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1 Introduction

The increase of various pollutants in freshwater sources to unprecedented propor-
tions with the limitations of these sources portends many problems in the future.
Therefore, all countries seek to find alternative sources of pure water through the
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application of many technological methods [1-5]. Clean water and sanitation are
major Sustainable Development Goals (SDGs). Consequently, many scholars are
interested in discovering multiple sources of freshwater [6]. Egypt has over 2,400
km of shoreline on the Red Sea and the Mediterranean Sea, respectively. Desalina-
tion is employed as a sustainable water supply for residential purposes in various
regions of the country. Desalination is now being used along the Red Sea coast to
provide enough household water to tourist communities and resorts. This is since
the economic price of a water unit in these places is significant enough to cover
the expense of desalination [7]. Many approaches are available for the seawater
desalination process. To isolate a solvent or specific solutes, semi-permeable or
phase change membranes are employed in industrial desalination systems. Desali-
nation techniques may thus be divided into two broad types [8—11]. The first type
is the thermal or phase-change process in which the raw water is boiled or heated.
Minerals, salts, and contaminants are extremely dense to be carried away by the
steam created by boiling and hence persist in the raw water. In this process, the vapor
is condensed and cooled. As known, the main thermal desalination techniques are
multiple effect distillation (MED), vapor compression (VC), and multi-stage flash
distillation (MSF). The second type is the single-phase membrane procedure, the salt
rejection occurs without excessive energy or phase transition. Electrodialysis and
reverse osmosis (RO) are the two most common membrane procedures (ED). These
systems are costly for small volumes of freshwater and cannot be employed in areas
with few maintenance facilities [12—15]. Since these systems are well-established,
they are considered energy-intensive and ultimately related to non-renewable energy
supplies. Also, they are considered complex and have numerous operational issues.
Alternative methods, including forward osmosis (FO), and membrane distillation
(MD) has been studied because of their potential benefits (produced water quality,
simplicity, energy consumption, competence to be joined with renewable energies
including solar energy, etc.) [16-19].

Membrane distillation (MD) is a thermal separation method that uses a
hydrophobic membrane to aid phase change, allowing only vapor to pass through the
membrane wall. This technique has the potential to be employed for the desalination
of brackish water or saltwater. Also, it is employed for the enhancement of impor-
tant compounds [20-22]. Trans-membrane distillation, capillary distillation, pre-
evaporation, osmotic distillation, membrane distillation, and other terminology are
used in the field of MD to identify the process [23, 24]. The phenomena of membrane
distillation derive from the process’s resemblance to conventional distillation. MD
and conventional distillation depend on the equilibrium of vapor-liquid as the core
for salt rejection, and they involve the latent heat of vaporization being provided
to induce the phase change [25, 26]. Polyvinylidenefluoride (PVDF), polypropy-
lene (PP), and polytetrafluoroethylene (PTFE) are the mainly utilized resources for
MD membranes [27]. The membranes used have porosities ranging from 0.06 to
0.95, pore sizes ranging from 0.2 to 1.0 m, and thicknesses ranging from 0.04 to
0.25 mm [28, 29]. Table 1 offers a list of these materials’ surface energies and
thermal conductivities.
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Table 1 Materials employed in MD and their reported surface energy and thermal conductivity
[30]

Membrane material Surface energy (x 1073 N/m) Thermal conductivity (W m~! K—1)

PTFE 9.13 0.26
PP 30.2 0.18
PVDF 30.5 0.20

From table, PTFE has oxidation resistance, decent thermal and chemical stability
with supreme hydrophobicity. In contrast, it has a significant conductivity in which
a superior heat loss will happen through PTFE membranes. On the other hand,
PVDF shows respectable mechanical strength, thermal resistance, and hydropho-
bicity, and could simply be equipped into membranes with adaptable pore assemblies
via various methods. In the case of PP, it shows well chemical and thermal resistance
[30]. Recently, novel membrane components, including fluorinated copolymers and
carbon nanotubes [31, 32], have been created to create MD membranes with high
porosity and hydrophobicity, and strong mechanical strength.

The estimated flow of flat sheet membranes is ~20-30 m~2 h~! at input hot
temperatures of 60 °C and cold temperatures of 20 °C [28]. In all MD designs, the
water flow typically upsurges with the consumed temperature [33]. Whereas the
contrast in vapor pressure across the membrane drives membrane distillation. A rise
in feed temperature causes an increase in vapor pressure in the feed solution channel,
which raises the trans-membrane vapor pressure. A theoretical model for forecasting
the behavior of membrane distillation was investigated by Burgoyne et al. [34].
Permeating fluxes have been discovered using the mass and heat transfer equations,
and they have been supported by experiments. The primary research looked at the
impact of flat-plate module design in laminar flow regimes. It was discovered that a
50% reduction in membrane area tended to result in a 66% increase in water flow.
This could be caused by the rapid liquid velocity, which thins the boundary layer.
The water flux tends to increase with larger main channels, which enhances flow
distribution throughout the membrane.

In the several described MD setups, the impact of the support temperature on
the water flow has been extensively investigated. In all MD designs, the water flow
usually upsurges with the feed temperature [33]. Although the temperature polariza-
tion effect rises with feed temperature, numerous research claim that it is preferable to
operate at high feed temperatures due to the high evaporation efficiency and complete
heat transfer from the feed to the permeate/cooling side [28, 33, 35-37]. However,
it must be noted that operating at temperatures over 90 °C may result in a decrease
in membrane selectivity and serious scaling issues. The majority of research [38,
39] shows that the influence of the supply flow rate is to enhance the water flux.
This is because the integration effect brought on by the boosted confusion through
the feed channel has reduced the temperature and concentration polarisation influ-
ences. As a consequence of the turbulence, the temperature at the membrane surface



256 Y. Elhenawy et al.

approaches the bulk input temperature. Because of the larger trans-membrane temper-
ature decrease at higher temperatures, the influence of the flow rate on the production
is excluding than half that of the influence of the input temperature [40]. In general, up
to a certain point, the relationship between the feed flow rate and the trans-membrane
flux is linear [40]. Chan et al. [41] tested the membrane distillation crystallization
procedure. This investigation shows that the MD can function at high concentrations
with fluxes up to 20 1/h m? at feed temperatures of 50 and 60 °C. Working at batch
concentration, the flux steadily decreases as a result of concentration polarisation
and vapor pressure suppression. Due to temperature polarization, which prevents
salt saturation and scale deposition, the investigations revealed that the membrane
wall temperature is ~5-10 °C lower than the bulk temperature. Based on the afore-
mentioned studies, this paper applied a theoretical and experimental investigation to
study the effect of a PTFE direct contact membrane sheet’s geometric dimensions
on the water flux.

2 Methods

This section presents details of the experimental and theoretical work of the flat
sheet membrane distillation unit. The experimental equipment design and operational
characteristics are described for the water desalination system.

2.1 Experimental Setup Description

Figure 1 depicts a schematic representation of the flat sheet DCMD technique for
PTFE membrane materials. In the existing experiments, a flat sheet membrane with
dimensions of 20 cm x 20 cm and an operative membrane area of 15 cm x 15 cm is
employed. The permeate streams are depicted in blue in Figs. 1 and 2, whereas the
warm streams are denoted in red. The membrane module and the electrical heater
(1) are connected by the hot water pump (2), which moves the heated fluid between
them (6). Via the top port aperture, the hot fluid is sent to the membrane module. Due
to the related energy being lost to the vapor passing through the membrane, the hot
feed temperature drops in the feed channel. The electrical heater (1) makes up for
the temperature loss by raising the temperature of the hot stream to its starting point.
The temperature of the feed fluctuates from 40 to 80 °C. Between the membrane
module and the chiller (7), the cold water pump (8) circulates the cold water (6).
Condensate from the vapor permeate raises the temperature of the cooled water as
it passes through the permeate channel. The chilled stream is brought back to the
original permeate temperature using the chiller function. The permeate temperature
is managed by the chiller and is typically kept between 20 and 30 °C. Rotameters
are used to measure the feed and permeate flow rates. Pressure transducers and
thermocouples of type T are used, respectively to detect pressure and temperature.
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Fig. 1 A flow schematic of the DCMD unit

Using a weighing balance, the weight of the distillate is used to calculate the mass
flow. The TDS meter model measures the brine and permeate concentrations. DATAQ
Instruments (Graphtec Model: GL220 820APS, Graphtec) are used to record the data.
NaCl with a salinity of 35 g/L is utilized as the feed solution in order to study the
impact of feed salinity. The flow regime in the feed channel is laminar since the feed
and permeate were set to the same flow rate and varied between 0.3 and 0.9 L/min
(0.15 and 0.50 m/s).

The polypropylene non-woven layer utilized in experiments is laminated onto a
membrane layer comprised of pure PTFE in the membrane flat sheet. The USA-
based STERLITECH Company is where membranes are acquired. Table 2 lists the
membrane’s primary characteristics.

2.2 Heat and Mass Transfer of One-Dimension Model
Jor DCMD

While the heat movement inside the MD unit is frequently described in three phases
as illustrated in Fig. 3, water vapor transportation in membrane distillation may be a
contemporaneous heat and mass transference process.

(I) The bulk input to the vapor—liquid membrane results in heat convection at the
membrane exterior.
(II) Conductivity via the microporous membrane and evaporation.
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Fig. 2 DCMD experimental unit: (1) heater supply basin, (2) supply pump, (3) filter, (4) rotameter,
(5) thermocouple, (6) DCMD unit, (7) permeate tank (with chiller), (8) permeate pump, (9) electronic

balance, (10) a pressure transducer, (11) DAQ scheme

Table 2 Properties of the
PTFE membrane sheet

Description Specification
Pore size 0.45 pm
Thickness 127 pm
porosity 60-70%
Dimension 300 x 300 mm

(III) Heat convection, or the thermal physical phenomena of the permeate side, from
the vapor/liquid boundary to the bulk, permeate at the membrane face [30].

It is assumed that the flux (J) depends on a variety of factors for a particular
DCMD system, and a general connection may be expressed as

J = f(Aa Tf,Tp, rh'fa ”hp, Conembrane U) (€Y
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Fig. 3 Mass and heat and = dx .
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Here, n1,, and 1 ; are the rates of mass flow for the cold face and feed side (hot flow).
To further simplify the model, the following presumptions were also made:

—_

There is no heat loss through the unit wall.

2. According to R. G. Lunnon’s discovery [41], the specific heat of condensation
and evaporation does not alter among concentrations.

3. Acrossthe membrane, no temperature descent perpendicular to the flow guidance,
and Cgopa and U remain constant for a given membrane at a given flow rate.

4. Typically, below 3% of the total apparent thermal energy transported by the vapor

is delivered to the cold face, it is possible to ignore the sensible heat carried by

the permeate when balancing the heat transfer.

These presumptions allow us to express the flow as:

J = Cglobal(PTf - TPTp) (2)

where Cyopa involves the processes of mass transport in the membrane and the
boundary layer.

Figure 3 depicts a parallel flow DCMD heat and mass transfer element in a flat
sheet unit. Change in thermal energy on the hot face in this element may be stated
as follows:

prfn./lf(Tf»H-l + Tf,i) = _(Jl—llalentdA + U(Tf - Tp)dA) 3)

where Ty; and Ty;,; are temperatures at the ith and (i + 1) th points, and C, is the
specific heat of feed.

dA = Wdx, where W is the width of the membrane, the relation among the stream
displacement and temperature difference can be stated as,
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W(JiHlatent + U(Tf,l' - TP’i))dx

dT; = —
! Cp pmy

4)

As a result, the input temperature change after the feed stream passes through
each element can be stated as follows:

Cotopat [ EXP(23.1964 — 381880 ) — EXP(23.1964 — 72818800 | Hiavens + U (Tri = Tyi)

ATy = —

wax (5)

Cp.ring

Because Cyopq and U are supposed to be constants, the temperature of the input
stream at (i + 1)th can be computed by

Trivi=Tpi — ATy, (6)

The permeate temperature may be determined similarly by

m
Tpivi=T,; — .—fATf,i @)
mp

Thus, the flux at (i + 1)th can be revealed as:

Jis1 = Cyiobat (Prris1 — Pr.is1) 3
This allows for the calculation of the membrane’s overall flux as

Yo iWax 3L, JiAx
A L

J = 9

The aforementioned equations can be computationally solved.

3 Results and Discussions

This section illustrates the influence of the DCMD operating parameters on the
system’s productivity. The influence of feed inlet temperature, membrane effective
length, velocity, temperature difference, and feed velocity on the final flux.

3.1 Model Validation

Figure 4 shows the anticipated derived flux, which is the outcome of a parallel
flow DCMD. The model was run with a constant velocity of 0.35 m/s (0.7 L/min)
with various hot inlet temperatures (40-80) °C. Increasing feed inlet temperature
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Fig. 4 Validation of experimental and theoretical results at different feed inlet temperatures

significantly boosts the output flux. This trend is the same as in a previous study [42].
Comparison between experimental and theoretical results shows that the simulation
results well agree with the experimental outcomes and the maximum error is less
than 1%, indicating that the proposed model is reliable and valid.

Figure 5 illustrates the comparison between experimental and theoretical results
from parallel flow setups. Because a shorter membrane will result in a greater average
temperature and differential through the membrane [43]. With a shorter retention
period for mass and heat transfers, the membrane length influences the productivity
of the membrane for certain stream velocities and intake temperatures. As a result, if
the membrane size is not taken into account, it is inappropriate to assess the function
of MD membranes by flux even when the inlet temperature and velocity are the same.
Model validation shows that the maximum error is < 4% indicating that the proposed
model is valid.

3.2 Temperature Distribution Along the Membrane Sheet

The temperature profiles predicted by parallel flow DCMD along the stream flow
direction are shown in Fig. 6. Local temperatures on both faces of the membrane in
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Fig. 5 Comparison between experimental and theoretical results for different membrane lengths

the parallel flow approach one another at points further from the entrance (origin).
It is possible to predict that the flux of parallel flow mode would decrease laterally
the feed low trend due to a smaller temperature variance based on the difference in
the temperature profile [44].

3.3 Average Temperature Difference Across the Sides
of the Membrane

Employing the computed heat and mass transfer coefficients from the created
database was operated. Figure 7 illustrates the expected mean temperature differ-
ence across the membrane at various speeds. This chart showed that when the
stream velocity decreased, the temperature differential enhanced. When the velocity
increased from 0.2 to 0.45 m/s, the temperature difference decreased from 29 to
24 °C, which resulted in a temperature difference decrease of about 17%. This result
is following a previous study [45].
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Fig. 8 Flux at different velocities (membrane length = 0.145 m, feed inlet temperature = 65 °C,
cold inlet temperature = 20 °C)

3.4 Influence of Feed Velocity on Flux

Figure 8 illustrates the influence of feed velocity on the final flux. Increasing the feed
velocity showed a significant boost in water productivity. This is due to the reduction
in the residence time which is influenced by the boosted feed velocity [32]. The
maximum flux reached about 20 L/h m? at a feed velocity of 0.45 m/s.

3.5 Influence of Membrane Different Effective Lengths
on Flux

Figure 9 depicts the flow changes along the membrane’s length at various speeds.
When the velocity rose by around 0.065 m/s, the overall flux differential decreased
from 4.6 to 2.3 L m~2h~!. The trustworthiness of the model predictions is further
supported by the previously documented tendency of permeate flux with boosting
feed flow rates. The figures also demonstrate that when longer membranes are
utilized, the difference in flux at different speeds decreases. Hence, when larger
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Fig. 9 Flux variance of parallel flow DCMD in the direction of the flow at various velocities (inlet
feed temperature = 65 °C, inlet cold temperature = 20 °C)

membrane dimensions are used, the influence of feed velocity on flow will diminish
[28].

4 Conclusions

This paper investigated experimentally and theoretically the desalination of saline
water using direct contact membrane distillation. A polytetrafluoroethylene (PTFE)
membrane was employed with a pore size of 0.45 pwm and supported by a scrim
layer in a desalination unit. The experimental results showed that the average overall
mass and heat transfer coefficients slightly variate with changes in certain factors.
These factors are the temperature difference between (40-80 °C) and membrane span
variance, which serve as a basis for the simple model’s validity. The basic model may
be utilized to forecast productivity at various temperatures and membrane spans.
Furthermore, the module flow channel structure’s properties, such as the existence
of a turbulence promoter (spacer) or the size of the flow channel cross-section, will
have a substantial impact on the established boundary layer conditions. As a result,
changes in these flow channel characteristics will invalidate the previous database at
the same stream velocity. The model’s predictions demonstrated that when the flow
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rates on both sides are the same, the temperature profiles on the hot and cold sides
approach one another. Also, MD flux is influenced by membrane length, therefore it is
advised to employ a short, broad membrane for high production requests adequately
extended, slim membrane scheme. The simulation findings demonstrated that for
longer membranes, the supply velocity will have a lower impact on flow. Finally, the
comparison between experimental and theoretical results shows that the simulation
results well agree with the experimental outcomes indicating that the proposed model
is reliable and valid.

5 Recommendations

Polytetrafluoroethylene (PTFE) membranes have proven to be highly efficient in
operating as desalination membranes. The proposed simulation model has proven
the predictability of desalination results by (PTFE) membranes. This model could
be used for other types of membranes to get the best types and conditions. Also, the
validation error could be reduced by improving the simulation inputs or by trying
artificial intelligence methods.
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