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Effective study of operating parameters on the membrane distillation
processes using various materials for seawater desalination
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Abstract.  The paper presents the effect of operating temperatures and flow rates on the distillate flux that can be obtained
from a hydrophobic membrane having the characteristics: pore size of 0.15 um,; thickness of 130 um; and 85% porosity. That
membrane in the present investigation could be the direct contact (DCMD) or the air-gap membrane distillation (AGMD). To
model numerically the membrane distillation processes, the two-dimensional computational fluid dynamic (CFD) is used for
the DCMD and AGMD cases here. In this work, DCMD and AGMD models have been validated with the experimental data
using different flows (Parallel and Counter-current flows) in non-steady-state situations. A good agreement is obtained
between the present results and those of the experimental data in the literature. The new approach in the present numerical
modeling has allowed examining effects of the nature of materials (Polyvinylidene fluoride (PVDF) polymers, copolymers,
and blends) used on thermal properties. Moreover, the effect of the area surface of the membrane (0.021 to 3.15 m3 is
investigated to explore both the laminar and the turbulent flow regimes. The obtained results found that copolymer
P(VDF-TrFE) (80/20) is more effective than the other materials of membrane distillation (MD). The mass flux and thermal
efficiency reach 193.5 (g/m3), and 83.29 % using turbulent flow and an effective area of 3.1 m2 respectively. The increase of
feed inlet temperatures and its flow rate, with the reduction of cold temperatures and its flow rate are very effective for
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increasing distillate water flow in MD applications.
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1. Introduction

Desalination using membrane distillation (MD) can be
described as the water treatment procedure applied by the
temperature gradient over the micro-porous, hydrophobic
membrane between the hot feed and the cold stream
(permeate) (Anton and Olga 2018). Recently, the use of
membrane distillation MD has been applied as a practical
alternative solution to the use of conventional distillation
and reverse osmosis (RO). The process occurs through the
simultaneous transfer of mass and heat across the
membrane: the water is evaporated on the hot side, while
the water vapor is transported through the membrane. On
the cold side, the water vapor is condensed (Ahmed et al.
2020).

Concerning the advantages of MD desalination, we can
mention a low operating temperature (less than 100°C),
high level of salt rejection with low fouling, and low
operating pressure (Kalla 2021). Recent studies indicated
that the materials used in the manufacture of MD
technology are mainly polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE), or polypropylene (PP). The
MD industry has been greatly developed within the last five
decades (Li et al. 2019).

*Corresponding author, Ph.D. Student,
E-mail: abdelfatahsandid@hotmail.com

aprofessor

bPh.D.

Copyright © 2022 Techno-Press, Ltd.
http://www.techno-press.org/?journal=mwt&subpage=7

It is worth noting that the wvarious commercial
configuration of MD such as Direct Contact Membrane
Distillation (DCMD), Air Gap Membrane distillation
(AGMD), vacuum distillation (VMD), and gas scavenging
distillation (SGMD) are used in industrial scale (Zhou et al.
2020). DCMD is one of the most widely used techniques
due to the simplicity of operation as its thermal efficiency is
related to energy use (thermal efficiency of the membrane).
In MD application, AGMD technology’s membrane thermal
efficiency is higher than DCMD (Marni et al. 2021a). The
AGMD technology has higher thermal energy efficiency
because of the overlapping of the air gap that exists between
the condensation zone and the membrane (Marni et al.
2021b).

Due to the air gap between condensation surfaces and
the membrane, the AGMD configuration has the lowest
heat transfer required when compared to other MDs. It also
has better internal heat recovery, hence lower energy
requirement, which makes it the first choice for a pilot plant
for the work of Marni et al. (2021c). Although the effects of
operating conditions have been reasonably studied, it is
important to define parameter interactions and optimize the
MD system to increase process performance and reduce
energy consumption.

The MD configuration has been examined in the
majority of CFD-based DCMD investigations. One reason
for this could be the technology’s simplicity when
compared to other MDs, particularly for desalination and
water/wastewater treatment (Parisa et al. 2019). On the
other hand, Im et al. (2018) looked into CFD simulations of
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Fig. 1 Schematic diagram of the AGMD and DCMD modules

AGMD-based desalination to anticipate both heat and mass
transport characteristics utilizing the composite membrane.
On the hot side, they investigated the profiles of mass flux
and temperature polarization next to the tubular membrane
surface under various Reynolds numbers. The obtained
results found that the temperature polarization can be
decreased the distillate flux. It can be optimized by
increasing the feed stream turbulence.

However, it should be noted that CFD simulation for the
feed side in AGMD can produce the same results as DCMD
technology. Besides, more efforts should be made to
simulate the distillate side in AGMD, particularly the
condensing surface (Mokhless et al. 2018). Furthermore,
because the mass and heat transfer of AGMD technology
may be more complicated than other technologies due to the
mass/heat transfer resistance enforced by the air gap, more
attempts at CFD simulation for this technology must be
investigated.

The present paper investigates the mass and heat
transfer in the liquid boundary layer of the PVDF
membrane AGMD and DCMD applications using the
commercial CFD code ANSYS-FLUENTwith a new
approach for this study. The present numerical modeling
has allowed us to examine the effect of the nature of
materials (Polyvinylidene fluoride (PVDF) polymers,
copolymers, and blends) used on the thermal properties.
Then, the effects of feed and cold inlet temperatures with
flow rates on distillate flux average have been studied for
seawater desalination. In addition, the mass flux, thermal
efficiency, and temperature polarization coefficient (TPC)
have been calculated using different areas and flow regimes
(laminar and turbulent) of the AGMD process. Besides,
effects of membrane physical properties and operating
parameters (Temperatures and velocities), which occur on
the membrane surface have an important significance for
developing new membranes in the future.

2. AGMD and DCMD modules

A numerical study is performed on AGMD and DCMD
by using ANSYS-FLUENT (CFD). Dimensions of 1 mm
height and 210 mm length per channel with the thickness of
130 pum for the DCMD module simulation, and adding to
these an air gap of 0.05 mm for the AGMD module. A
schematic diagram of the counter-current flows modules is
illustrated in Fig. 1. The solution is calculated using the
commercial CFD (code FLUENT) that’s based on a

Table 1 Summary of PVDF, vapor, and total membrane
thermo-physical properties

Material Density Specific heat Conductivity Viscosity

(kg/m®)  (J/kg K) (W/m K) (Pa)
PVDF 1775 1325 0.2622 -
Vapor 0.554 2014 0.0261 -
Membrane 302.2 1896.9 0.0662 -
Saline sea water
(Doornbusch ~ 1013.2 4046.8 0.642  5.86 10*
et al. 2020)
Pure water
(Alotaibi 995.2 4182.1 0.613 8.38 10
et al. 2017)

Table 2 Summary of boundary conditions for DCMD and
AGMD

Bour_lqary Feed channel Permeate Air-gap channel
conditions channel
Inlet Kinetic 01tolm/s 0.ltolm/s 0.1tolm/s
channel Thermal 50t090°C  5to35°C 50 35°C
QOutlet Zero pressure, Zero pressure, Zero pressure,
channel dV/dx =0 dV/dx =0 dV/dx =0
Kinetic Statlongry/ Statlon_ary/ Statlongry/
Upper no-slip no-slip no-slip
wall Zero heat flux
Thermal (insulated) Coupled Coupled
N Stationary/ Stationary/ Stationary/
Lov‘ﬁ’r Kinetic no-slip no-slip no-slip
Wal Thermal Coupled Zero heat flux ~ Coupled

segregated solver and finite volume approach. The semi-
implicit method for pressure equations (SIMPLE algorithm)
is used for second-order upwind spatial derivatives and
pressure-velocity coupling. Convergence residuals are set
very tight at 107'% for all scalar equations, (energy,
continuity, x- and y-momentums). All membrane, fresh
feed, and saline permeate properties are listed in Table 1
(Janajreh et al. 2016), whereas a summary of the boundary
conditions is shown in Table 2 (Janajreh et al. 2017).

3. Equation and methodology
3.1 Governing equations

The governing equations for the system are the
conjugated steady incompressible Navier-Stokes and energy
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equations are written as (Yang et al. 2019):

Continuity:
du OJv
9Ty =0 1)
X-Momentum:
Y-Momentum:
Z—ZHS—Z”Z—;:—%%”(%’fgﬂ% (3)
Energy
aT aT aT 0°T 0°T
pCp(E+ua+v$)=k<ﬁ+m>+Sh 4)

where u and v are the velocity components, p is the density,
u is the viscosity, gy is the gravitational acceleration, Cp is
the specific heat, k is the thermal conductivity, and Shis a
source term of energy transport which is defined as follows:
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where Q,, is transmembrane latent heat flux at the hot side
membrane surface, and y,,, and y,,; are the distance at
y-direction of the inner and outer layer of membrane. &,
signifies the grid quantity in the y-direction.

3.2 Mass flux

The saturated pressure differential along membrane
surfaces occurs because of temperature polarization while it
drives mass transfer through the porous membrane.

The general mass flux expression is as follows (Cecilia
et al. 2019):

J = cm (PP = B) (6)

where cn is the membrane mass coefficient, Pfsaf and Pt
are the saturated water vapor pressures at the feed and
permeate membrane surface, respectively.

The vapor pressure of distilled water and its temperature
is described by the Antoine equation (Jincheng et al. 2019)
within the range of the MD operation following a
monotonic form and is written as:

3841

sat — —_
exp (23.238 T— 45) )

i(pure) —

i{f.n} ()

Three essential membrane coefficient models in the
literature are stated to characterize the mass transfer across
the microporous hydrophobic membrane (Attia et al. 2017):
the Knudson, the Poiseuille flow, and the molecular
diffusion models. However, in this paper, a combination of
Poiseuille and Knudson models is described by:

e M
= =1.064 a(T) —— |—=
Cm = Cx +¢p a )T 5. |RT, @
2 M,P

er
40.125 B(T) ——= ™
B T Sm R Tmt Ky

where o(T), and B(T) are Knudsen diffusion and
Poiseuille flow models contributions, respectively. T is
mean membrane temperature (°C), My is the molar mass of
the water in kg/mol, Py, is mean pressure, R is gas constant,
Om thickness of the membrane, py is gas viscosity,  is
tortuosity factor, rpis pores radius, and ¢ is the membrane
porosity.

3.3 Heat flux

The heat transfer in MD is characterized by three
thermal resistances: Combined transfer over the membrane,
convective and conductive transfers through the feed, and
permeate boundary layers (EIKadi et al. 2020). The total
heat flux in MD (Q,,, ) is assigned to the latent heat of the
evaporation (Q,) and a combination of the conduction (Q, ).
It is expressed as:

Om =0, + 0, (9)

Whereas the bulk membrane material is responsible for
conduction, the membrane pores are responsible for
evaporation. Taking AHn to be the enthalpy change because
of the latent heat of the transmembrane mass flux, it is
described by (Hesam et al. 2021):

Q,=JAH =] (Hm,f - Hm,p) (10)

The conductive heat flux fraction is written by the
Fourier heat equation as:

km
Q. = _5_ (Tm,f - Tm,p) (11)
m

where km is the equivalent thermal conductivity of the
membrane. ky and Kq are the bulk conductivity and the vapor
conductivity of the weighted volume average. The
subscripts f and p signify the feed and permeate,
respectively.

3.4 Thermal efficiency and temperature polarization
coefficient

The latent heat of evaporation used the total heat flux
and the thermal efficiency is represented as:

_Q, _JAH,
Qn  Qm
Where the ratio of membrane boundary layer resistance

over the total and bulk heat transfer resistance is defined by
TPCor 8 as(Wuetal. 2017):

g = Tns = Tnp _ AT
Tb,f - Tb,p ATb

n (12)

(13)

where the subscripts m, p, f, and b indicate the membrane
permeate, feed and bulk surfaces, respectively. A small,
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Fig. 4 Comparison between the experimental and
simulation results of parallel flow surface temperatures
in the DCMD module

value of 0(<0.2) signifies a limited heat transfer MD
system.

4. Grid Independent

Because the temperature and velocity profiles along the
membrane’s walls are so important, the grids are closely
refined at those sides using the inflating layer. A grid
independence study is carried out by putting various
distributions to the test. For this study, the heat transfer
coefficient (h) is calculated using several grids and the
trends of the change are shown in Fig. 2:

As shown in Fig. 2, meshing with 285600 grids
presented the optimal results. Therefore, they are considered
the chosen mesh in all cases using reasonable resolutions
and a structured-quadrilateral type. The symmetrical two-
dimensional flow systems are described in Fig. 3.

5. Results and discussion
5.1 Models validation

The present paper studies the mass and heat transfer in
the liquid boundary layer of the PVDF membrane AGMD
and DCMD applications using the commercial CFD code
ANSYS-FLUENT. The simulation results are validated
with experimental data from Janajreh et al (2016). The
system runs under the following operating conditions:
hydrophobic PVDF membrane with a pore size of 0.15 um;
the thickness of 130 um; Effective membrane area: 0.021
m=2and 85% porosity running at Reynolds number of 10
(Re=V.h/v), which is equivalent to 0.01 m/s with an air gap
0.05 mm for AGMD. In addition, the warmer feed
temperature is 50°C and the cold permeate temperature is
27°C. As shown in Figs. 4 and 5, it can be noticed that the
temperatures of the membrane and bulk surfaces at different
flows (Parallel and Counter-current flow) calculated by the
present model have good compatibility of no more than 5%
in this experiment. In the membrane surfaces temperatures,
the results show that the outlet cold temperatures increase to
38°C and 43°C in the parallel and counter-current flow
respectively when the outlet hot temperatures decrease to
39°C and 34°C. Therefore, the outlet hot temperatures are
more important in the case of “Counter-current flow” than
in the “Parallel flow” case. Thus, the countercurrent
configuration is retained and will be used in the remainder
of this present paper.

In the AGMD module, the air gap is 0.05 mm with
keeping all other parameters and operating conditions
constant as above. Fig. 6 shows a comparison between the
results of this simulation and the applied results from
Janajreh et al. (2017) that it made validation on the
experimental research by Janajreh et al. (2016). The results
show excellent compatibility between them. The results
show that the outlet cold temperatures increase to 44°C and
37°C on the membrane and bulk surface temperatures
respectively when the outlet hot temperatures decrease to
36°C and 39°C. It can be noticed that the membrane and
bulk surface temperatures of the AGMD module predicted
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by the present model have a good agreement as shown in
Fig. 6.

5.2 Temperature contours, velocity vectors, and total
pressures of the AGMD and DCMD modules

The thermal behavior of the fluid in AGMD and DCMD
modules is shown in Fig. 7(a). First, note that the velocity
vectors coming from the inlet and heading towards the
outlet on both sides of the fluid confirm the direction of
flow and subsequently the counter-current configuration in
both AGMD and DCMD modules. As shown in Fig. 7(b), it
is seen that the heat exchange happens between the hot fluid
and the internal wall by convection, then by conduction
through the thickness of the membrane, and finally by
convection between the outer wall of the membrane and the
fluid. We also note that the exchange is more important the
more presides over the wall and especially at the outlets of
the AGMD and DCMD modules.

Fig. 8 shows the distribution of pressure along the
membrane length feed and permeates sides of AGMD and
DCMD. Between the AGMD and DCMD modules, the total
pressures reach 12338 Pa and 12052 Pa at Re=10, while
they reach 12345 Pa and 12229 Pa at Re=100 respectively
on the feed side. However, they reach 174 Pa and 22 Pa at
Re=10 while they reach 1748 Pa and 229 Pa at Re=100
respectively on the permeate side. Therefore, the membrane
length feed side is more effective than the permeate side of
MD. However, AGMD is better than DCMD since
permeate is condensed on a cold surface in AGMD rather
than in direct contact on the permeate side in DCMD.
Furthermore, the air gap separates the membrane from a
condensed surface, which is the primary advantage of
AGMD against all other MD applications. In the DCMD
operation, the surface tension is lower and the contact angle
is smaller with the membrane.

Thus, the permeate side of the membrane is probably to
be wet. In opposition, the concentration of the condensed
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permeate in AGMD isn’t in direct contact with the
membrane surface, hence there isn’t a risk of membrane
wetness on the permeate side. Therefore, the AGMD
configuration is retained and will be used in the remainder
of this present paper.

5.3 Effect of operating temperatures

In order to study the influence of inlet feed temperature
on mass flux, the feed temperature varies from 50°C to
90°C. The system is run under the following operating
conditions: hydrophobic PVDF membrane with a pore size
of 0.15 um, a thickness of 130 pum, Effective membrane
area: 0.021 m2 and 85% porosity running at a velocity of 10
with an air gap of 0.05 mm. Fig. 9 shows the result of the
modeling study at selected inlet cold temperatures of 15, 25,
and 35°C. It can be seen that increasing the feed temperature
increases the system flux significantly. Increasing the feed
temperature increases the vapor production and the driving
force to permeation (the transmembrane temperature
difference, and consequently the difference at partial
pressures along membrane surfaces) which enhances
permeation across the membrane. The percentage increase
in flux when the feed temperature is increased from 50°C to
90°C is 89% at the cold temperature of 35°C, 85% at 25°C,
and 83% at 15°C. Thus, percentage- wise, a higher cold
temperature gives more percentage increase in mass flux.

—a— Cold inlet temperature, 15 °C
25 o —e— Cold inlet temperature, 25 °C
—4a— Cold inlet temperature, 35 °C

N
(=]
1

Mass Flux (g/m2s)

Feed inlet temperature (°C)

Fig. 9 Effect of feed inlet temperature on mass flux
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Fig. 10 Effect of cold inlet temperature on mass flux

The effect of cold inlet temperature observes at selected
different feed inlet temperatures of 50, 70, and 90°C. The
modeling study is performed under the same conditions as
above (hydrophobic PVDF membrane with a pore size of
0.15 pum, the thickness of 130 um, Effective membrane
area: 0.021 m2 and 85% porosity running at a velocity of
0.1 with an air gap of 0.05 mm). It observes that for a given
feed temperature, by decreasing the cold temperature, mass
flux increases as shown in Fig. 10. Decreasing the cold
temperature increases the difference of partial pressure that
assists the permeation process across the membrane.
Percentage-wise, reducing the cold temperature from 35°C
to 5°C results in the mass flux increase of 2% at feed
temperature of 90°C, 10% at feed temperature of 70°C, and
41% at feed temperature of 50°C.

5.4 Effect of operating flow rates

In order to investigate the effect of Reynolds number
(Re) in the feed side on the mass flux; the modeling study is
conducted with variable feed flow rates while keeping all
other parameters constant. The feed flow rate varies from
0.01 m/s to 0.1 m/s (10Re to 100Re). The operating
conditions for the simulation are; a hydrophobic PVDF
membrane with a pore size of 0.15 pm, a thickness of 130
um, an effective membrane area of 0.021 m2 85% porosity,
and an air gap of 0.05 mm with permeate temperature 25°C
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and cold flow rate 0.1 m/s. Fig. 11 shows the variation of
mass flux with feed flow rate for selected feed temperature
of 50, 70 and 90°C. The trend shows that increasing the
feed flow rate increases the mass flux substantially. Feed
flow rate is a very effective variable to increase the system
flux at different feed temperatures. It is worth mentioning
that the exponential nature of flux increase can better be
observed at 90°C as compared to other feed temperatures of
50 and 70°C. Over the entire range of feed flow rate, (0.01
to 0.1 m/s) 48% increase in mass flux is obtained at a feed
temperature of 90°C, 43% is obtained at 70°C and 35% is
obtained at 50°C.

In order to examine the effect of Re on the cold side; the
cold flow rate varies from 0.01m/s to 0.1m/s (10Re to
100Re) while keeping all other parameters constant. The
operating conditions for the modeling study are; a
hydrophobic PVDF membrane with a pore size of 0.15 pm,
a thickness of 130 pm, an effective membrane area of 0.021
mZ2 85% porosity, and an air gap of 0.05 mm with permeate
temperature of 25°C and feed flow rate 0.01 m/s.

Fig. 12 shows the variation of mass flux with cold flow
rate for selected feed temperatures of 50, 70, and 90°C. The
trends show that increasing the cold flow rate increases the
mass flux marginally. Cold flow rate seems more effective
at high feed temperature as compared to low feed temperature.
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Table 3 Thermal properties of different materials of MD

(lguchi et al. 2007)

Specific Densit Thermal Thermal
No. Materials of MD  heat (ki /m3))/ diffusivity conductivity
(ikgk) "9 (*10°m7s)  (W/m K)
1 PVDF 1325 1775 0.1115 0.2622
PVDF/P(VDF
2 “TIFE) (70/30) 1172 1938 0.0797 0.1810
PVDF/P(VDF
3 “TIFE) (50/50) 1049 2067 0.1473 0.3193
P(VDF-TrFE)
4 (80/20) 1092 1657 0.0934 0.1690
P(VDF-TrFE)
5 (70/30) 1159 1786 0.943 0.1952
P(VDF-TrFE)
6 (50/50) 1066 1936 0.1029 0.2123
I Flux
I Efficiency
Il TrC

N
o
1

IN) w
=] o
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Flux (g/m2s), Efficiency and TPC (%)
S
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Different materials of MD

Fig. 13 Thermal efficiency, mass flux, and TPC on
different materials of MD

Over the entire range of the tested cold flow rate (0.01 to
0.1 m/s), only a 15 % increase in flux is obtained at 90°C,
6.4 % increase in flux at 70°C, and 6.1% is obtained at
50°C.

5.5 Effects of different thermal properties on various
materials of MD

All Thermal properties of different materials (Polyvinyl-
idene fluoride (PVDF) polymers, copolymers, and blends)
are shown above in Table 3.

Fig. 13 shows the thermal efficiency, mass flux, and
TPC on different Materials of MD. The feed inlet
temperature is 70°C while keeping all other parameters
constant. The operating conditions for the simulation are; a
hydrophobic PVDF membrane with a pore size of 0.15 um,
a thickness of 130 um, an effective membrane area of 0.021
mZ2 an air gap of 0.05 mm, and 85% porosity with a cold
temperature of 25°C and feed flow rate 0.01 m/s. It can be
seen that the copolymer P(VDF-TrFE) (80/20) is better than
the other materials. In addition, the mass flux, thermal
efficiency, and TPC reach 12.99 (g/m3), 44.74%, and 45.06
respectively. As shown in Table 3 and Fig. 13, if the density
and thermal conductivity are lower, the thermal efficiency,
mass flux, and TPC of MD are higher and more effective
for seawater desalination.
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Table 4 Comparison of different membrane parameters
using different flow regimes

Effective membrane
area (m3
Feed and permeate
flow rates (m/s)

0.021  1.05 2.1 2.1 3.15

0.01 0.1 0.05 0.1 1

Flow regimes ~ Laminar Laminar Laminar Turbulent Turbulent
Fluxaverage 1599  g45 11895 129 1935
(9/m3)
Thermal
efficiency(%) 4474 5452 6827 74.04 83.29
Effective membrane 0021 1.05 21 21 315
area (m3

5.6 Effects of different areas and flow regimes

Table 4 shows the comparison of different membrane
parameters (area and flow rates) using different flow
regimes (laminar and turbulent). The used material of MD
is the hydrophobic copolymer P(VDF-TrFE) (80/20) while
keeping all other parameters constant ( the pore size of 0.15
um, the thickness of 130 pum and 85% porosity with feed
inlet temperature is 70°C and cold temperature 25°C).

The variations in the different membrane parameters are
very effective to produce distillate water. As shown in
Table 4, if the membrane area and flow rates increase the
flux average of distillate water increases. Therefore, they
have a significant effect on increasing the average flow rate.
Moreover, the mass flux and thermal efficiency reach
118.95 (g/m3), and 68.27 % with the laminar flow regime
and they reach 193.5 (g/m3), and 83.29% with the turbulent
flow regime, respectively. Therefore, the model turbulent is
better than the laminar flow regime. In addition, increasing
the feed flow rate and the area of MD is increased the mass
flux and thermal efficiency.

6. Conclusions

Symmetrical 2D flow systems are performed on AGMD
and DCMD using non-isothermal CFD coupled thermally
with the solid porous membrane. In the membrane surface
temperatures, the outlet hot temperatures are more
important in the case (Counter-current flow) than (Parallel
flow). The thermal behavior of the fluid in AGMD and
DCMD modules notes that the exchange is more important
the more presides over the wall and especially at the outlets
of the AGMD and DCMD modules. Between the AGMD
and DCMD modules, the total pressures reach 20 Pa to
1750 Pa at 10Re and 100Re respectively. However, AGMD
is better than DCMD since permeate is condensed on a cold
surface in AGMD rather than in direct contact on the
permeate side in DCMD. Moreover, the concentration of
the condensed permeate in AGMD isn’t in direct contact
with the membrane surface, hence there isn’t a risk of
membrane wetness on the permeate side.

Increasing the feed temperature increases the vapor
production and the driving force to permeation, which
enhances permeation along the membrane surface.
Decreasing the cold temperature increases the difference of

partial pressure that assists the permeation process across
the membrane. The variation of mass flux with feed flow
rate shows that increasing the feed flow rate increases the
mass flux substantially. In addition, increasing the cold flow
rate increases the flux marginally.

The copolymer P(VDF-TrFE) (80/20) is better than the
other materials of MD. The flux average, thermal
efficiency, and TPC reach 12.99 (g/m3), 44.74 and 45.06 %
respectively. The lower density and thermal conductivity
are more effective for increasing the distillate water flow in
AGMD processes. In addition, the mass flux and thermal
efficiency reach 68.27 (g/m3), and 68.27 % with the
laminar flow regime and they reach 193.5 (g/m3), and
83.29 % with the turbulent flow regime, respectively.
Therefore, the variations in the different membrane
parameters are very effective and the turbulent flow regime
is better than the laminar flow regime. Finally, this effective
study will be useful to develop and optimizing in the future
both the small and large scales MD processes for
desalination.
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