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The global water crisis is growing so severe that there is a need for innovative
technologies for effective desalination. The utilization of cutting-edge
techniques for the treatment of seawater and saline water using membrane
distillation (MD) has several advantages that are significant benefits. This study
investigates how swirling flow configurations can improve the performance of
Direct Contact Membrane Distillation (DCMD) modules. Swirling flow can be
used to create turbulence, which lowers temperature polarization (TP) and
concentration polarization (CP). This makes it easier for heat and mass to
move through the system. An experimental DCMD system has been set up to
study the effect of varying permeate flow rates and temperature differences on
permeate flux. The results reveal that higher flow rates and temperature
differences significantly enhance the overall performance, up to a limit. This
study highlights the potential of swirling flow techniques to improve the
efficiency and scalability of MD systems in a bid to enhance the desalination
or treatment of water.
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1 Introduction

The increasing population growth is leading to a daily rise in the demand for potable
water. The limited availability of drinking water has emerged as a worldwide issue,
driving the exploration and advancement of various desalination technologies aimed at
processing seawater. The researchers employed multiple desalination techniques to
enhance freshwater recovery. The techniques are primarily classified as thermal and
membrane methods, with thermal desalination techniques being predominant due to
their consistent steady-state recovery. Recent advancements in membrane fabrication
have resulted in the growing significance of these techniques. In comparison to thermal
desalination, reverse osmosis (RO) is the predominant membrane-based technology
employed in both seawater reverse osmosis (SWRO) and brackish water reverse
osmosis (BWRO) (Stillwell and Webber, 2016). This is due to its effectiveness in
recovering freshwater. The recent trend in freshwater recovery has led to significant
physical and chemical challenges for RO membranes, particularly concerning the
polarization of internal and external salt ions (Tayeh et al., 2025; Wang et al., 2021;
Shen et al., 2025). Both membrane and thermal desalination techniques utilize seawater
to obtain pure water, while the residual brine is released back into the ocean. Before
releasing the brine water into the sea, it is standard procedure to conduct chemical
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treatment on high-salinity brine (Mariam Khan and Al-Ghouti,
2021); however, the discharge of brine into the sea presents
considerable environmental concerns (Panagopoulos and
Haralambous, 2020). The high salt content and the chemicals
added to the brine may be detrimental to marine biodiversity
(Panagopoulos and Haralambous, 2020; Omerspahic et al., 2022).
As a consequence of this, there is a growing demand for the
development of purifying techniques that are both green and
efficient in terms of energy use (Wang et al., 2021; Shen et al.,
2025). The membrane distillation (MD) technique is a promising
method in this context because it makes use of hydrophobic
membranes to extract water vapor from salty or contaminated
solutions (Olatunji and Camacho, 2018; Suleman et al., 2021).
This technique has the potential to enable the harvesting of pure
water under conditions that are less harsh on the environment
(Ashoor et al., 2016). However, there remain considerable
challenges in the areas of design, operation, and optimization
of MD systems, despite its advantages (Moujdin, 2021; Ahmed
et al., 2012).

Therefore, in order to get results that can be relied upon, it is
essential that the fluid dynamics that occur within the MD testing
cells are comparable to those that are observed in larger
commercial membrane modules (Abulkhair, 2022). This makes
it possible to obtain results that can be relied upon. Membrane
performance is influenced by the material properties and
stability, particularly in the context of membrane distillation,
which is relevant to both membrane synthesis and the associated
processing techniques (Moujdin, 2021; Ahmed et al., 2012;
Abulkhair, 2022). The production of a complete hollow fiber
or, more preferably, a spiral-wound membrane element, along
with testing on a full-size treatment system, incurs significant
costs, especially in the case of membrane distillation (MD)
(Abulkhair, 2022). Therefore, the membranes are initially
fabricated in small, flat shapes (Moujdin, 2021; Ahmed et al.,
2012). Considering that the cells being tested possess this
essential and useful trait, it is for this reason that they are
being examined. If the flow pattern within the cell is different
from what was initially anticipated, it is probable that the product
recovery and solute rejections from the membranes will be
projected wrongly. This also applies to the rejection of solutes
from the membranes. Consequently, suitable test cell designs are
essential to mitigate the effects of the hydrodynamic conditions
that differ between membrane modules and test cells (Moujdin,
2021). Some issues remain, despite a lot of work to overcome the
current difficulties in the DCMD procedures, particularly with
regard to temperature polarization. It is possible that very few
studies have looked into the fluid dynamics flow patterns in these
kinds of devices. For example, Moujdin (2021); Ahmed et al.
(2012) recently revealed a new fluid phenomenon known as
perpetual hydrodynamics. Earlier, Ahmed et al. (2012)
conducted another study in which they investigated the
behavior of fluid flow in a new membrane testing cell that is
carried out through the use of computational fluid dynamics
(CFD) modeling. The modeling results show that the majority of
fluid movements in the device near the membrane surface occurs
in the direction of cross flow.

The flow in modified cells that contained a diffuser disk was
compared to the flow in conventional cells that did not contain a

disk in the study that was conducted by Kawachale et al. (2009);
Kawachale et al. (2010). The research’s CFD analysis revealed a
better flow distribution in the redesigned cells. In another piece of
work, the same authors conducted a comparison of the gas flow
through identical testing cells (Tarabara and Wiesner, 2003;
Bertelsen and Olsen, 1989). In typical designs, it was
determined that the entrance port was placed in an
inappropriate location within the cell, which led to inadequate
gas flows. GE Osmonics manufactures the Sepa Cf Membrane
Cell, which features a feed channel. Tarabara and Wiesner (2003)
conducted research on the velocity and shear stress conditions. It
was noticed that the flow throughout the cell was parallel and
unilateral, with the exception of the dead zones that were located
at the corners of the channel (Cortés-Juan et al., 2011). An
enhancement in the design of a nanofiltration cell was
proposed by the research carried out by Cortés-Juan et al.
(2011). As a consequence of the modification to the design,
the velocity and wall shear stress both experienced significant
increases, but the size of the recirculation zones significantly
decreased. CFD modeling in membrane spacers is one of the
many studies that have been published, and there are a significant
number of other research works (Schwinge et al., 2002; Geraldes
et al., 2002; Fimbres-Weihs and Wiley, 2007; Li et al., 2002;
Hasani et al., 2009; Shakaib et al., 2012) that have been
published to date.

This investigation, on the other hand, did not take into
account the fluid movement that took place within the test
cells. Research centers and institutes regularly use these test
units to conduct membrane-related research. In order to
overcome the problems that are related with the MD cells that
are currently being utilized, a filtration testing apparatus that is
used for evaluating membranes was developed. Some problems
with the MD cells that are currently being used are that the fluid
flow can be cut off, the pressure is not always the same, and the
feed and draw solution can flow on the membrane’s surface.
These limitations pose a number of challenges and number of
studies has been reported to overcome these challenges
(Schwinge et al., 2002; Geraldes et al., 2002; Fimbres-Weihs
and Wiley, 2007; Li et al., 2002; Hasani et al., 2009; Shakaib
et al., 2012). Furthermore, the membrane is glued to the cassette
in a manner that is permanent; hefty components such as the cell
body and holder are required, and an external pressure source is
necessary to clamp the components contained within the cell
(Moujdin, 2021; Geraldes et al., 2002; Fimbres-Weihs and Wiley,
2007; Li et al., 2002; Hasani et al., 2009; Shakaib et al., 2012;
Hejazi et al., 2019). The design of the flow configuration that is
contained within the MD modules is also an essential component
in the process of enhancing the overall performance of the system
as well as its energy efficiency. This paper presents a preliminary
experimental study on the performance of a membrane
distillation module operating within a swirling flow
configuration. As a spiral motion or helical flow in fluid, that
has also been found to improve heat and mass transfer in many
industries (Moujdin, 2021). It is our conviction that
incorporating this flow configuration within an MD module
will improve permeate flux, reduce fouling, and increase the
efficiency of the system more than the conventional flow
patterns do.
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2 Methodology

2.1 Materials

Poly (vinylidene fluoride-co-hexafluoropropylene) PVDF 6020
(ultra high molecular weight PVDF homopolymer, molecular
weight 670–700 kDa) was provided by Solvay Specialty Polymers,
Bollate, Italy. Prior to making the dope solution the polymer was
dried for about 90 min at 60°C before use to remove any moisture.
Analytical grade N-·Methyl-2 pyrrolidone (NMP) were used as
solvent, and were procured from Sigma Aldrich, Germany.
Deionized water (DIW) was used as an additive. The desired
diameter of commercial grade Teflon rod with purity ~99.9%
were purchased from local market. The swirling cell was
constructed in mechanical engineering lab, King Abdulaziz
University, Jeddah using computerized CNC machine.

2.2 Membranes preparations

In order to achieve the desired structure, characteristics, and
stability of the PVDF DCMD membrane, it is essential to take into
consideration the molecular weight of the polymer, as well as the
choice of solvents and additives while designing the membrane. The
relationship between molecular weight and the strength and stability
of the polymer is generally direct; as molecular weight increases, so
does the strength and stability of the polymer in the context of
DCMD membrane applications. Thus, in this study, higher
molecular weight PVDF membranes were fabricated, and DIW is
used as a pore-forming agent. The PVDF dope was cast with a fixed
composition using an automatic casting machine (Erichsen
Unicoater 409, Erichsen: Hemer, Germany) on a glass plate
measuring, maintaining a knife thickness of 400 µm.

Following the casting process, the glass plate initially allowed the
thin membrane to interact with air for a duration of 30 s,
subsequently placing it in a coagulation bath for a period of

30 minutes to induce phase inversion. DIW water was utilized as
a nonsolvent as well. The membranes underwent a washing process
using a solution composed of 5 gm acetone and 95 gm DIW in a
closed heating bath, maintained at 60°C for approximately 60 min.
Finally, the membranes endured a drying process in an oven for 1 h
at 70°C to eliminate any residual solvent or non-solvent.

2.3 Membrane characterizations

The structural properties of the membrane were analyzed,
emphasizing thickness, porosity, contact angle, and tensile
strength to verify the membranes’ suitability for water treatment
applications. Table 1 presents the desired characteristics of resultant
PVDFmembranes Table 2 and Figure 1, respectively, summarize the
mechanical strength results of the PVDF membranes used in
this study.

2.3.1 Experimental setup
The bench-scale unit used in this experiment was fabricated in

the Center of Excellence in Desalination Technology (CEDT) and is
shown in Figure 2. A comprehensive protocol of the aforementioned
bench scale and the uncertainty variables has been published in our
earlier studies, and it can be found elsewhere (Hejazi et al., 2019).
Figure 3 shows the exploded view photograph of the swirling flow
module, and Figures 3, 4 present the comprehensive process
configuration of the DCMD swirling flow unit which has been
patented (Tarabara and Wiesner, 2003). On the permeate side, the
tank was filled with Deionized water (DIW) obtained from
Ultrapure Millipore Simplicity water systems. The resistivity of
DIW was 18.2 ΜΩ cm at 25°C.

2.3.2 Experimental procedure
There were two cycles in the experiment: the first cycle consisted

of feeding water (a hot stream), and the second cycle consisted of
pouring water through (a cool stream). Both cycles were performed

TABLE 1 A desire characterization of PVDF membranes used in this study.

No. Membrane composition 18 wt% PVDF/2 wt.%DIW/80 wt% NMP

1 Thickness (μm)* 410 ± 1

2 Porosity (%) 57 ± 1

3 Contact angle (θ) using DIW 117° (feed side or asymmetric)

105° (draw solution side)

4 Contact angle (θ) using red seawater 110° (feed side or asymmetric)

102° (draw solution side)

TABLE 2 Tensile strength of PVDF membrane.

Tensile strength (average)

Maximum load Tensile strength Elongation Young modulus Load Tensile stress at 0.2%

[N] [N/mm2] [%] [MPa] at 1% [N] [N/mm2]

5.222 2.51067 14.324 249.89295 3.547 1.520
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using the same apparatus. The hot side received water from the
faucet, while the cold side received fresh water that had been
properly distilled. Both sides were fed water separately. Before
beginning the experiment, the feed and permeate tanks were
weighed and recorded. After that, the experiment was brought to
a start. A controlled heating bath is used to heat the feedwater before

it is introduced into theMDmodule (Abulkhair, 2022). On the other
hand, a controlled cooling bath is used to prevent the permeate water
from becoming cold. Additionally, we make use of the water pumps
in order to build a link between the MD module and the feed and
permeate pumps. This connection is made possible by the water
pumps. The electronic balance was utilized to keep a continuous

FIGURE 1
Tensile stress vs. tensile strain of higher molecular weight PVDF membrane.

FIGURE 2
The bench-scale DCMD unit.
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record of the weight of the permeate tank, commencing with the
beginning and going all the way through to the ultimate conclusion.
Following the distribution of the cold water to the permeate bath, the
hot water was transferred back to the feed bath. All of the water that
was discharged from the module was brought back to the baths that
were designated for it. For the purpose of controlling the flow of
water on both sides, two manual flow meters are utilized. In
addition, four temperature sensors and four pressure transducers
were utilized in order to keep track of the parameters of the process.
Each instrument was connected to a data collecting system that was
capable of recording data on a minute-by-minute basis. In each of
the setups, the experiment was carried out for a duration of 1 hour.

3 Results and dissection

3.1 Characteristics of specified
PVDF membrane

To generate the swirling fluid flow pattern, the distance between
the feed and draw solution channel and the membrane sandwich
was extended by around 7.52 ± 0.1 mm. For this reason, the
thickness of a membrane as well as its mechanical strength is an
essential parameter to take into consideration when dealing with
whirling flow. A micrometer was used to measure the thickness of
the PVDF membrane that was specified. This measurement was
performed at four different sites on the constructed membrane, and
the results were reported according to an average value. In the earlier
experiment that we conducted, we employed a PVDF membrane
that had a thickness of 200 μm. There is no difference in the
membrane’s composition, as illustrated in Table 1. After being
subjected to increasing flow rates for both feed and draw solution
flows, the membrane broke due to the increased pressure. When
considering membrane diffusion from both a technological and
economic standpoint, it is generally agreed that membranes with a
thickness that falls within the range of 100–200 μm are the most
suited. It is possible that decreasing the thickness of the membrane
will result in an increase in water recovery; nevertheless, it is
essential to retain the membrane’s stability, particularly its
thermal stability, in order to guarantee that it will continue to
function for an extended period of time. While conducting this
investigation, we found that membrane thickness, around 400 μm,
significantly impacts swirling flow implementation. Regardless of
the flow rate that we utilized during the DCMD application, this
scenario is always the case. Table 1 and Figure 1 provide a
comprehensive review of the mechanical parameters of the PVDF

FIGURE 3
The test module configuration (Abulkhair, 2022).

FIGURE 4
Schematic diagram of process configuration of DCMD swirling flow unit (Abulkhair, 2022).

Frontiers in Mechanical Engineering frontiersin.org05

Moujdin et al. 10.3389/fmech.2025.1569918

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1569918


membranes with a greater molecular weight. These properties
include thickness, tensile stress at maximum load, tensile stress at
break, modulus, and elongation at break.

In addition, the results of the porosity test are shown in Table 1,
which provides an indication of the values that are considered
desirable for the composition of the membrane. On the other
hand, the fact that there was 2% DIW in NMP made it very
clear that the MD membrane had the right amount of porosity.
This might be because of the considerable diffusivity of NMP that
occurs during the phase inversion process. There is a high
probability that the presence of DIW as an additive is responsible
for the increased diffusivity of NMP.

A comparison of the relative hydrophobicity values of the PVDF
membrane in two distinct fluids is shown in Table 1 and Table shows
a tensile strength of higher molecular weight PVDF membrane.
These values are ordered according to the different contact angles
that are presented. It has been determined that the asymmetric layer
of the PVDF membrane that was specified in the feed channel is
responsible for the greater contact angle of 117° that was seen in the
results. The backside of the membrane, which is also known as the
draw solution channel, exhibits a contact angle that is somewhat
lower than the contact angle on the other side of the membrane. This
contact angle is critical for MD applications. However, when testing
the membrane in red seawater, the membrane’s contact angle
decreases. The presence of salt in the water is extremely likely to
be the source of this phenomenon.

3.2 Evaluation of swirling flow

The purpose of this experimental approach is to evaluate the
effectiveness of the direct contact membrane distillation (DCMD)
process, with a particular emphasis on the volume of permeation
(freshwater) that is produced during a predetermined period of time.
In Figure 5, the findings for three distinct fluid rates are presented,
and the swirling flow testing cell is used to illustrate the arrangement
of two different temperature fluids. The membrane sandwich’s gap
measures 0.75 cm from the membrane to the center exit channel of
the cell. The 45° curve to 90° vector may be observed, and Figure 5

demonstrates that in both fluids, after traversing the upper opening,
it impacts the whole membrane active surface area with consistent
velocity. Subsequently, it proceeds to expand, establishing a uniform
distribution and continuing to flow in a pattern that is reminiscent
of a swirl across the surface of the membrane. Additionally, there is a
clear indication of robust fluid circulation on both sides of the fluids
respectively. The water permeation and feed concentrate that are
created eventually leave the cell through the aperture in the center of
the cell. Within the vicinity of the membrane, it is possible to expect
that the fluid velocity profiles at the base will improve one’s
understanding of the water vapors that are created.

Nevertheless, From Figure 5, it is clear that increasing the flow
rate leads to increases in the amount of permeation produced. This
phenomenon is likely due to the enhanced heat transfer that comes
with a higher flow rate, which helps to maintain the temperature
gradient across the membrane and accelerates the distillation
process. Moreover, it has been revealed that the flow direction in
both streams is parallel to one another and seems to be
perpendicular to the surface of the membrane, respectively. The
fluid velocity is seen to be moderate near the cell’s outer surface,
which indicates that an upswing zone is present at this particular
place. However, at a flow rate of 1.5 L/min, the increase in permeate
production becomes less than linear as shown in Figure 5, suggesting
that the system may be approaching an optimal flow rate. Beyond
this point, the efficiency of heat transfer may begin to plateau. When
flow rates are increased, there is a greater degree of concordance
between the vortex phenomena and the departure region in both
streams. In the event that the flow rate is increased, it has the ability
to generate a vacuum on both sides, which may result in a stagnation
zone between the two stream flows as a consequence of poor vapor
diffusion in the membrane. Shen et al. (2025) were also reported that
the tangential flow phenomenon at the membrane surface indicated
that the fluid velocity is reduced near the outer wall of the cell,
demonstrating the presence of a stagnation zone in the
aperture area.

Figure 6 illustrates the penetration rates, which vary depending
on the temperature. According to the findings, the temperature
difference (ΔT) between the feed and permeate sides, in addition to

FIGURE 5
The influence of various flow rates of swirling flow on MD
permeation rate.

FIGURE 6
Permeate flux results at various temperatures.
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the flow rate, has a significant impact in influencing the quantity of
permeate that is produced. A greater temperature difference
enhances the vaporization of the feed, subsequently leading to
increased permeate production. In considering the data, it
appears that bigger temperature variations, such as 40°C and
45°C, produce more favorable circumstances for distillation. On
the other hand, the generation of permeate reduces directly in
proportion to the decrease in the temperature differential (ΔT).
This decrease can be due to decreased evaporation rates, which in
turn diminish the driving power for the diffusion of vapor through
the membrane. During the experiment, we noted specific
uncertainties; for instance, at low flow rate, the acceleration of
permeate recovery was notably low. The observed phenomenon
may be attributed to environmental stability; after approximately
35 min, the permeate recovery exhibited an acceleration of around
30% compared to the initial phase of the experiment. However, at
higher flow rates, the acceleration of permeate recoveries
demonstrates a significant area of investigation. This
demonstrates a favorable alignment in addressing the issue of
temperature polarization. The elevated flow rates likely generated
a substantial vortex at the feed side, which may enhance the affinity
for latent heat of vaporization. Shakaib et al. (2012) has reported that
spacer direction influences temperature polarization and heat
transmission rates, according to CFD models. Spacer filaments
cause limited heat transfer rates due to excessive temperature
polarization when they come into contact with the membrane’s
top or bottom surfaces. There is less temperature polarization when
these filaments are peeled off the membrane.

Therefore, the ideal values required for a combination of flow
rate and ΔT are contingent upon the particular condition that is
being considered. Generally speaking, larger flow rates and higher
ΔT values are likely to result in improved performance. However,
when the flow rate is increased to greater levels (for example, 1.5 L/
min), the rise in permeate becomes less substantial. This suggests
that there may be a range that is considered optimal for both
variables (flow rate and ΔT).

4 Conclusion

This study evaluates the performance enhancement of direct
DCMD modules by utilizing swirling flow configurations at
various levels. Turbulence can be generated by employing swirling
flow, leading to an increased affinity for latent heat of vaporization, a
decrease in temperature polarization (TP), and a reduction in
concentration polarization (CP). This process facilitates enhanced
heat and mass transfer efficiency. A preliminary experimental DCMD
system has been carried out in order to examine the influence that
varying permeate flow rates and temperature shifts have on the
permeate flux. This decision was made in order to fulfill both of
these objectives. The results of the study reveal that, up to a certain
point, greater flow rates and temperature differences significantly
improve the overall performance of the system that is being
considered. The purpose of this study is to emphasize the potential
of swirling flow techniques to improve the efficiency and scalability of
MD systems. This is done with the intention of enhancing the
desalination or treatment of water applications. In an effort to
boost the efficiency of the water treatment process, these steps are

taken. In spite of this, it is necessary to do a thorough investigation in
order to analyze all aspects, notably the relevance of the whirling flow
phenomenon at higher temperatures (about 80°C–90°C) and flow
levels that are higher than the work that has been provided. In the
future, there will also be a computational fluid dynamics (CFD)
investigation.
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