientation) will be
investigated in our future studies.

Studying temperature profiles and their behaviour, with varying
operating conditions, will give in-depth knowledge of TP behaviour.
This study could help in developing better techniques to mitigate TP
effectively and economically. As TP is one of the key limitations of MD
systems, its mitigation is an essential step in the global acceptance of MD
systems. Accordingly, the results of this study can help navigate the
future trajectory of scientific and commercial studies on MD systems.
The results obtained can be utilised for choosing the optimised designing
and operating parameters that minimise the TP phenomenon for the
effective design and operation of future DCMD cells.
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2. Experimental setup

The general layout of the overall DCMD setup is shown in Fig. 1. A
membrane module with a high membrane length-to-width ratio was
manufactured to investigate the TP phenomenon along the membrane.
(Fig. 2). The feed and permeate compartments were built using poly-
carbonate sheets, as they withstand high temperatures and have trans-
parent properties. A commercial PTFE membrane (Memsift Innovation
Singapore, Table 1) with active surface area of 0.026 m? (650 mm x 40
mm) was sandwiched between the feed and permeate compartment. No
mechanical support was used. as the application of mechanical support
has been reported to interfere with the surface temperature of mem-
branes in DCMDs [16,24]. The overall height of the feed/permeate
compartment was 7 mm.

Two recirculating heater/chiller (Across International, 10-99 °C.)
were used to circulate the feed and permeate water, and to maintain
their inlet temperatures accordingly. The flow rates and inlet bulk
temperatures on both sides were measured by two compact magnetic
flowmeters (SM6020, IFM), as shown in Fig. 1. The magnetic flowmeters
were used, as they provide the least resistance to the flow. SM6020s can
read low flow rates from 0.05 + 0.02 L/min, while temperatures within
the range of -20—90 °C + 0.1 °C can be measured. To measure the
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outlet temperature, mineral-insulated thermocouples (k-type) with a
measurable continuous temperature range of 0-1100 °C were used. The
recirculating heater, also used as the feed tank, was placed on a mass
scale (Adam GFK 75H), with a minimum readability of 1 g, to record the
loss of feed mass during operation. Mass scale measurements were data
logged in real-time every minute. In addition, the salinity of the feed was
fixed at a brackish water level (i.e., 3 g/L) before the commencement of
each experiment.

The temperature readings to generate temperature boundary layer
were measured at points A, B, C and D along the centre of the membrane,
as shown in Fig. 3. Six miniature thermocouples of 0.5 mm diameter (TC
Measurement & Control, —185 to +300 =+ 0.1 °C) were grouped at each
point to generate the temperature profile and the readings were recor-
ded by a temperature data logger (Fig. 1). The disturbance caused
locally by the miniature thermocouples is negligible compared to the
active membrane area. The thermocouples were arranged in an oval
shape (Fig. 3), and care was taken to maximize the separation between
each thermocouple. Ample distance was maintained between each
point, namely A, B, C, and D, to ensure that the disturbances caused by
adjustable points were negligible. The temperature data logger (Lutron
BTM-4208SD) was set to record the temperature every second.

The closest thermocouple to the membrane surface was placed 0.3

Recirculating heater

| o pomsseesesd e g
O —ote)

Pump I

[ Placed on mass scale |

Feed side

Permeate side

; |
6 Flow meter I"_‘

I Pump

Permeate
tank

Recirculating chiller

Recirculating
chiller
embedded with
permeate tank

Thermocouples
to capture the
temperature
profile

| Flowmeter | | DCMD Cell |

Recirculating
heater
embedded
with feed tank

Data logger automatically records
the temperature measurements

Fig. 1. Overall schematic layout of the DCMD experimental setup (top). The feed cycle is represented with red lines and permeate cycle is represented with blue
lines. The picture of the established DCMD setup (bottom). The thermocouples attached measure the temperature profile at different points along the membrane cell.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Polycarbonate
feed compartmen

Membrane

Active
Aﬂbrane area

=~ 650mm x 40mm
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Inlet/outlet
Rubber

Polycarbonate
permeate
compartment

Fig. 2. DCMD cell specially designed for this experiment with the feed and permeate compartment sandwiching the hydrophobic PTFE membrane. Assembled view
of the DCMD cell (top right). In the global coordinate system used in this paper, the origin is placed on the membrane (bottom left).

Table 1
Membrane properties as provided by the commercial supplier (Memsift
Innovation).

Item Parameter Unit
Membrane material PTFE -
Support layer PET -
Average pore size 0.22 pm
Average thickness 150 pm
Contact angle 130 + 4 deg
Liquid entry pressure of water (LEPw) >300 kPa
Mazx-continuous operating temperature 80+1 °C

mm away from the membrane at each point. The next five thermocou-
ples were placed consecutively at 0.25-1.5 mm away from each other,
after which their exact distance from the membrane surface was recor-
ded (Fig. 3). The intent was to place the thermocouples closer to the
membrane in order to accurately capture critical temperature changes
and to avoid interference from the feed/permeate compartment wall.
The positioning of the six thermocouples of each set was not the same for
all four points of A, B, C and D due to practical difficulties. At each point
(A, B, C and D), the set of six thermocouples was passed through a
thermocouple position holder (Fig. 3), consisting of a sealant, a follower,
and a vacuum sealant, which served to hold the thermocouples in po-
sition and prevent any leakages. Due to their thin diameter (0.5 mm) and
complex path, the thermocouples were prone to slight bending and
movement, making it extremely difficult to replicate the exact posi-
tioning to any other set of six thermocouples. As the goal of the research
was to capture the temperature profile at each point A-D, the vertical
distance from the membrane was normalized to facilitate comparison of
results.

Temperature readings were measured initially at the feed side, after
which the experiments were repeated to take measurements from the
permeate side. As the membrane did not have any mechanical support
(to avoid interference with sensitive temperature readings), the feed and
permeate flow rates were kept the same for each operating condition, in
order to minimise membrane warping and to prevent the membrane
from moving from its original position. Typically, in the literature, the
feed flow rate or the permeate flow rate has been varied while the other
flow rate is kept constant. However, due to the high sensitivity of this
system to the relative position of thermocouples to the membrane, both

flow rates were varied at once, and kept the same for varying flow rates
experiments.

Before any measurements were recorded, the system was allowed
ample time to stabilise. The experiments were then conducted for 40
min. All the experiments were carried out under counter current mode,
meaning that point A (X/L = 0.24) (Fig. 3a) was closest to the feed inlet
and furthest to the permeate inlet.

Table 2 summarises the operating conditions used in this paper. The
first set of experiments was carried out for varying flow rates of feed and
permeate. The feed and permeate temperatures were fixed at 55 °C and
25 °C, respectively. A feed salinity of 3 g/L NaCl was used for all ex-
periments. The flow rates varied from 0.3 L/min to 2.8 L/min with a 0.5
L/min variation. The lower critical Reynolds number (laminar to tran-
sient flow) was considered as 2000 and the higher critical Reynolds
number (transient to turbulent flow) is considered as 4000 [25]. Based
on this definition, this research speculated the overall flow condition
(whether it was laminar, transient or turbulent). However due, to the
close proximity of the flow inlets and outlets, the flow conditions
(laminar, transient or turbulent) may vary along the membrane. Future
research could investigate the local variations in flow velocity along the
membrane.

The flow channel is considered as a rectangular duct with a width
and height of 40 mm and 7 mm, respectively. The Reynolds number (Re)
is calculated using equation (3) and presented in Table 3 [25].
Re=Yers * Do ®)

v
where Dy, is the hydraulic diameter of the rectangular duct, v is the ki-
nematic viscosity [26] and Vayg is the average velocity.

The second set of experiments was carried out for varying feed
temperatures. From the first set of experiments, it was evident that
choosing a flow rate with a low Re number was the best option to analyse
the TP phenomenon with varying feed temperatures (Section 3.7).
Hence, a flow rate of 0.5 L/min was fixed at both the feed and permeate
sides of the module. The permeate temperature and feed salinity were
fixed at 25 °C and 3 g/L, respectively. The feed temperature was varied
from 35 °C to 75 °C, with an increment of 10 °C. Accordingly, each
experiment has been labelled as feed temperature (°C)_permeate tem-
perature (°C)_flow rate (L/min). For example, 55 °C_25 °C_0.8 L/min
represents a feed temperature of 55 °C, permeate temperature of 25 °C
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X/L=0.89
X/1=0.76
X/L=0.5
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0.5mm thermocouples

Thermocouple
holder

Fig. 3. a) Inner top view of Feed/Permeate compartments with relative dimensions along the membrane (top) and b) a representation of how the thermocouples are
arranged perpendicular to the membrane (middle)) c¢) bottom view of the thermocouple holder showing the arrangement of the six thermocouples at each point (A,B,

C or D) (bottom).
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Table 2
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Operating conditions applied. The first set of experiments was carried for varying flow rates (0.3-2.8 L/min) and the second set of experiments for varying feed

temperature (35 °C-75 °C).

Parameters Feed temperature (°C) Permeate temperature (°C) Salinity (g/L NaCl) Flow rate (L/min)
1st set of experiments 55 25 3 0.3 to 2.8 with 0.5 L/min increments
2nd set of experiments 35 to 75 with 10 °C increments 25 3 0.5

Table 3

The Reynolds number calculated for the feed and permeate sides for the first and
second sets of experiments. The flowrates at feed and permeate sides were kept
equal for each experiment.

First set of experiments: varying flow rates. (Constant parameters: feed temperature =
55 °C, permeate temperature = 25 °C and salinity = 3 g/L)

Varying flow rates (L/min) 0.3 0.8 1.3 1.8 2.3 2.8
Re number (Feed side 414 1104 1794 2484 3174 3864
Re number (Permeate side) 236 629 1022 1415 1808 2200

Second set of experiments: varying feed temperature. (Constant parameters: permeate
temperature = 25 °C, flow rates = 0.5 L/min and salinity = 3 g/L)

Varying feed temperature (°C) 35 45 55 65 75
Re number (Feed side) 486 585 690 799 911
Re number (Permeate side) 393 393 393 393 393

and a flow rate of 0.8 L/min at both sides of the membrane.
3. Results and discussion
3.1. Temperature profiles along the membrane

Fig. 4 shows the average temperature recorded perpendicular to the
membrane for different positions along the membrane for the operating
conditions of 55 °C_25 °C _0.8 L/min. According to the coordinate sys-
tem (Fig. 2), Z/H represents the relative positioning perpendicular to the
membrane, while X/L represents the relative positioning along the
membrane (L = 650 mm and H = 7 mm). In this paper, the terminologies
along and across the membrane are used concerning the x-axis and z-axis,
respectively. The temperature difference between the closest and
furthest points to the membrane (Z/H) represents the extent of the TP.
Accordingly, the higher the difference, the greater the TP effect. The
gradient of the graph represents the rate at which the temperature
changes, whereby the steeper the slope, the higher the polarising effects

55
.
45
40

Average Temperature/°C

in that region.

At the feed side, the temperature of the feed solution is the lowest
closest to the membrane surface. This is because of the cooling effects of
evaporation when the water vapour moves across the membrane from
the feed side to the permeate side. For all points (A, B, C and D), the
majority of the polarisation happens closest to the membrane surface (Z/
H < 0.4). The steepness of the gradient lowers away from this point (Z/
H > 0.4), where the temperature asymptotes towards the localised bulk
value. One of the ways to mitigate the effects of TP is to increase the
convective heat transfer coefficient(s) (hy and hy) by enhancing the
turbulence and mixing of the solution [5]. Point A experiences the
highest disturbance/mixing due to the inlet effect of the flow, which
enhances convective heat transfer (also referred to in section 3.7).
Therefore, Point A (X/L = 0.24) has the lowest TP effects, as this is
closest to the feed inlet. Midway in the channel (Point B), the TP be-
comes more significant than at Point A, while Point C has the highest TP
effects. Points C and D have a much similar temperature profile patterns.
However, it was observed in some other experiments with different
operating conditions that Point C had a slightly higher TP than Point D
(Figs. 12 and 13). This is because Point D is the closest measured point to
the feed outlet, whereby the outlet effects on the feed flow affect the
temperature profile.

The average temperature decreases when moving from Points A to C
at the feed side. This may be due to heat losses by membrane conduction
as the TP effects increase along the membrane. The temperature profile
is not substantially developed, whereby TP is not significant at Point A.
Then, the temperature profile develops along the membrane, whereby
the TP effects become more dominant. Observing the temperature pro-
file development, it can be speculated that the temperature profile
development along the membrane behaves similarly to the temperature
profile development for a hot fluid moving along a cold flat surface. The
temperature profile slowly develops along the fluid flow path until it
fully develops at a specific point along the flat surface [27,28]. However,
these two occurrences are different in concept because in MD systems

—s—Point A (X/L=0.24)

—+—Point B (X/L=0.5)

0.2 0.4 0.6 0.8 1

Point C (X/L=0.74) Point D (X/L=0.89)

Fig. 4. The average temperature recorded for 55 °C _25 °C _0.8 L/min at different locations along the membrane for a counterflow operation. Point A is closest to the

feed inlet, point B is the midpoint and point D is closest to permeate inlet.
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mass transfer occurs through the membrane. Points C and D have very
similar profiles, where it appears that the temperature profile has fully
developed at Point C. However, it is difficult to conclude that the tem-
perature profile has been fully developed at Point C, as the feed outlet
might also influence the temperature profile at Point D. Therefore, it
would be interesting to examine how the profiles would behave with
longer membrane modules and without the influence of the outlets.

According to a numerical study [6] on long membrane modules, for a
module length of 5000 mm at the feed side, their result shows, closer to
the inlet (length <500 mm) the difference between the surface tem-
perature and bulk temperature increases. Then, for a given module
length (500 mm-1500 mm), the temperature difference between the
surface and bulk remains almost constant and then the temperature
difference starts reducing (length >1500 mm). This is consistent with
the results obtained along the membrane in this research. The temper-
ature difference between the surface temperature and localised bulk
increases (From Point A to C) closer to the inlet and then remains nearly
constant (From Point C to D). In this research, the declination of the
temperature difference was not observed as the module used is smaller
in size (L = 650 mm). However, Ali et al. [6] had a different trend in the
permeate side compared to the feed side. In their study, at the permeate
side, the surface and bulk temperature differences remain constant and
minimal, and no development of temperature profile was projected.
Additionally, the rate of temperature drops along the membrane for both
the surface and bulk decreased when the module length was increased
(5000 mm, 10 000 mm and 20 000 mm module lengths), though, the exit
temperature were almost the same, under same operating conditions.
Accordingly, when the MD module length increases the overall TP de-
creases. In the same research, Ali et al. [6] states that, in relation to the
process performance, the feed velocity is the strong operating condition
that determines the optimum module length. Feed temperature and
membrane thickness also are vital parameters when determining the
optimum module length.

At the permeate side, the same trend can be observed but from the
opposite direction, as this system operates in counterflow mode. Point A
has maximum temperature profile development as it is the furthest point
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from the permeate inlet. Another reason for this development is that at
Point A of the feed side, the surface temperature (Tj) is the highest
recorded, which induces a higher polarisation at the permeate side.
Points C and D have almost the same temperature profiles and the least
TP effect, as they are closest to the permeate inlet. The similarity in the
temperature profiles of Points C and D are more profound at the
permeate side than at the feed side. This indicates that the effect of inlet
on the TP development is more impactful than the effect of the outlet.
Further, same as the feed side, the highest impact of TP (Z/H < —0.4)
occurs closest to the membrane.

3.2. Effect of flow rates on the temperature profile

In this section, the focus is on the behaviour of the temperature
profiles along the membrane for varying flow rates. As noted earlier, the
flow rate of both the feed and permeate sides were kept equal for each
experiment. The feed and permeate temperatures were fixed at 55 °C
and 25 °C, respectively.

Fig. 5 shows that the temperature difference between the localised
bulk and respective surface temperatures decreased when the flow rate
increased for all points along the membrane. This proves that the TP is
minimised when the Re number increases. When the Re number is
increased, the turbulence activities are increased, whereby there is
higher mixing in the vicinity of the membrane surface. This creates
better convective heat transfer, which results in the temperature at the
membrane surface moving closer to the localised bulk temperature [29,
30].

Temperature polarisation is sensitive at low Re numbers, whereby
any variation in the flow rate at a low Re number results in a significant
change in the temperature profile. The temperature profile experienced
the most significant impact when the flow rate was changed from 0.3 L/
min to 0.8 L/min, as depicted in Fig. 5. This alteration exerted a greater
influence on the temperature distribution compared to other variations
in flow rate. This indicates that changes in flow rates have a more
notable impact on temperature distribution in the initial stages of
laminar flow. Further to this, Ali et al. [23] have identified these
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sensitivities using TPC calculations where TPC had steeper gradients
against Re at low Re numbers. However, Manawi et al. [16] have re-
ported a linear relationship between the Re and TPC values.

Besides this, for all cases of different flow rates, the effects of the inlet
and outlet also influenced the temperature profile along the membrane
for both the feed and permeate sides, as discussed in the previous section
(Section 3.1). When the flow rate approaches the turbulent region (i.e.,
flow rates >2.3 L/min) the TP was least significant and was negligible at
Points C and D at the permeate side. Therefore, when designing a DCMD
module, it is not a bad assumption to neglect the TP effects for smaller
membrane modules (<15 cm) operating in the turbulent mode. Sha-
fieian et al. [31] have also recommended that flow rate should be
operated near/at the turbulent region for higher water productivity.

3.3. Surface temperature along the membrane for varying flow rate

The closest thermocouple was placed 0.3 mm away from the mem-
brane surface, where measurements from the closest thermocouple are
considered as the surface temperature in this research. The surface
temperature for different points along the membrane for varying flow
rates is shown in Fig. 6. Along the flow direction, the surface tempera-
ture decreased at the feed side and the surface temperature increased at
the permeate side. This is because of the cooling effects of evaporation
and heat losses due to membrane conduction as explained in Section 3.1.
There is almost a linear change in the surface temperature along the
membrane from Point A to Point C. However, Points C and D have
similar surface temperatures due to Point D being closer to the feed
outlet and the permeate inlet (Section 3.1).

Overall, the feed and permeate sides have similar temperature dif-
ferences along the membrane, although in all cases the permeate side
had a slightly higher temperature difference than the feed side. Between
the feed and permeate sides, the highest discrepancy in temperature
difference along the membrane was recorded for the flow rate of 0.3 L/
min, which was also the maximum temperature difference along the
membrane recorded among varying flow rates (Fig. 6). From Point A to
Point D (422 mm apart) the temperature differed by 8.7 °C and 10.1 °C
at the feed side and permeate side, respectively.

Residence time is defined as the ratio of the length of the channel to
the flow velocity [32]. When the flow rate increases, the residence time
shortens. This results in a fixed amount of fluid moving along the
membrane in a short time. Consequently, when the flow rate is increased
(i.e., decreased residence time) the change in surface temperature along
the membrane decreases (Fig. 6). The surface temperature starts close to
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the inlet temperature for both the feed and permeate sides, and then the
change in surface temperature is influenced by the flow rate. When the
flow rate gets to near turbulence state, the change in surface tempera-
ture is minimal. From the results, it can be inferred that the shorter the
membrane modules, the more effective the system is when operated at a
low Re number.

Experimenting with a flow rate of 0.3 L/min at the feed side (Fig. 6),
resulted in the average surface temperature dropping to 40.2 °C at Point
C from the inlet feed temperature of 55 °C. This high change in tem-
perature can be attributed to two reasons: heat loss due to membrane
conduction, and temperature profile (TP) development along the
membrane. The consequences of both these adverse factors are preva-
lent at point C (X/L = 0.76) resulting in a high change in surface tem-
perature. Similarly, at the permeate side, the average surface
temperature at Point A increased to 37.8 °C from the inlet permeate
temperature of 25 °C. High changes in surface temperatures have also
been reported by Santoro et al. [22] for the operating condition of
60 °C_18-19 °C_0.2 L/min. They reported that the surface temperature
dropped approximately by 20 °C and 18.4-19.4 °C from their bulk
values at the feed and permeate sides, respectively. In both studies, the
changes in bulk temperature from the inlet and outlet were lower than
the surface temperature along the membrane.

According to a CFD modelling [33], the surface temperatures can be
enhanced by reducing the flow compartment height, as the surface
temperature approaches the bulk temperatures due to decrease in flow
channel. Consequently, the permeate flux increases as the effects of TP
are lowered. In future studies, these observations from the simulations
can be validated by capturing temperature profiles using thermocouples,
as introduced in our study.

3.4. Effect of feed temperature on the temperature profile

This section looks at the effect of feed temperature on the tempera-
ture profile and TP. When the feed temperature was increased, the TP is
increased for all points (A, B, C and D) as the temperature difference
between the localised bulk and respective surface temperatures at that
point increases according to Fig. 7. With increasing feed temperature,
the temperature difference across the membrane increases, resulting in
an enhanced vapour pressure difference (driving force). This conse-
quently increases the permeate flux. As more water vapour is transferred
across the membrane, the feed temperature at the vicinity of the feed
membrane interface lowers. This is due to the cooling effects of evapo-
ration and the heat loss from the mass transfer. The hot water vapour
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Fig. 6. The surface temperature measured for varying flow rates at the feed side (top) and the permeate side (bottom).
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condenses at the permeate membrane interface, increasing the temper-
ature of the permeate side at the interface of the membrane. Increasing
the feed temperature increases TP at both the feed and permeate sides of
the membrane [34].

The graphs are all clustered at the permeate side as the permeate
temperature is fixed at 25 °C for all cases (Fig. 7). However, there is a
slight increase in the overall temperature readings when the feed
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temperature is increased. Temperature polarisation is not significant at
Points C and D on the permeate side, as these points are close to the
permeate inlet. The temperature profile becomes more profound when
moving away from the permeate inlet. As with the first set of experi-
ments (i.e., varying flow rates), the highest temperature changes across
the membrane (Z-axis) occurred closest to the membrane for both
permeate and feed sides. At the feed side, the TP was not significant at
Point A except at high feed temperatures (Fig. 7). Along the membrane,
the temperature difference between the localised bulk and respective
surface temperatures increases. Same as with varying flow rates, the
temperature profiles at Points C and D looks almost the same at the feed
side. This builds a good argument that the temperature profile has been
fully developed for the feed side around Point C. However, this obser-
vation is not conclusive as the feed outlet might affect the temperature
readings at Point D, as discussed in Section 3.2.

Khayet et al. [35] have argued in their paper that the polarisation of
temperature is not symmetrical for the feed and permeate sides. Figs. 5
and 7 confirm this statement, where the asymmetricity of TP is apparent
for various points (A, C and D) along the membrane. They emphasised
that the values for the feed and permeate heat transfer coefficients (hs
and hy) must be different, as the temperature, type of solution, and hy-
drodynamic conditions are different. This would result in an asymmet-
rical polarisation between the feed and permeate. The research showed
that the flow direction (counterflow) plays the major role in the asym-
metry polarisation phenomena along the membrane. The hs and h, at
each point along the membrane are dominantly influenced by the
proximity of the inlet and outlet of the feed and permeate. Khayet et al.
[35] also pointed out that polarisation can be symmetrical at
low-temperature differences between inlet feed and permeate temper-
atures with diluted solutions. Point B, the midpoint of the DCMD cell, is
the point that is least affected by the influence of flow direction as this
DCMD cell is built symmetrically along the membrane. Looking at Point
B (Fig. 7), it can be inferred that the polarisation is symmetrical for
low-temperature differences and the asymmetricity becomes apparent at
high-temperature differences. Khayet et al. [35] also concluded that
there is higher polarisation at the feed side than at the permeate side.
This was observed for all points along the membrane except point A in
our study which can be due to the mitigation of polarisation at Point A
on the feed side by the feed inlet. Point B, the point least affected by flow
direction, supports this conclusion. Although Points C and D also support
this conclusion, this is heavily influenced by the fact that permeate inlet
is in proximity to Points C and D. The results suggest that a system
operated under concurrent flow would be under more representative
operating conditions to validate the theories of asymmetry in
polarisation.

3.5. Impact of feed temperature on the surface temperature

Point A has the highest surface temperature for both the feed and
permeate sides due to concurrent flow (Fig. 8). This means that at the
feed side, Point A is the closest to the feed inlet and; hence, close to the
inlet feed temperature value. In contrast, at the permeate side, Point A is
closest to the permeate outlet and the surface temperature increases
along the flow direction from the condensing water vapour and mem-
brane conduction. There is a decline in the surface temperature between
Points A and C for the same reasons explained in Section 3.3. As wit-
nessed with the varying flow rates experiments, the surface tempera-
tures for Points C and D are almost the same.

From Points A to D (422 mm apart), the feed and permeate sides had
similar changes in surface temperature along the membrane for low feed
temperatures. At high feed temperatures (65 °C and 75 °C), the
discrepancy between the feed and permeate increased for surface tem-
perature changes along the membrane. At the inlet feed temperature of
75 °C, the temperature difference along the feed (from point A to D) is
12.9 °C. This occurred, however, at 19.2 °C at the permeate side. Unlike
the first set of experiments with varying flow rates where the
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Fig. 9. TPC calculations using the conventional method and localised values for varying flow rates (top) and varying feed temperatures (bottom).
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discrepancy between feed and permeate surface temperature across the
membrane was minute, here, the discrepancy is significant. This con-
flicts with the model prediction from the works of Manawi et al. [24],
where they estimated the change in surface temperature to be equal for
both feed and permeate sides when operated at a feed and permeate
temperature of 70 °C and 20 °C (high inlet temperature difference),
respectively for a flow rate of 1.5 L/min.

3.6. A comparison between conventional TPC value and localised TPC
values for varying flow rate and feed temperature

Typically, in the literature, for conventional TPC calculations a single
value is calculated, neglecting the temperature variation along the
membrane. The calculation generally uses measured inlet temperatures
as ‘bulk’ temperatures [15] and estimated surface temperature by iter-
ation and interpolation [5,16]. In this research, as the surface temper-
atures have been experimentally measured at four points along the
membrane, an average measured surface temperature is used in the
calculation of conventional TPC value (equation (1)) (Fig. 9). As the
general practice, the bulk temperature values are obtained by measuring
the inlet and outlet temperatures in this research. When the membrane
modules are longer, (as in this research compared to other laboratory
setups), it is wise to use the definition used by Manawi et al. [16], where
they defined the ‘bulk’ temperature as the average of the inlet and outlet
bulk temperatures. The bulk TPC value was calculated using this defi-
nition. The results were compared with localised TPC values along the
membrane using the technique used by Ali et al. [23]. These authors
measured the local surface and localised bulk temperatures to calculate
the local TPC values at 4 points along the membrane. However, in their
case, they reported the findings as an averaged TPC value rather than
local TPC values along the membrane.

It is evident from Fig. 9 that the TPC calculations are not an appro-
priate tool to investigate the TP phenomenon along the membrane,
especially when the system is operated under the counterflow mode.
This is because two opposing trends are witnessed in the feed and
permeate sides along the x-axis of the membrane. These trends influence
the TPC values along the membrane. It would be interesting to investi-
gate how the TPC values will behave when the system is operated in the
concurrent flow configuration where the trends might align along the x-
axis of the membrane.

Khayet et al. [35] have shown that the TP is asymmetrical at feed and
permeate sides; therefore, they introduced separate TPC definitions for
feed and permeate sides rather than using an overall for the MD system.
This approach is more appropriate than the general TPC definition,
especially when the system is operated in counterflow mode.
Conversely, Manawi et al. [16] have predicted steady increments in
local TPC values along the membrane for a counter current flow setup.
The model was divided into 10 elements, and they predicted increments
until the last element where there was a sudden drop in TPC value. Prior
to the current research, consideration was not given with regard to the
temperature profile developed along the membrane, and a similar TP
effect was assumed along the membranes. Hence, their predicted model
[16] has discrepancies with the experimental local TPC calculated in this
research. Distinctive to the linear local TPC values calculated in coun-
terflow mode in their research, Manawi et al. [16] predicted fluctuating
local TPC values along the membrane for concurrent flow. However,
Santoro et al. [22] reported the local TPC values decreased along the
membrane module for a concurrent flow experimental setup.

TPC calculations are a better indicator for studying TP effects with
varying flow rates than for analysing along the membrane. Thus, this can
be utilised to obtain a quick understanding though it is not feasible for
vigorous analysis of TP phenomena. Fig. 9 also shows TP is most sen-
sitive at low Re numbers; hence, the difference between the TPC values
is greater in the laminar region than in the turbulent region. Ali et al.
[23] have witnessed a similar trend though in their case, only the feed
flow rate was varied while the permeate flow rate was fixed. Similarly,
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TPC is only a good indicator for a quick understanding of the TP phe-
nomenon when the feed temperature varies (Fig. 9). At high feed tem-
perature (i.e., high-temperature difference across the membrane), when
the TP is high, the TPC varies significantly. However, when the feed
temperature is close to the permeate temperature and TP is insubstan-
tial, the TPC values do not change significantly. The TPC values calcu-
lated, using the conventional method, for feed temperatures 55 °C, 45 °C
and 35 °C are almost identical.

3.7. Further comparison between flow rate and feed temperature
variations

Fig. 10a shows that the permeate flux increases with increasing the
Re number. The flux increases linearly at lower Re, and then the gradient
drops when the flow rate approaches the turbulent region. A similar
trend was obtained by Manawi et al. [24], when they varied both the
feed and permeate flow rates simultaneously while keeping the flow
rates equal. Ali et al. [23] showed that the permeate flux increases lin-
early against TPC values at low Re (until TPC = 0.84). Then, the
permeate flux exponentially increases with TPC in the turbulent region.
They stated that any small increment in TPC after their critical value of
0.84 would significantly increase the permeate flux. Though this state-
ment is correct, it is evident from Fig. 9 that a massive change in the flow
rate of the system is required to obtain any increment in the TPC values
in the turbulent region. Hence, the water production gradient drops at
higher Re values when it reaches turbulent flow as the flow rate is varied
linearly in these experiments (Fig. 10a).

The permeate flux increases linearly with increasing the feed tem-
perature (Fig. 10b). However, it has been commonly reported in the
literature that the permeate flux exponentially increases when the feed
temperature increases [36,37]. The discrepancy could be due to the
shorter active membrane length used in the literature than what is used
in this study. At the permeate side, moving from Points D to A, the
surface temperature only increased by 2.2 °C when the feed temperature
was 35 °C. However, the surface temperature increased by 19.2 °C when
the feed temperature was set at 75 °C. The same trend was observed on
the feed side. The considerable surface temperature loss along the
membrane at high feed temperature directly affects the permeate flux.
Hence, the permeate flux varies linearly rather than exponentially in
these experiments. Though not common, few commercial membranes
have shown a linear relationship [38,39] or a nearly linear relationship
[40] between permeate flux and feed inlet temperature.

Preliminary results showed that the temperature readings change
significantly when the system is not stable. Therefore, ample time was
given for the system to stabilise before any measurements were recor-
ded. Once stable, the temperature readings fluctuated around a given set
of temperature readings for each measurement point (Fig. 11). For
example, temperature readings recorded in experiment 55 °C_25 °C_0.3
L/min are shown in Fig. 11 for two Points A and B at the feed side. Point
A is closest to the feed inlet and hence, has the highest fluctuations in
temperature readings. Closer to the feed inlet, feed mixing is higher, and
hence, the fluctuation becomes higher. Moving away from the feed inlet,
Point B, has a steadier flow and, therefore, a lower fluctuation. A similar
trend was also observed for the other operating conditions.

The temperature fluctuation increases as the flow rate is increased.
As the flow becomes more turbulent, the mixing in the flow increases
and results in higher fluctuations in temperature readings. However, in
all cases, after the system has become stable, it would fluctuate around a
given value. Therefore, a low flow rate (0.5 L/min) was chosen for the
second set of experiments with varying feed temperatures. At this
junction, it is appropriate to mention that the preliminary results
showed that 55 °C and 25 °C for feed temperature and permeate tem-
perature, respectively, were the best combination of temperatures to
operate for the first set of experiments with varying flow rates. Fig. 7
shows that feed temperature below 55 °C resulted in very low TP effects,
making any changes in temperature profile caused by flow rate changes
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challenging to detect. However, feed temperatures above 55 °C will
make the TP effects caused by the impacts of feed temperature more
dominant than the impacts of the flow rates.

Although it has been established that feed temperature is the domi-
nant factor that impacts the productivity (permeate flux) of the MD
systems [24,41,42], this research indicates that the flow velocity and the
flow pattern (membrane length) play a more critical role in determining
the temperature profile along the membrane. Feed temperature signif-
icantly affects TP; however, the effects of varying the flow rate have a
higher impact on the shape of the temperature profile (i.e., the extent of
TP) (Figs. 5 and 7). Because the temperature has an exponential rela-
tionship with the vapour pressure (driving force) of the system, feed
temperature changes will directly impact the system’s productivity. In
contrast, the flow rate indirectly impacts the productivity of the DCMD
system. Flow rates influence the temperature profile along the mem-
brane and the retention time of the flow which indirectly impacts the
productivity of the system.

4. Conclusions

A custom-made DCMD cell was designed to analyse the temperature
polarisation phenomena along the membrane for varying flow rates and
feed temperatures. Using fundamental principles yet a unique approach,
this research captures the temperature profile across and along the
membrane for both feed and permeate sides using miniature thermo-
couples for the first time. The temperature profile directly relates to the
extent of TP. The closest thermocouple was placed 0.3 mm perpendic-
ular to the membrane, whose readings were considered the surface
temperature of the membrane in this research. This research found that
the TP is not linear perpendicular to the membrane (channel height),
and the intensity of polarisation is the highest closest to the membrane
(Z/H < 0.4). The inlet and outlet of both feed and permeate play a
significant role in the extent of TP along the membrane than what was
previously presumed or discussed in the literature. The inlet has a higher
impact on the temperature profile than the outlet along the membrane.

The experimental results showed that temperature polarisation is
sensitive and dominant at low Re numbers and high feed temperatures
and is minimal at low-temperature differences across membranes
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operated at turbulent flow. This research shows that the widely used
index, TPC, is an inadequate indicator to study TP phenomena along the
membrane. However, it can be used to obtain a superficial under-
standing of the TP changes with varying operating conditions. There is
almost a linear change in the surface temperature along the membrane
away from the effects of the inlet and outlet. The change in surface
temperature along the membrane (of length 422 mm) was notably
greater at high feed temperatures (12.9 °C and 19.2 °C) than that at low
feed temperatures (2.0 °C and 2.2 °C) for both feed and permeate sides,
respectively. The monumental change (loss of driving force) at both feed
and permeate sides for high feed temperatures resulted in a linear
relationship between permeate flux and feed temperature in this
research. This research also showed that although the feed temperature
might be the dominant factor that influences the permeate flux by
directly influencing the driving force of the system, the flow rates play a
major role in the extent of TP.
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