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Abstract

This paper examines the performance of a Direct Contact Membrane Distillation (DCMD) system experimentally and theoretically.
The system uses a super hydrophobic electrospun nanofiber membrane to desalinate water. Investigations were carried out into how
the feed concentration, feed flow rate, and feed temperature affected permeate flux. as system operating parameters to aid in
comprehending the factors impacting the DCMD process. The application of DOE and Taguchi methods achieved statistical
optimization of the DCMD process's performance. In addition, the study of mass and heat transport in DCMD was described by a
theoretical model. While the feed concentration (0- 210 g/L) significantly affected flux, the feed's temperature (35-55 °C) and flow
rate (0.2-0.6 L/min) mostly dominated the impact on system performance. The created model numerically solved the DCMD process
using MATLAB software, describing it as a system of nonlinear equations. Various operating conditions were used to investigate the
efficiency of the superhydrophobic electrospun nanofiber membrane in treating 210 g/L NaCl salt water. Changing the feed
temperature and concentration affected the hypothetically suggested path across the membrane, according to the simulation results
presented in this paper. Excellent agreement was observed between the experiment results and the constructed model's predicted
results. Every instance maintained a high salt rejection rate (over 99.9%). The DCMD produced a gain output ratio (GOR) of 0.87
and a temperature polarization coefficient of 0.78 to 0.91. The system achieved a maximum thermal efficiency of 73.5%. The optimal
parameters, which are 70 g/L, 0.6 L/min, and 55°C.
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1- Introduction
. . . . particularly in North Africa and a small number of Middle
As a result of rising populations, expanding economies,  Eastern nations[5]. Reverse osmosis (RO) is most often
and dwindling natural water supplies, many countries are  eq o desalinate saltwater. The RO type accounts for
facing significant water shortages [1]. The majority of the  qyer 609 of all desalination plants currently operating [6,
water on Earth is saltwater (97.5% of the total), but justa 71 ysing various energy sources, desalination separates
little fraction, 2.5% to be exact, is fresh and drinkable, salty water into two components: combined with brine
making it |_deal fc_)r use in various applications such_as concentrate, which contains a significantly higher
home and industrial water systems, as well as meeting  concentration of dissolved salts than the initial input
agricultural needs. According to the most recent data from  \yater  and  freshwater. which includes a lower
the "World Water Development Report,” over 50% of the - concentration of dissolved salts [8]. With new, highly
world's nations will be facing a shortage of water py porous membranes created during the past 20 years,
2030, and almost 75% of the world's population will  memprane distillation, or MD, has attracted much
likely face water shortages by 2050 [2, 3]. The  aention. Such membranes' performance is mainly
development of potable water exporters has been a gictated by their properties as well as the important
significant global |ssue..One of the most promising Ways  hrocess's operating parameters, such as temperature,
to create fresh water is by desallnatlng seawater and  concentration, and feed flow rate [9]. Electricity
brackish water, which has been a vyorIdW|de problem for generated by nuclear power has increased dramatically
years due to the shortage of drinking water[4]. Among  gyer the past three decades, rising from 14% of total
the most important commercial processes for supplying  ejectricity generation in 2009 to nearly 19% in 2016.
fresh water to various industrial and community sectors,  Recent articles claim that the world's nuclear power
seawater desgllnatlon has played an essentlal_ role in the capacity will rise from 2009 levels by 2030. The primary
socioeconomic development of many developing nations,  method for generating nuclear energy is nuclear fission.
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Turbine generators, which produce electricity, rely on the
heat produced by this process to create steam. Since it
doesn't require burning fossil fuels, it's also thought to not
release any greenhouse gases. The correct disposal of
radioactive waste and other operational safety concerns,
however, limit the applicability of this technique. A new
word, "nuclear desalination,” emerged from the use of
nuclear power in desalination operations.[10] One
definition of membrane distillation (MD) is that mass and
heat are transmitted across a hydrophobic microporous
membrane in a thermal process [11].

The fundamental benefit of membrane technology over
conventional distillation processes is the membrane's
ability to operate at low feeding temperatures. In contrast
to more traditional membrane processes, such as RO, MD
operates at a relatively low pressure [12, 13]. The four
main kinds of MD configurations are defined by the way
the vapour is removed via the side of the membrane that
is hot [14]: direct contact membrane distillation (DCMD)
which directly condenses vapor on the permeate side and
inside the membrane module using cold water [15],
vacuum membrane distillation (VMD) which the
permeate side has a vacuum pump that pulls the volatile
molecules out of the feed solution that lets the water
vapor collect in the membrane unit or a separate
condenser [16], air gap membrane distillation (AGMD) in
which the vapor condenses inside the membrane module
using a stagnant air layer situated at the permeate side
halfway between the condensation surface and the
membrane layer [17] and sweeping gas membrane
distillation (SGMD) where condensation occurs in the
outer member unit by utilizing a cold, inefficient gas that
pulls vapor molecules from the cold side [18].

The following drawbacks of MD make it impractical for
usage in commercial settings and so limit its potential as a
separation method in industry: 1) reduced permeate flux
compared to pressure-based membrane processes (2) the
technical constraints of pore wetting and trapped air
within membrane pores, which further limits the MD
permeate flux due to increased mass transfer barrier [19,
20].

Several research projects that have the DCMD method
discovered in the existing literature; between them,
operating condition assessment using the response surface
approach in the DCMD technique for desalination of
seawater with PVDF-HFP membrane [9], A numerical
utilizes computational fluid dynamics (CFD) models in
three dimensions to study how corrugations impact
DCMD modules [21], A Study on Experimental and
Simulation Methods for the Desalination of Highly Saline
Water by the Use of Direct Contact Membrane
Distillation (DCMD) by commercial membrane [22],
investigate the mass flux's sensitivity to the various
parameters linked to direct contact membrane distillation
(DCMD) to produce water through parametric sensitivity
analysis [23]. The computational fluid dynamics (CFD)
method was used to mathematically model the behavior
used in the DCMD procedure under different operating
circumstances  [24]. Direct Contact Membrane
Distillation: An Examination of the Plate and Frame

Membrane Module as an Experimental Desalination
performance of 3 wt.% NaCl solution by three-factor,
three-level orthogonal experiment was designed [25],
analyze the polarizations of temperature and
concentration to improve the performance of direct
contact membrane distillation utilizing the Navier-Stokes
and species transportation equations, the flow, heat, and
mass transfer properties of the flat sheet DCMD process
are demonstrated [26]. In this study, we used MATLAB
to create a DCMD heat and mass transfer model that
accounts for the additional resistance to mass transfer that
might not be immediately apparent through MD
operations. The hypothetical path across the membrane
represents this resistance, the thickness of the membrane,
and the tortuosity, which are variables dependent on the
operating conditions (temperature and concentration) to
maximize the membrane's performance. This study used
Matlab and a desirability approach to evaluate the main
effects of the feed temperature, flow rate, and
concentration of feed and to produce a gain output ratio
(GOR) temperature polarization coefficient and achieve
maximum thermal efficiency.

2- Theoretical model

Mass and heat transmission are two of the many
complicated transport mechanisms that take place
together in MD. In this work, several nonlinear equations
resulting from the heat and mass balances were solved
numerically to create a DCMD system model. This model
utilized into account several assumptions, including that
the system operates in a steady-state condition, that is
only one direction of flow, the flow rate is laminar (the x
direction), and that neglecting the heat lost from the
system to the environment, the overall pressure is taken to
remain constant at 1 atm along the water passing on the
path. Considering that there is no wetting within the
membrane layer, the feed solution's nonvolatile
components, such as salt, are entirely removed.

Water vapor is diffused via a membrane with a uniform
pore size (ignoring the distribution of pore sizes) and
transports along a tortuous path. Water vapor can diffuse
through the membrane because the air trapped within its
holes remains stationary. The DCMD's transport

mechanism method is illustrated schematically in Fig. 1
[27-29].

H cat and mass fluxes
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PeMamERR

Hydrophobic porous
Membrane

Fig. 1. Schematic diagram for DCMD [27-29]
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2.1. Mass transfer

The three-step mass transfer process in MD begins with
the vaporization of the hot feed at the liquid/gas interface,
continues with the vapor’s diffusion from the hot interface
to the permeate interface via the pores of the membrane,
and finally, with its condensation into the permeate side
stream, driven by the vapor pressure difference [27, 30,
31].

The water vapor pressure differential between the feed
and permeate sides is the primary generator of the mass
flux through the membrane. This allows us to determine
the permeate mass flux as [32-34]:

Jw= Dex* APy = Dex(P°%nr — P%,p) 1)

In which Jw and the equivalent diffusion coefficient
represent the mass flux of permeate is denoted by De. The
difference in vapor pressure at surfaces that cross a
membrane is denoted as 4Pn. The vapor pressures of the
feed side at the surface of the membrane are P°ys, and the
vapor pressure of the permeate side is P p.

Only the sodium chloride salinity affects the vapor
pressure at the feed side, which must be included when
the pressure is calculated [35].

Pom,f = Pom‘f * A, f,* Xw‘f (2)

pmsis the pressure of water vapor at the surface of the
membrane, as determined by the Antoine equation at
temperatures (Tmr) [35].

3816.44 ] (3)

Tinf—46.13

P’'mi= exp|(23.1964) —

Xur= (1= Xyae) (4)

Xw, ¢ is the water mole fraction in the feed. Xnaci is the
NaCl mole fraction in the feed. aw, 1 is the NaCl solution's
water activity coefficient, which can be calculated as
follows [35]:

aws= 1 — 0.5 (Xnac)) — 10 (Xnaci)? (5)

p°mp iS the pressure of water vapor at the surface of the
membrane, as determined by the Antoine equation at
temperatures (Tmp) [22, 36].

Pomp= P'mp= exp|(23.1964) — ﬂ] (6)

Tmp—46.13

Gases and vapors can be transferred through porous
media using three mechanisms. Three such models are the
Knudsen, molecular diffusion, and Poiseuille flow
models. In DCMD, the models of molecular diffusion and
Knudsen flow are applicable. No hydrostatic pressure
across the membrane is required because the pressure
inside the membrane module is constant for both the feed
and permeate solutions (about 1.0 atm). There is
essentially no Poiseuille flow here [22, 36].

By dividing the Knudsen diffusion by the molecular
diffusion, we determined the combined effect of the two
diffusions. This ratio defines the mass transfer control
mechanism a. The range of possible values for Dk a is
from 0 to 1 [33].

pe = [& + &7 ™

De refers to effective diffusion, Dk for Knudsen, and
Dwm for molecular diffusion. The expressions for Dk and
Dw are as follows [1, 37]:

3% 8x T Tox R Ty -5 -t
Dy o (TR (8)
2xex dpore 8% Moy
D = (R* Ty * 85T+ P dpore )*1 (9)
M Mo £+ PDwa

Where d represents the thickness of the membrane, &
refers to its porosity, R denotes the universal gas constant,
dpore ShOws the diameter of the pore, Mo is the molecular
weight of water molecules, and P is the total pressure
inside the pore. For a water-air mixture usable between
273 and 373 K, the following expression can be used to
determine the PDwa value (Pa m?/s), and Tm denotes the
average temperature over the membrane's surfaces [20,
38, 39]:

PDwa = 1.895 * 10 Tm?%7 (10)

_ Tg+ Ty
2

Tm (11)
T is like in the Mackie-Meares equation. The membrane

porosity (g) is frequently associated with the membrane

tortuosity (also frequently constant) [20, 22, 40].

T (2—-¢)2
€

(12)
2.2. Heat transfer

2.2.1. The movement of heat from the input side to the
output surface of the membrane

The cooling law of Newton controls the convectional
heat transfer that takes place in the feed boundary layer
[20, 33, 40-42].
Q= hy* (Tor — Tir) (13)

Qs is the convective heat flux (W/m?), Ty is the input
and output hot feed stream's bulk temperature, hf is the
boundary layer heat transfer coefficient at the membrane
feed side, and Tms is the average membrane feed side
temperature.

Nusselt, Reynolds, and Prandtl dimensionless numbers
used empirical correlations to get the heat transfer
coefficient hr [41, 43, 44].

he= MK (14)

Dp
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Where k is the fluid's average thermal conductivity at
the feed side of the membrane, and Nu is the Nusselt
number, which in the case of laminar flow is given by the
following expression [44, 45]:
Nu = 1.86 (Re Pr 22)0% (15)
Where Dy is the hydraulic diameter of the channel, L is
the length of the channel, and the Pris Prandtl number is

defined as the ratio of the viscous diffusion rate to the
thermal diffusion rate as shown [34, 36]:

pr=to e (16)

4 (cross—sectional area)

Dh- @an

wetted per meter

2.2.2. Transfer of heat via the membrane layer

Adding the two forms of heat transmission via the
membrane, conductive and evaporative, provides the
overall heat transfer rate through the membrane [1, 46,
47].

Qm= Q¢ + @y (18)

The overall heat flow through the membrane (Qm). The
heat transfer through the membrane that is conducted
(QC). The mass flux via the membrane pores that
evaporates (Qv).

The effective thermal conductivity of the membrane,
denoted as km, is the sum of the gas thermal conductivity
(kg) and the membrane’s solid thermal conductivity (ks). It
may be determined using the following formula [48]:

QC: k?m (Tmf_ Tmp) (19)
-1
_[ € 1-¢
i+ 25 (20)
Qy =Jw* 4H, (21)
Jw is permeate flux, AHy is the water vaporization

enthalpy, which can be calculated using the [22]:

AH, = 1.7535 Ty, + 2024.3 (22)
The overall rate of heat transfers through the membrane
(Qm).

Qm = k?m (Tmf - Tmp) + Jw* 4H, (23)
2.2.3. The movement of heat from the surface of the
membrane to the permeate stream

Transfer of convective heat from the surface of the
membrane to the permeate stream in the boundary layer
region [47, 49, 50].

Qp = hy* (Tp — Top) (24)

Tmp 1S the surface temperature of the membrane on the
permeate side, Typ is the average bulk temperature of the
cold permeate stream entering and leaving the system,
and hp is the boundary layer heat transfer coefficient on
the permeate side, which is measured in the same way as
on the feed side.

While in a steady state, the unknowns in the MD
process, such as the feed membrane interface temperature
(Tmf) and the permeate membrane interface temperature
(Tmp), can be calculated in Egs. 25 and 26 and Using the
assumed temperature and the steps shown in Fig. 2, the
following is the steady-state formula for the overall heat
transfer via the DCMD method [22, 33, 51]:
QU =0n=20 (25)

The feed and permeate surface temperatures of the
membrane are determined by [51-53].

h
K (pr+h—£r,,f )+ 8 (hy Thy —Jw *AHy)

Tt = - (26)
(km)+ hy (5+5m)
P
k (r +g )+8(h Thp + Jw * AHy)
m\ b, T, b b w V.
T = f hf P P bp 27
mp = km
)+ hp (84 72)
input parameters of ENMs | §,£and 1) ,DCMD  operating parameters
{Tif: T Vs Vi A, Dhoand L] and results {Temperatures, concentrations, flow rates)

h
AssumeTys . Ty

|| CalculateP s, Poyp inea (2) and5) |

Calculae D ineq (&)
Calculatelwineq (1)

Determinations hf, hp,MNu and Pr for bothside at eq(13),(14),{15) |
v
Calculate T,,._‘f f Tm_n ineq(25), (26) |

v
[If Tinf + Tenp CalCU
Yes

-~ ] |No
culaed=assumed el
_ . new values

| Stop andget the Jw results |

Fig. 2. The following algorithm's flow diagram for
predicting the DCMD permeate flux (Jw)

3- Experimental methods (DCMD performance)

Fig. 3 shows the graphical layout of the experimental
setup of the direct contact membrane distillation (DCMD)
method. Fig. 5 shows a picture of the DCMD process.
The run of the DCMD experiment was curried for about 5
h. A peristaltic pump was used in the DCMD process to
deliver the hot feed solution to the top side of the flat
sheet-produced membrane at a flow rate controlled by a
control valve with a pressure gauge on the right side. At
the same time, the vapor water was passing through the
membrane because of the driving force of partial pressure
at the sides of the membrane to with cold distillate, the
cold distillate water with the vapor water circle in the
bottom side from module also by a peristaltic pump
through a control valve that regulates the flow rate with
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and pressure gauge in the left side. The chiller and bath  and a chiller was set at a constant 10 °C. The Flat sheet
are carried handmade. membrane module of DCMD was designed and

Using a water bath, the prepared saltwater in a 500 ml  constructed in Italy in an area of about (6*%6) cm?, as
glass tank was heated to various degrees (i.e. 35-55 °C),  shown in Fig. 4.

1 Bath for feed 2 Pump for feed

3. Rotameter for feed 4 Inlet pressure gauge for feed

5. Inlet temperature sensor for feed 6  Outlet temperature sensor for feed
7 Chiller for permeate mm 8 Pump for chiller (permeate)

9 Rotameter for chiller (permeate) 10.  Inlet pressure gauge for permeate

Inlet temperature sensor for Outlet temperature sensor for

11. 12.

permeate permeate
13. Membrane module 14. Membrane
15. Tank for permeate 16. Tank for feed

Fig. 3. Experimental setup for the DCMD procedure

Membrane  Distillation System
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3.1. The characteristics of nanofiber membrane

The characteristics of the prepared nanofiber membrane
by electrospinning double layer. The first (base) layer was
hydrophobic polyvinylidene fluoride (PVDF) based
electrospun nanofibers and the second (top) layer was
hydrophobic polymethyl methacrylate (PMMA) based
electrospun nanofibers at 30% PMMA and 10% PAN by
(25PAN:75PMMA) [54] and adding silica nanoparticles
at 3.5% in PMMA, data presented in Table 1.

3.1.1. AFM

The surfaces of the manufactured nonwoven nanofiber
membranes as analyzed by AFM for roughness, an
important factor in determining the membrane's
wettability and fouling resistance [55] as shown in Fig. 6.
The membrane's surface roughness on average (Ra) found
about 539.5 nm and the size of the pore at 323.4 pm.

3.1.2. Contact angle (CA)

A membrane's hydrophobicity can be measured by
gauging the water's contact angle with the surface [56, 57]
and images obtained using, the contact angle in Fig. 7
about 152°.

3.1.3. Scanning Electron Microscope (SEM)

An important factor for the surface characteristics of the
manufactured nonwoven nanofiber membranes [54] as
shown in Fig. 8 that the measured fiber size average is
about 150.4 nm.

The permeate flux is evaluated in the following
equation.

Jo=(V*p)/(Axt) (28)

X*20um

Fig. 6. AFM image of the prepared double-layers (25PVDF: 75PMMA) with 3.5 % silica in PMMA nonwoverT

Parabola ft 2,37um4

The membrane's effective surface area (m?) (A), the
volume of collected water (I) (V), the water density
(kg/m?3) (p), the time it takes for water to be collected (hr)
(t), and the water vapor permeation flux (Jv) are all
variables in this equation. An electrical conductivity
meter (a German-made Model DDS 307) was used to
monitor the salt concentrations of the feed and permeate
going into and out of the membrane module. The salt
rejection was determined using the following formula [54,
58].

R(%) = [1 = (C¢/CP)] (29)

Here, R refers to salt rejection, Cp to permeate solution
concentration, and Cr for the concentration solution of
feed [54, 58].

Table 1. Characteristics of the prepared membrane by
electrospinning

(25PAN:75PMMA) with

Membrane type 3.5% silica in PMMA
Average pore size 323.4(um)
Thickness 100 (um)
Porosity 82(%)
Contact angle 1520
Roughness 539.5 (hm)
Membrane area A 36(cm?)

The DCMD performance was examined in this work
with feed temperatures ranging from 35 to 55°C at several
temperatures (35,40,45,50 and 55°C), using the flow rate
of feed of 0.2, 0.3, 0.4 and 0.6 L/min with feed salt
concentrations at 70, 140 and 210 g/L) to doing the main
tests on desalination of salt water [54]. These parameters
were selected based on previous studies some of which
are listed in Table 2.

Line fit 1.25pm

Z-Axis range

nanofibers membranes and analyzing surface roughness
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Fig. 7. The contact angle measurement for the prepared
double-layers (25PVDF: 75PMMA) with 3.5 % silica in
(Super

PMMA nonwoven nanofibers membranes

Hydrophobic)

Fig. 8. The SEM of the prepared double-layers (25PVDF:
75PMMA) with 3.5 % silica in PMMA nonwoven
nanofibers membranes

4- Results and discussion

The efficiency of the DCMD process is highly
dependent on the operating conditions. A set of tests was
conducted to evaluate DCMD's performance by studying
the effect of operational parameters on the permeate flux.
In this study, three variables were considered at varying
levels: feed temperature (35-55°C), feed flow rate (0.2—
0.6 L/min), and feed concentration (0-210 g/L).

4.1. Effect of feed temperature

As seen in Fig. 9, the permeate flux varies with feed
temperature for various concentrations. As the feed

solution concentration changed from 0 to 70, 140 to 210
g/L, the feed temperature varied from 35 to 55, but the
feed flow rate was kept constant at 0.6 L/min. Fig. 9
shows that the permeate flux grows as feed temperature
increases for all salt concentrations. There is a significant
connection between the feed temperature and the
evaporation rate. Fig. 9 indicates that the permeate flux
grew exponentially with temperature. This is because the
driving force is greater at higher temperatures, which
causes the partial pressure of the vapor to increase
exponentially with temperature. The relationship between
feed temperature and vapor pressure, predicted by
Antoine's equation, which shows an exponential
relationship, may account for this behavior.

For a solution of 70 g/L NaCl, Fig. 10 shows how the
feed temperature affects the permeate conductivity and
salt rejection. As the feed temperature increased, the pore
size expanded slightly, leading to a slight rise in the
permeate conductivity. The investigated temperature rise
range had little effect on the membrane's pore size and
wetting process, although 99.99% salt rejection was still
obtained that agreed with [22, 59].

4.2. Effect of feed flow rate

The effect of feed flow rate on membrane performance
as a function of different feed concentrations at 65°C feed
temperature is shown in Fig. 11 and Fig. 12. Fig. 12
demonstrates that raising the feed flow rate led to
increased permeate flux, consistent with earlier research
[59, 60].

Because of the increased Reynolds number, which
decreased the temperature and concentration boundary
layer thickness and consequently led to lower heat and
mass transfer resistances, the permeate flux increased
with the flow rate. The electric conductivity increased
with increasing feed flow rate across all feed
temperatures, but salt rejection was marginally reduced
(Fig. 12). This is because the pressure changes as a
function of the flow rate, which could explain how a little
wetting could happen when the pressure changes are
substantial that agreed with literature [59].

4.3. Effect of feed concentration

As seen in Fig. 13, the penetration flux decreases as the
salt concentration increases. Because a concentration
boundary layer, which runs parallel to the thermal
boundary layer, formed due to the NaCl particles. To limit
the permeate flux, the concentration and temperature
boundary layers work together as a barrier to vapor
transfer, reducing the driving force for evaporation. As
predicted, the DCMD flow decreases as salt concentration
rises. The decrease in vapor pressure in the feed is the
cause of this [22, 61].

Fig. 14 shows that as the NaCl concentration was raised,
the permeate conductivity rose rapidly while the salt
rejection decreased. Low entry pressure (LEP) conditions
(water will pass through the membrane if there is a
pressure more significant than the membrane's entry

129



N. N. Safi and B. I. Waisi / Iragi Journal of Chemical and Petroleum Engineering 25, 4 (2024) 123 - 137

pressure) led to an increase in penetration conductivity
under more significant concentrations. As the feed
concentration increased, the permeation conductivity also
rose and 99.97% in terms of salt rejection. The electric
conductivity increased with increasing feed flow rate
across all feed temperatures, but the salt rejection was
marginally reduced (Fig. 12). This is because the pressure
changes as a function of the flow rate, which could
explain how a little wetting could happen when the
pressure changes are substantial that agreed with the
literature [18, 22, 59, 62].

60
50 -

40 -
30 -

\\

20 -

10 | w0 —mW=70 140 ==>4=210
0 T T

30 40 50 60
Feed temperature (°C)

Fig. 9. Feed temperature's influence on permeate flux at
varying feed concentrations, with a flow rate of 0.6 L/min
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Fig. 10. Conductivity and salt rejection as a function of
feed temperature for a 70 g/L and 0.6 L/min feed solution
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Fig. 11. Permeate flux as a function of feed flow rate at a
range of feed temperatures and a concentration of 70 g/L
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Fig. 12. Conductivity and rejection as a function of feed
flow rate for a manufactured membrane ata feed
concentration of 70 g/L and a feed temperature of 55 °C
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Fig. 13. Changes in permeate flux as a function of feed
concentration at various feed flow rates and feed
temperatures (55 °C)
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Feed concentration (g/L)
Fig. 14. Conductivity and salt rejection as a function of
feed concentration in a feed solution at 55 °C feed
temperature and 0.6 L/min feed flow rate

4.4. Statistical method

In order to account for the additional mass transfer
resistance that might not be immediately apparent during
the MD operation, a MATLAB-based model of
simultaneous heat and mass transfer was created for a
DCMD system. This model takes into account the
operating conditions (such as temperature and
concentration) and represents them through a hypothetical
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path ¢ across the membrane (¢= 6 * T), where & is the
thickness of the membrane and T is the tortuosity. As a
matter of fact, this parameter would be utilized to convey
the operational variation of membrane features. In order
to compare the DCMD process's performance with the
model that was established, an experimental investigation
was carried out. This investigation utilized a high salty
water supply with a NaCl concentration of up to 210 g/L
under different operation circumstances.

4.5. Theoretical results

The proposed mathematical model was validated by
comparing its simulated results with the experimental
data. At a produced membrane porosity of 82%, Fig. 15
shows the experimental data compared to the predicted
model for 0,70, 140, and 210 g/L NaCl solutions. This
figure shows a slight difference between the experimental
and theoretical results on both feed concentrations. Fig.
16 shows the results of comparing the model's predictions
with experimental data on the permeate flux.

The reason for the difference that is very slight between
the theoretical and the experimental is that the fibers
inside the membrane will suffer from a phenomenon
called swelling, i.e. the fibers swelling that slightly
expended in hot water, causing a decrease in the pore size,
which causes a decrease in the amount of output, as well
as a loss of the very little heat, which also leads to a
decrease in the flow then decrease in permeate flux that
agreed with[63, 64].

55
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Fig. 15. Permeation flux as a function of feed temperature
at concentrations of 0,70.140 and 210 g/L NaCl and feed
rates of 0.6 L/min

4.6. Thermal efficiency (I])

A theoretical model was proposed for evaluating the
DCMD process's thermal efficiency. Fig. 17 shows that
the feed temperature significantly affected the thermal
efficiency; hence, raising the feed temperature increased
the process's thermal efficiency. The reason is that when
the temperature rises, the heat lost by conduction is
reduced compared to the heat lost through vaporization,

which is a function of thermal efficiency. Eq. 35 shows
that heat conduction, on the other hand, is inversely
related to thermal efficiency (Eq. 29) [22].
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Fig. 16. A Comparison of the permeate flux experimental
data the model's predicted values

4.7. Gain output ratio (GOR)

Another important factor in MD, especially when heat
recovery is involved, is the gain output ratio (GOR). GOR
is a measure that shows how efficiently the following
equation can be used to evaluate the thermal energy [65,
66]:

*AH,)*A

GOR =422 (31)

The following equation determines the effective area of
the membrane (A) and the total heat used by the system
Qin=ms * Cp (Tptin— Tprou) (32)

Where m; represents the feed solution's mass flow rate
and C, its specific heat capacity, Tofin and Tor out represent
the hot feed temperatures entering and leaving the system,
respectively. As shown in Fig. 16, the gain output ratio is
proportional to the feed temperature. When the feed
temperature was raised, the GOR value also rose.
According to the, a direct relationship appeared between
the mass flux and the GOR value, which was caused by a
rise in the partial pressure difference.

4.8. Temperature polarization coefficient (TPC)

The TPC ranged from 0 to 1, with higher values
indicating lower affected by temperature polarization. In
Fig. 17, we can see that the feed temperature has an
inverse relationship with in addition to the TPC's value.
The TPC value becomes higher when the feed
temperature changes significantly. The temperature or
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thermal polarization coefficient (TPC) is utilized when
describing a process's thermal efficiency [66]. Table 2 and
Fig. 17 allowed me to compare to prior research and find
a very close match with [22].

Tof~Trmp

TPC = (33)

Tor=Thp

The performance of the membranes predicted by this
study is compared to the performance of the selected
membrane values from the literature in Table 2. In
addition to the most crucial operating characteristics,
Table 2 also includes feed concentration, feed
temperature, and feed flow rate. It is clear that the
permeation flow predicted by the given model for the
membranes is realistic and agrees well with the majority
of membranes' permeation fluxes reported in the
literature.
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Fig. 17. Thermal efficiency (n) at different feed

temperatures, 70 g/L NaCl, and 0.6 L/min, as well as the

DCMD system's gain output ratio (GOR) and thermal

polarization coefficient (TPC)

35 40

Table 2. Various membranes from the literature are compared to the projected model's performance in this study

Membrane Name * Temp. of Feed  Conc. of Feed Flow Rate_of Exp. Flux Ref
(°C) (g/L) Feed (L/min) (kg/m?.h) )
PVDF-co-HFP 47-67 0-100 0.35-0.55 16.35 [62]
DHPVC-g-PEA 65 200 0.6 32 [59]
PVDF-co-HFP 45-65 0-100 0.2-0.6 17.3 [18]
PTFE 45-65 0-200 0.3-1.07 5.1-17.3 [22]
PVDF 50 35 0.6 21 [38]
M4-2(PDMS) 70 35 1 43 [66]
PTFE 40-90 4.65 0.14-100 55-72 [67]
PVDF 80 0.45 6 515 [68]
PTFE 130 10 05 195 [69]
PTFE-CNTs 70 34 - 69 [70]
PP 40-60 - 0.5-1.7 5-25 [71]
PVDF-HFP/SiNPs 80 35 1.166 48.6 [72]
PP 85-90 10-100 25 60-79 [73]
PTFE 60 Seawater 45 455 [74]
PTFE + TiO2NF 50-80 0-100 - 7-12.2 [75]
PTFE 38 Various 11-22 2-5 [76]
PTFE 70 35 Re = 500-1500 47.8-86.8 [77]
PTFE-PP 60 30 0.04 12.2 [78]
PVDF PTFE+PET+CS 60 20 05 19 [79]
PMMA ,PVDF SiO, 35-55 0-210 0.2-0.6 16- 53 Present work

* PVDF-co-HFP: Poly vinylidene fluoride-co-hexafluoropropylene; DHPVC-g-PEA: Polyvinyl chloride-graft-poly
ethyl acrylate; PVDF: polyvinylidene difluoride; PDMS: polydimethylsiloxane; CNTs: carbon Nanotubes; PP:

polypropylene;

PVDF-HFP/SiNPs: poly(vinylidene fluoride-co-hexafluropropylene)/Silica nanoparticles;

F-TNF:

Fluorinated Titania; PET: polyethylene support layer; CS-PEQO: chitosan-polyethylene oxide.

5-  Conclusions

A DCMD flat sheet electrospun nanofiber membrane
was simulated and experimentally studied. The built
DCMD process model considered the module dimensions,
operating conditions, and membrane characteristics. This
model used theoretical and experimental approaches to
investigate how feed temperature, flow rate, and
concentration affected permeate flux. The permeation flux
over the membrane was positively affected when
changing the feed temperature and flow rate. However,
the feed concentration was negative. When the feed
temperature went up from (35-55) °C, the DCMD thermal
efficiency increased from (0.62-0.73) and the DCMD
system's temperature polarization coefficient went down
sharply from (0.91 to 0.78) at 0.6 L/min feed flow rate,
fed a concentration of 70 g/L and the constructed
membrane achieved a high salt rejection of around
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99.99% and 43 kg/m2h. While at the highest salt
concentration of feed at 210 g/L, the constructed recorded
salt rejection of about 99.97 and 32 kg/m2h due to
increases in the concertation polarization on the surface of
the membrane that is less from passing the vapor through
the pore size then causes little shortage in permeate flux.
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