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Abstract: In the direct contact membrane distillation (DCMD) system, the temperature polarization
due to boundary layer formation limits the system performance. This study presents the experimental
results and heat transfer analysis of a DCMD module coupled with a salinity gradient solar pond
(SGSP) under three different flow channel configurations. In the first case, the feed and permeate
channels were both empty, while in the next two cases, the feed and permeate channels were filled
with a porous spacer material. Two different spacer geometries are examined: 1.5 mm thick with a
filament angle of 65°, and 2 mm thick with a filament angle of 90°. The study considers only the
heat transfer due to conduction by replacing the hydrophobic membrane normally used in a DCMD
module with a thin polypropylene sheet so that no mass transfer can occur between the feed and
permeate channels. The Reynolds number for all three configurations was found to be between
1000 and 2000, indicating the flow regime was laminar. The flow rate through both the feed and
permeate sides was the same, and experiments were conducted for flow rates of 5 L/min and
3 L/min. It has been found that the highest overall heat transfer coefficient was obtained with the
spacer of 2 mm thickness and filament angle of 90°.

Keywords: water desalination; membrane desalination; solar pond; heat transfer

1. Introduction

Water is a common, widely available substance. However, only about 3% of it is
available for human consumption. The remaining 97% is seawater. The availability of
even this 3% is affected by various factors. Environmental pollution is one problem.
According to the World Health Organization (WHO) and the United Nations International
Children’s Emergency Fund (UNICEF), about 2.1 billion people are deprived of access
to safe, readily available water at home and about 4.5 billion people do not have safe
sanitation facilities [1]. The problem is severe in the rural and remotely located areas of
developing countries. Although access to water has increased over the years, access to
safe water and sanitation is still a severe problem. The global population was 7.66 billion
in November 2018 and is expected to reach 8.5 billion by 2030 and 9.7 billion by 2050 [2].
It has been increasing rapidly since the industrial revolution of the 1800s, growing from
1.65 billion to 6 billion during the 20th century. However, it is expected to take about
200 years for the current population to double, compared to the 58 years it took to double
from three billion to six billion. However, the population is expected to increase at a much
higher rate in certain regions such as the Middle East and Sub-Saharan Africa, South Asia,
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Southeast Asia, and Latin America. Such growing population density in certain areas can

lead to heavy water demand combined with more significant pollution problems.
Traditional water treatment methods such as multistage flash (MSF), multi effect

distillation (MED), and reverse osmosis (RO) need either high temperature thermal energy

or electrical energy for operation. On the other hand, membrane desalination can operate

at much lower temperatures and hence in recent years there has been a significant research

focus on the development of membrane desalination systems. In this process, a microporous

hydrophobic membrane is used to separate liquids from dissolved solids [3]. The general

types of MD system configurations listed below are shown in Figure 1:

direct contact membrane distillation (DCMD);

sweep gas membrane distillation (SGMD);

vacuum membrane distillation (VMD);

air gap membrane distillation (AGMD).

|

Condenser

!

Condenser

Vacuum pump

Flux
DCMD SGMD VMD AGMD

Figure 1. Schematic of different types of membrane desalination systems.

In DCMD, the feed solution is heated and is in direct contact with the surface of the
membrane. Therefore, quick evaporation occurs at the feedwater-membrane interface.
Vapor moves across the membrane due to the vapor pressure difference and then condenses
inside the membrane module. The hydrophobic nature of the membrane prevents the liquid
feedwater from penetrating the membrane, hence, vapor can only exist inside the membrane
pores. The DCMD configuration is the most straightforward configuration of membrane
distillation technologies. Hence, there is more widespread use of DCMD compared to
these other configurations. The heat lost by conduction is a significant limitation of DCMD.
Although the thermal conductivity of polymeric membranes is typically minimal, the
driving force for the desalination, i.e., the temperature differential, results in considerable
conductive heat transfer through the membrane material due to its minimal thickness. As a
result, DCMD has the highest energy loss by thermal conduction of any MD configuration,
resulting in low thermal efficiency [4]. DCMD is used in a variety of industrial applications,
including the desalination and concentration of aqueous solutions in food industries and
the manufacture of acids [5,6].

DCMD can be used for desalination and concentration of aqueous solutions; however
low energy efficiency is a major drawback affecting its use in large-scale applications. The
mass flux and energy efficiency can be increased by reducing the temperature polarization.
The first step for this is to understand the effects of flow regime on the heat transfer in the
absence of mass transfer. Hence, the estimation of heat transfer coefficients is essential for
analysis and design of efficient MD modules. Some recent research work on these aspects
is reviewed below.

An early study on the use of spacer-filled channels in MD applications by Martinez-
Diez, Vazquez-Gonzdlez, and Florido-Diaz [7] showed advantages in terms of enhanced
heat and mass transfers using low-grade heat sources. In commercially available membrane
distillation modules, the feed and permeate flow channels have different spacer material
and orientation. In a numerical study, Taamneh [8] found that the spacer increased shear
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stress at the wall and doubled the Nusselt number in contrast to an empty channel. In
a DCMD module, mass flux enhancement by spacers was detected by Phattaranawik,
Jiraratananon, Fane, and Halim [9]. The authors developed a model to explain mass flux
increases due to spacers. Phattaranawik et al. [10] tested net type spacers fitted in DCMD
to enhance mass transfer coefficient. In their work, Yun, Wang, Ma, and Fane [11] studied
the effects of spacers on flux enhancement of DCMD using a high concentration NaCl
aqueous solution. The observed increase in mass flux was highest for the thick spacer, then
thin spacer, and then without spacer. Taamneh and Bataineh [12] used experimental and
numerical methods to test the effect of presence and orientation of filaments in spacers. An
empty channel was used for comparison.

A study on the trans-membrane heat and mass transfer using comprehensive 3D CFD
simulation covering the entire length of the module done by Chang, Hsu, Chang, and
Ho [13] showed that spacers created high velocity regions near the membrane surfaces.
The reputation in spacer geometry results in irregularity in heat and mass flux.

Gong et al. [14] proposed a new design with solar energy and graphene membrane,
called solar vapor gap membrane distillation (SVGMD). They showed that this design has
high energy efficiency and long-term stability and anti-fouling properties.

Quoc Linh Ve et al. [15] performed experimental analysis to determine the coefficient
of heat and mass transfer for DCMD. The experiment used copper plate for different
conditions; empty and spacer filled. The heat transfer correlations were within an accept-
able limit.

In a different application of MD, AGMD, Chernyshov, Meindersma, and De Haan [7]
investigated five geometries with the same thickness and different geometry. With spacers,
about 2.5 times higher flux was noted when compared with an empty channel, in another
application of MD

This seems to be higher than noted for DCMD. Different types of spacer configurations
were determined to be optimum depending on the different levels of importance attached
to either temperature or mass fluxes.

The objective of this experimental work is to determine the overall heat transfer
coefficient of a DCMD module with and without a spacer-filled channel to help understand
the effects of spacer on the temperature polarization. The channel gap of the DCMD module
was fixed, and the tests were conducted for three different configurations; empty channel,
thin spacer-filled channel, and thick spacer filled channel and compared with heat transfer
correlations presented in the literature to find the best fit.

2. Theory on Heat Transfer Phenomena in DCMD

Complex transport processes, including mass and heat transfer, occur concurrently
throughout the DCMD process as seen in Figure 2. A DCMD module is typically composed
of a flat module which has a feed chamber (for hot feedwater) and a cooling permeate
chamber separated by a hydrophobic microporous membrane. Heat transfer occurs via
convection/conduction across membrane (from feed to permeate) and convection/mass
transfer (vapor transport) through the membrane pores.

On the feed side, the feedwater temperature (Ty) drops from the bulk fluid temperature
to the membrane surface temperature (T;,¢) across the boundary layer. As the vapor from
the feed side condenses in the water on the permeate side, the permeate stream temperature
increases. This results in a decreasing temperature gradient between the permeate fluid
nearest the membrane (Ty,), through the boundary layer to the bulk fluid stream (T}).
The driving force is the difference in vapor pressure resulting from the difference in the
interface temperatures on the feed and permeate sides (T,,r and Tjp). This is lower than
the difference between bulk feed and permeate temperatures (T and Tp).

The temperatures near the membrane surfaces vary from the bulk fluid temperatures
due to the heat transfer that occurs throughout the DCMD process. This results in the
reduction in the driving force, and hence mass flux, compared to what would be expected
based on the bulk fluid temperatures. This “is known as temperature polarization and the
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temperature polarization coefficient (TPC) is the ratio between the actual driving force and
the theoretical driving force” [16-18].

LIS
KRR
S

Hydrophobic
membrane

Figure 2. Schematic diagram of the transport mechanism for the direct contact membrane distillation
(DCMD) process.

The Laplace-Young equation describes the pressure differential between liquid—vapor
interfaces. The liquid entry pressure (LEP) of a membrane is defined as the lowest possible
value of the hydrostatic pressure difference at which the feed liquid may pass through the
biggest holes of the membrane. The interfacial tension, the liquid’s contact angle at the
pore entrance, and the size and shape of membrane pores all have a role in the liquid entry
pressure. Franken et al. proposed the simple approach for determining the LEP value using
the Laplace-Young equation [19].

Although they are not specifically mentioned, the operating temperature and the
composition of the process solution may have a considerable effect on the liquid-solid
contact angle and liquid surface tension. Therefore, when choosing a membrane, these
impacts should not be ignored.

PTFE, PP, and polyvinylidene fluoride (PVDEF) are the most often utilized materials for
MD membranes. MD membrane porosity has been observed to vary between 35% and 93%,
pore size typically varies between 100 nm and 1 um, and membrane thickness typically s
between 0.04 and 0.25 mm [20].

2.1. Mechanism of Heat Tramsfer

Heat transfer in the proposed module configuration with impermeable membrane
occurs in three regions, defined in Figure 3. Heat transfer by convection occurs on the feed
side from the fluid to the membrane; heat is then transferred by conduction through the
thin plastic sheet; and finally, heat transfer by convection occurs on the permeate side from
the membrane to the fluid. It should be noted that heat transfer resulting from the mass
transfer would also occur if a vapor-permeable membrane was used. Figure 3 depicts the
heat transfer thermal resistance model used in this study.
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Figure 3. The thermal resistance series in empty and spacer-filled channels.

Equations (1) and (2) give convective heat transfer across feed to permeate side [21]:

Qr = it x Cp x (T = Ty M
Qp =11 x Cp X (Tpout — Tpin) )
Qp = Iy X A x (Tf - Tsheet,f) 3)
Q, = Iy X A (Tshm,p - T,,) )

where the difference between Tt r and Tyt is assumed to be negligible due to the
small thickness of the plastic sheet (0.1 mm).
Here Ty and T); are the average bulk temperature of fluid for both sides. It is calculated
using Equations (5) and (6)
- Tf,in + Tf,out

R 5)
Toout + Ty
Tp: pouz p,in ®)

The following Equation (7) can be used to determine the overall heat transfer coefficient of

the DCMD module: .
i + tsheet + L

u =
h f Ksheet hp

@)

2.2. Empty Channel

For the case where an empty channel is used, the experiments were conducted using
the DCMD configuration module. The heat transfer coefficients are assumed to equal the
same mass flow rate for both feed and permeate sides, and channel geometry was used.
The Nusselt number for the experiments can be found in Equation (8)

h*D
k

Nuexp =

®)
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where 1t = hy = hp, and k and D are thermal conductivity and hydraulic diameter, respec-
tively. Hydraulic diameter D can be determined by

_Z*W*t

D= W+t ©)

Table 1 shows different heat transfer correlations suggested in the literature. In order
to determine the optimal heat transfer correlation for the DCMD configurations consid-
ered here, these correlations are used to determine a theoretical Nusselt number. These
are then compared to the Nusselt numbers obtained from the experiments discussed in
Sections 3 and 4. The best correlation is based on the minimum variation between experi-
mental and theoretical Nusselt numbers, for a given configuration. The Reynolds number
and Prandtl number required for the correlations in Table 1 can be estimated using the
following equations.

Table 1. Different types of heat transfer correlation with Reynolds number in laminar flow range.

Correlation Equation Number Reference
1
_ Re Pr\3 (10) [22]
Nu_1.86<L/D)
1
_ RePr\3 11) [23]
Nu71.95(L/D)
0.036Re Pr(D/L
Nu =436+ ( ) 08 (12) [21]
1+ 0.0011(Re Pr(D/L))

N”cooling = 11.5(Re Pr)O'ZB(D/L)OE’

Nitheating = 15(Re Pr)*3(D /L)% (13 (241
Nu = 0.13Re%64 py0-38 (14) [24]
Nu = 0.097Re”3pr0-13 (15) [25]
Nu — 3664 0104Re Pr(D/L) _ 6 23]
1+ 0.0106(Re Pr(D/L))"
1/2
Nu— 486 006063(Re Pr(D/L)?) i a7) [26]
1+ 0.09094(Re Pr(D/L))*7 pr0-17
Re Pr\ %3
= - 18 21
Nu 1‘62(L/D> (18) [21]
Re = pruxD (19)
K
C
pr=F22r (20)
k
where u is the superficial velocity of the fluid flow and can be determined by,
14
T Wt @1

the overall heat transfer coefficient can be determined from the experimental results using
Equations (22) and (23) as suggested by Ve and Rahaoui [15].
Q

- A *ATLMTD (22)
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where:
(Tf,in - Tp,out> - (Tf,out — Tp,in)

(23)
In [(Tf,in — Tp,out) / (Tf,out - TPri">]

ATymTp =

2.3. Spacer-Filled Condition

The net-type spaces are common in membrane modules for commercial systems
(ultrafiltration/spiral wound reverse osmosis). They can provide structural support to
the membrane and, depending on the orientation of the spacer, can also cause the fluid
flow to transition from a laminar to a localized turbulent flow regime. In a DCMD module,
turbulent flow improves heat transfer. This increases the driving temperature difference,
and hence the production of freshwater, and decreases the effect of temperature polarization.
The spacer orientation, geometry, and its relation to the flow direction are illustrated in
Figure 4.

Figure 4. Spacer used to fill DCMD module’s channels including orientation, geometry, and flow
attack angle.

For spacers that influence the fluid flow:

s 05 5033, (2%dns )"
Nu® = 0.664 * k. x Re" % Pro~° x 7 (24)
m
and 0.039 0.086
d —VU. 3
ke = 1.654 (t_f> €075 4 (sin (g)) (25)
S

where dy; is hydraulic diameter for spacer filled condition, k. is spacer geometry geometry
correction factor, [, is the mesh size, H is the spacer thickness, ¢ is the spacer voidage, and
6 the hydrodynamic angle.

For spacers that do not influence the flow direction (one set of filaments is parallel to,
and the other is transverse to the flow direction):

0.5
Nu® = 0.664 * k, * Re% « Pr* « <%> (26)

m
where Re and Pr are calculated by using Equations (19) and (20), respectively, and u is

0.33. The following equation can determine the superficial velocity for a spacer filled

channel [27]:
1%

:W*t*s 27)

u
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where ¢ is the spacer voidage which is defined by the following equation [28]:

7T % d2

1 f
e=1 2%, xts *sinf @8

dps is the spacer-filled channel hydraulic diameter and is defined by the following
equation [29]:

4xe
dps = " (29)
() + (1 —e)* Sogp
The specific surface of the spacer is defined as
4
Sosp = 5 (30)
af

An alternative Nusselt number correlation for the case of a spacer- filled channel has
been suggested by Schwager and Robertson [30] and is given by Equation (30):

I

d 0.531
Nu® = 1.38 % Re%483 « pr0-33 « <hs) (31)

Laminar and turbulent condition in channel flow and its influence on heat transfer
coefficient can be calculated using Equation (32) suggested by Zhang and Gray [31]

Nu® = kye %0.023 % [1+6 % ( dL’“)] Re"8 5 pr0-33 (32)
where:
; ~0.168 0290 £5p 2
kg = 1.923 % <fs) |sind| exp {—1.601 * |ln(@) @ (33)

Phattaranawik [10] proposed another correlation for space filled case. It can be deter-
mined from Equation (34) below:

4.36 +

Nu = kdc (34)

0.036 % Re* Prx(D/L)
1+0.0011 % (Rex Pr (D/L))%8

3. Experimental Setup

A schematic of the experimental setup for the DCMD module in the Renewable Energy
Lab at RMIT University is shown in Figure 5. The solar pond is made of three layers, namely,
lower convective zone (LCZ), non-convective zone (NCZ) and upper convective zone
(UCZ). The DCMD module contains feed and permeate channels, normally separated by a
hydrophobic membrane. For these experiments, a thin plastic sheet (clear polypropylene of
100 um thickness) replaces the hydrophobic membrane to exclude mass transfer between
the feed and permeate channels. Freshwater is circulated through both feed and permeate
channels as a heat transfer fluid. A 24V, self-priming diaphragm pump with a maximum
flow rate of 8 L/min is used to pump the water through the system. The feed reservoir
tank is filled with 100 L of freshwater, which is pumped to an in-pond heat exchanger in
the SGSP to increase the temperature of the feed side fluid. In addition, an evacuated tube
solar collector combined with a thermal storage tank (E.T. tank) is used as an auxiliary
heat supply. After leaving the SGSP, the freshwater from the feed reservoir was circulated
through a heat exchanger in the E.T tank before being fed into the system and returned to
the reservoir. In the case of the permeate side, freshwater is transferred from the permeate
tank to the top layer of the SGSP to dissipate the heat gained from the feed side fluid. After
that, the cooled freshwater passes through the permeate channel in the DCMD module
and is then returned to the permeate tank. The 3D structural arrangement of the DCMD
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module is presented in Figure 6 and shows the channel gaps, spacers, and membrane sheet.

A | ‘ External
Evacuated Tube Tank B i
Feed B—
Reservoir ,
T F Permeate
‘ Thin Plastic Sheet |

Figure 6. The 3D structural arrangement of the DCMD module.

There are two loops in the proposed system: feed loop and permeate loop. Feed loops
experience loss of mass and energy while permeate loops gain mass and energy. Applying
energy balance to the feed loop which is connected to the solar pond LCZ and external
heater, we can estimate the feed water supply temperature to the feed channel as
MsGsp_Lcz X Clez water o ATiez | [ Qieater ] (35)

T =T
out_f in_f + THf X Cfeed At

H1f X C_feed

Here, Ty f is the feed water temperatue after it is heated in LCZ and external heater.
The mass flow rate of the feed 71/ is constant while it is getting heated in solar pond and
external heater. The specific heat capacity of the feed water and the saline water of LCZ
is shown as ¢feeg and ¢je; water, respectively. On the left hand side, the second term in the
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square brackets represents the temperature rise of feed water in the solar pond and the
third term represent temperature rise in the external heater. In the second square bracket,
the mass of the water in solar pond LCZ is given as msgsp 1 cz, while the AT}, represents
change in the temperature of the solar pond LCZ in At time step. The time step is relative
to the time rate that is used for mass flow rate. The mass and energy balance in the feed
channel can be written as

mf X Cfeed X Tin_f_ch = (mf - mp’) X Cfeed X Tout_f_ch + Qcond + mp’ X hfg@Twag (36)

Here, the term m,, represents the rate of mass transfer that happens from the feed
to the permeate side. The temperature of the feed inlet is estimated from Equation (35)
and is given as Tj, s ;. The change in the mass of the feed due to vapor transport to

permeate side is given as (m = mp,) , while the heat transfer through the solid parts of the

membrane is given as Q4. The mass and energy balance in the permeate channel can be
written as,

Thp X Cpermeate X Tout_p = (Thp + mp’) X Cpermeate X Tin?p + Qcond + mp’ X hfg@Tp_avg (37)

Here, the term 1), represents the mass flow rate of cold permeate that is coming into
the permeate channel. The permeate inlet and outlet temperatures are given as Tyt , and
Tin_p- The mass of the fresh permeate that is added to the permeate flow is recovered as an
overflow from the permeate tank. The warm permeate is cooled in the solar pond UCZ
heat exchanger and, if needed, in an external cooler. Applying energy balance, we can
estimate the temperature of the permeate after the cooling T,;_,1 as

m X c AT, '
SGSI"_UCZ Ucz water % ucz + Qcooler (38)

Tout_p1 = Tip_p — 7
-F =P My X Cpermeate At Mp X Cpermeate

4. Result and Discussion

The following sections cover the experimental results and discussion of the heat trans-
fer within the DCMD module for both empty channel and spacer filled channel conditions.
The experimental results are compared with theoretical Nusselt number correlations to
determine the most suitable of these to use for further numerical modelling.

4.1. DCMD Heat Transfer with Empty Channels

In the case of empty channels, the experiment ran with the same setup conditions
shown in Figure 7 with two different flow rates. First, a counter flow arrangement uses
3 L/m on both feed and permeate sides. Then, it uses 5 L/m in both channels, also with
counter flow. Figure 7 shows the overall heat transfer coefficient calculated from the experi-
mental results for the two different flow rates. The average overall heat transfer coefficient
for the 3 L/m tests was 593 W/m?-°C, and for 5 L/m, it was 724 W/m?2-°C. The experimen-
tal results show that the overall heat transfer coefficient increases by approximately 18% at
steady state when the flow rate increases from 3 to 5 L/min. In Figures 8 and 9, the feed
side outlet temperature (Tf_,) is lower than the inlet temperature (Tf_in) because of the
occurrence of heat transfer to the permeate side. Correspondingly, the outlet temperature
of the permeate side (T,_out) increases due to heat transfer through the plastic sheet.

The Reynolds numbers for the two experimental conditions were calculated using
Equation (19). They suggested that the flow regime was laminar in both cases. The
theoretical Nusselt numbers from heat transfer correlations summarized in Table 1 were
calculated for the experimental flow rate conditions presented in Figures 10 and 11. The
correlation given by Equation (12) was the most appropriate correlation with a deviation of
10% between the theoretical and the experimental overall heat transfer coefficients.
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Figure 7. The overall heat transfer coefficient experimentally with different flow rates for the
empty channels.
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Figure 8. Feed and permeate temperature in case of the empty channel by using 3 L/min.
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Figure 9. Feed and permeate temperature in case of the empty channel by using 5 L/min.
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Heat transfer correlations number

Figure 10. Correlation for empty channel (flow rate =3 L/m).
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Figure 11. Correlation for empty channel (flow rate =5 L/m).

4.2. DCMD Spacer-Filled Condition

This system conducted the experiments on the same large-scale DCMD module used
for the empty channel experiments with the two different spacer geometries shown in
Figure 12 and Table 2. Figure 12(1) shows thinner mesh whereas Figure 12(2) shows
thicker mesh.

1) (2)

Figure 12. Non-woven plastic spacers (1) thin spacer, (2) thick spacer.

Similar to the empty, spacer-filled channel, these experiments investigated the con-
ductive heat transfer with each spacer geometry using two flow rates: 3 L/min and then
5 L/min. It can be seen in Figures 13 and 14 that the overall heat transfer coefficient in the
case of the spacer-filled channels is higher in the case of empty channels for both 3 and
5 L/min. Comparing just the heat transfer coefficients obtained with each of the two kinds
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of spacer, it can be seen that the thicker (2 mm) spacer produces a higher heat transfer
coefficient. The average values for overall heat transfer in the case of the spacer-filled
channel with a 1.5 mm thick spacer and flow rates of 3 and 5 L/min, were 949 W/m?.°C
and 1379 W/m?.°C, respectively. Furthermore, the average overall heat transfers for a
spacer-filled channel with a 2 mm thick spacer and flow rates of 3 L/m and 5 L/m were
1030 W/m?-°C and 1465 W/m?-°C, respectively.

Table 2. Characteristics of spacers.

Length Width Thickness Filament Angle, 0, Mesh Size, 1,;,, Porosity

No. Spacer Material (m) (m) (m) size, dy, (m) ©) (m) (%)
1 Non-woven Plastic 0.69 0.1339 0.0015 0.0008 66.5 0.0075 90
2 Non-woven Plastic 0.69 0.1339 0.0020 0.00156 90 0.0044 57
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Figure 13. Heat transfer in the empty and spacer-filled channels by using 3 L/min.
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Figure 14. Heat transfer in the empty and spacer-filled channels by using 5 L/min.

It is essential to mention that the DCMD channel thickness was fixed, while the
thickness of the two spacers was different. This allowed the thin spacer to float between the
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plastic sheet (membrane) and the wall of the DCMD module. The DCMD channel thickness
was 2.8 mm, whereas the thin spacer thickness was only 1.5 mm. Therefore, around 46% of
the channel was free. As a result, the thin spacer could have effectively created a thinner
‘empty channel’, which might have influenced the mechanism underlying the increase
in the overall heat transfer coefficient observed for the thin spacer compared to the thick
spacer. Thicker spacers have also been applied in later experiments, where the spacer filled
the channel completely. The thicker space has been observed to produce a slightly better
heat transfer performance compared to the thinner spacer, but the overall heat transfer
results of both thin and think spacer is very close and cannot be used to call any one of the
arrangements better than other.

Based on Equation (19), the Reynolds number was lower than 2100 for all of the
channel configurations and flow rates investigated. By knowing the Reynolds number, the
flow regime can be predicted, with a number between 600 and 2100 indicating a laminar
flow. For this experimental investigation, the bulk flow regime could be considered as
laminar for both flow rates and spacers used. The addition of the spacer reduces the height
of the cavity and increases the aspect ratio, and this increases the number of eddies [32].
These localized eddies break the boundary layer and reduces the temperature polarization.
In the present experiments, the membrane surface temperature is not measured, but the
addition of spacers has shown to improve heat transfer. Based on this observation, it is
better to have channels with high aspect ratio for a MD system.

Many researchers have investigated correlations for different kinds of channels; their
findings were applied to find the best agreement with the experimental results presented
from Figures 7-14. A summary of all the experimental and theoretical Nusselt numbers
is shown in Figures 15-17. Both Phattaranawik and Jiraratananon [33] and Kim and
Francis [34] presented heat transfer correlations for a DCMD module with non-woven
spacer-filled channels. Using their correlations, Equations (24) and (26) under the current
experimental conditions (1.5 mm and 2 mm spacers; and 3 and 5 L/m flow rates) produced
Nusselt number values that differed from experimental results by 90%. Correlations are
also given by Equations (31) and (32), which overpredicted the Nusselt number values by
55-72% as compared to experimental results.

The smallest deviation was found using Equation (34) for a 1.5 mm thick non-woven
spacer. For both flow rates, the deviation was 10-20%. However, the deviation using the
same equation for 2 mm thick spacer-filled channels was greater at 42-55%. Therefore,
Equation (34) produces the most appropriate heat transfer correlation among all the equa-
tions compared above. Nonetheless, the results from this correlation are still not satisfactory
for all cases.

60 @ Theoretical Nusselt Numbers (Thin Spacer)
50 ¢ PN ® Experimental Nusselt Number (Thin Spacer)
v Theoretical Nusselt Numbers (Thick Spacer)
25
g 40 x Experimental Nusselt Number (Thick Spacer)
2 30
= Experiment
m 20 1
A ¢
5 ¢
2 10
Z N
0 s
> P o> o3 o5 R
CORRELATION NUMBER <

Figure 15. Correlations for spacer-filled channels with flow rate (3 L/min).
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Figure 16. Correlations for spacer-filled channels with flow rate (5 L/min).
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Figure 17. Laminar flow correlation for spacer-filled channels with flow rate (3 L/min).

As discussed above, most of the heat transfer correlations for spacer-filled channels
that are recommended for localized turbulence (eddy flow) do not have a good fit with the
experimental results from the DCMD module used for this work. Hence, it was decided
to estimate the bulk flow conditions based on bulk Reynolds number. Based on the bulk
Reynolds number for the experimental results used in this research, the flow regime is
identified as laminar, so it was decided to compare the experimental results of the spacer
filled channel with the correlations for empty channels (Table 1). For the 1.5 mm spacer, the
most appropriate Nusselt number value was achieved using Equations (10) and (12), with
a deviation ranging between 5% and 10%. However, considering 1.5 and 2 mm spacers, the
heat transfer correlation for laminar flow given by Equation (18) resulted in the smallest
deviation between theoretical and experimental results, at less than 15% for all spacer
geometries and flow rates tested, as can be seen in Figure 17.

5. Conclusions

The heat transfer within a DCMD module separated by a thin plastic sheet instead
of a hydrophobic membrane was analyzed to investigate the applicability of theoretical
heat transfer correlations in two cases: empty channels and spacer-filled channels. For
empty channels with flow rates of 3 and 5 L/min, the best correlation was provided by
Equation (12). The results obtained using this correlation showed a deviation of less than
10% from the experimental results.
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The spacer-filled channel cases investigation included two spacer thicknesses (1.5 and
2 mm) and flow rates of 3 and 5 L/min. Other heat transfer correlations for spacer-filled
channels were applied, but the lowest deviation between experimental and theoretical
results for these correlations was 42%. The experimental results for spacer-filled channels
were also compared with the correlations for empty channels. It was found that the
correlation given by Equation (18) had the lowest deviation, of less than 15%, for all spacer
geometries and flow rates. As a result, the primary benefit of the outcomes of this study
comes from identification of the best Nusselt number correlation for use in modelling heat
transfer in DCMD systems, assuming similar channel geometries, flow rates and spacer
geometries.

The other major outcome based on the experimental results is that including a mesh
spacer material in the feed and permeate channels significantly increases the aspect ratio
of the channel encouraging eddy flow conditions. This helps with the reduction in the
temperature polarization. It should be noted that both 1.5 mm and 2 mm thick spacers
resulted in similar improvements (for a 2.8 mm thick channel), with the thicker spacer
giving slightly higher heat transfer. However, given the looseness of the fit within the
channel for the 1.5 mm spacer, it could not be determined whether these improvements
were the result of the same or different underlying mechanisms, so this is recommended as
an area for future research.
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Nomenclature

The following abbreviations are used in this manuscript:

Am The membrane’s active surface area (m?)

Cp Specific heat capacity (J/kg-K)

D Hydraulic diameter (m)

df Filament size (m)

dps Hydraulic diameter or the spacer-filled (m)

H Spacer thickness (m)

hf Heat transfer coefficient at feed side (W/m?2-°C).
hy Heat transfer coefficient at permeate side (W/ m?2.°C)
hyg, Enthalpy of vaporization for water (J/kg)

k Thermal conductivity (W/m?2-°C).

kic Spacer geometry correction factor

L Mesh size of spacer (m)

m Flow rate (kg/s)

Nu Nusselt number

P, Prandtl number.

Q ¢ Heat transfer by convection at feed side (W)

QP Heat transfer by convection at permeate side (W)
and Heat transfer by conduction through the membrane (W)
R, Reynolds number.

Ty Average bulk temperature of the feed stream (°C)

Ty Average bulk temperature of the permeate stream (°C)
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Tsheet f Feed side sheet surface temperature (°C)
Tsheetp Permeate side sheet surface temperature (°C)
AT pmrp  Log mean temperature difference (°C)

u The overall heat transfer coefficient (W/m?2-°C)
u velocity (m/s)
0 Water density (kg/m3)
1) Membrane thickness (m)
0 Hydrodynamic angle
€ Spacer void
L Mesh size of spacer (m)
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