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Abstract: In this numerical study, a direct contact membrane distillation (DCMD) system has been
modeled considering various angles for the membrane unit and the Reynolds number range of 500
to 2000. A two-dimensional model developed based on the Navier-Stokes, energy, and species
transport equations were used. The governing equations were solved using the finite volume method
(FVM). The results showed that with an increase in the Reynolds number of up to 1500, the heat
transfer coefficient for all membrane angles increases, except for the inclination angle of 60°. Also,
an increase in the membrane angle up to 90° causes the exit influence to diminish and the heat transfer
to be augmented. Such findings revealed that the membrane inclination angle of 90° (referred to as
the vertical membrane) with Reynolds number 2000 could potentially have the lowest temperature
difference. Likewise, within the Reynolds numbers of 1000 and 2000, by changing the inclination
angle of the membrane, temperature difference remains constant, however, for Reynolds numbers up
to 500, the temperature difference reduces intensively.

Keywords: direct contact membrane distillation; membrane inclination angle; heat and mass transfer;
Reynolds number

1. Introduction

The membrane distillation (MD) process is one of the emerging operating processes for physical
and chemical separation. A non-isothermal process is used in an MD process to separate a specific
impurity from a medium, in which water is the constituent [1-4]. The separation process in an MD
unit is based on the vapor-liquid equilibrium, where vapor passes from the irregularities, and pores of
the hydrophobic layer of the membrane [5,6]. The MD process offers an efficient and reliable water
purification, since it employs a hydrophobic microporous membrane. Importantly, the transmembrane
temperature gradient in an MD process provides a driving force for transferring the water vapor
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through the hydrophobic membrane [7,8]. In a desalination process, the low operating temperature
and pressure of MD are favorable and are advantageous in comparison with energy-intensive
processes, which improves the economic viability of the process. Thereby, utilizing a renewable and
affordable source of energy, such as solar energy, can add another advantage to the MD process [9-11].
Separation is considered a prohibitive physical stage in chemical plants. Hence, MD process is attracting
particular interest compared to the conventional separation processes, such as reverse osmosis (RO),
multi-stage flash distillation (MSF), adsorption, absorption, and extraction, primarily due to the
following reasons [12-17]:

(1) The operating temperature and pressure are lower than the conventional processes.

(2) The ability to produce high-quality pure water.

(3) The renewable energy can be used as a source of energy for driving the process.

(4) The operation, and utilization, of the solvents is simple.

(5) Itis a compact process with scalability and economic viability.

(6) Ithas the ability for rejections, colloids, and other non-volatile components, at a rate of 100 percent.
(7) Itis fully automated, and it does not have any moving configuration compared to the MSF process.

One of the main causes of low water flux in the MD is severe temperature-polarization, which is
attributed to poor fluid dynamics, where it leads to decrease the driving force across the hydrophobic
membrane [6,18,19]. The water vapor mass transfer through the membrane pores is enhanced
by the vapor pressure difference, as well as the temperature difference that exists between the
feed and permeates sides of the hydrophobic membrane, as shown in Figure 1 [8,20,21]. In the
last decades, comprehensive investigations have been performed concerning the effects of various
operating parameters on the permeate flux of the MD process [15,18,22]. However, there have been no
breakthroughs in several aspects, such as a novel MD module design [1,5]. Additionally, less progress
has also been made in the efforts towards the prediction of permeate flux, membrane fouling, the effect
of polarization, and the percentage of solute rejection as a function of operating conditions and time.
The other concern in the MD industrialization is sustainable, suitable, and trustable heat resources [1,23].
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Figure 1. Schematic illustrations of the membrane distillation (MD) configurations [20].
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Based on the permeation procedure of the condensed vapor to the membrane, MD is categorized
into four different configurations, as shown in Figure 1, including (a) direct contact membrane
distillation (DCMD), (b) vacuum MD (VMD), (c) air gap MD (AGMD), and (d) sweeping gas MD
(SGMD) [15,20,24,25]. Amongst the four configurations, the DCMD has been more attractive due to
the high permeate flux [15,25,26]. The DCMD process is applied in water desalination [18], wastewater
treatment of the textile contaminated with color [27], wastewater treatment from rubber wastewater [28],
treatment contaminated with radioactive and heavy metal [29], and wastewater treatments, such as
food processing [30] and dairy product concentration [31].

For a proper understating of the combination of mass and heat transfer in the MD process, there
is a need for a full description of the temperature distribution adjacent to the membrane along the
module length, where the mass and heat fluxes are mainly influenced by the boundaries’ layers of
feed and permeate across the hydrophobic membrane. The calculations of the heat transfer coefficient
at the boundary layer in MD process are based on empirical correlations that are available in the
literature. It is, however, difficult to select a suitable Nusselt number correlation that represents the
heat transfer in MD process precisely [32]. In recent years, the use of a miniature sensor has been
applied in the effort to measure the interfacial temperature; however, the miniature sensor has its
disadvantages, such as the sensor interfering with the thermal boundary layers [33]. Another novel
method of using thermochromic liquid crystal has been performed to measure temperatures inside the
MD module [34,35].

Recently, various mathematical models have been proposed to predict the performance of the MD
process [23,36]. In addition to modeling, computational fluid dynamics (CFD) is widely used to evaluate
the behavior and the fluid dynamic in MD separation modules. Therefore, the CFD solver offers
some great features which can be implemented in developing a new insight on the effect of different
operating parameters on the MD performance, such as understanding the effect of the temperature
and concentration polarization, which can be useful before performing costly experiments [23,37,38].
The approach of computational fluid dynamics (CFD) for surveying the heat and mass transfer in
DCMD process is performed due to the same effect of each phenomenon [39,40]. Much effort has
been made to employ CFD in solving DCMD related studies. For example, Janajreh and Suwwan [41]
modeled a DCMD process of hydrophobic membrane polyvinylidene fluoride (PVDF) membrane using
Navies-Stokes equations. They analyzed heat flux, mass flux, temperature polarization, and thermal
efficiency by changing the flow conditions and membrane conductivity. The results indicated that mass
flux increases by increasing the inlet flow. They also found that the membrane with lower conductivity
creates more temperature differences, which in turn leads to an increase in the heat and mass fluxes.
N. Tang et al. [42] studied the heat and mass transfer of VMD process as a liquid and gas phase in
porous media using the CFD technique. The experiment involved a hollow fiber module equipped
with PVDF membrane for desalination and purposes via the VMD process. Modeling of the heat
and mass transfer was conducted two-dimensionally. The heat and mass of the evaporation process
were conducted through the mixture model, porous media condition, standard k-¢ model, and the
user-defined function of evaporation. The authors’ focus on the experiment was to model the effect
of feed temperature and flow rate on the VMD distillate flux. The result observed indicated that
the increase in feed temperature caused an increase in the volume fraction of produced water vapor.
Shakaib et al. [37]’s works provide a study of the effects of the hydrodynamic condition in the DCMD;
for example, inlet velocity, temperature polarization, and spacer orientation. The investigation was
conducted by the CFD simulation, which observed that spacer orientation affects the temperature
polarization and rates of heat transfer.

Awad et al. [43] modeled a DCMD process by using the conjugate energy equation/Navier-Stokes
model. In this investigation, steady-state, two-dimensional, and counter, as well as parallel flows,
were considered. At the same time, the permeate and feed temperature were 25 °C and 40 °C,
respectively. The results showed that an increase in the temperature difference for counter and parallel
flow models could cause the mass flux to promote. They also found that the counter-flow evinces a
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higher mass flux compared to parallel flow. Janajreh et al. [44] developed a model to quantitatively
distinguish between the DCMD and the point of porosity view. The model included the non-isothermal
Navier-Stokes equations, coupled with porous membrane thermal modulization. Inlet temperature
was constant at 75 °C, whereas composites of the membrane structure and its porosity were changed
during the simulations. The results showed that an increase in porosity causes an enhancement of 11%
in MF. In comparison, the porosity reduction leads to a 22%-25% decrement. Chen et al. [45] numerically
modeled the DCMD process to estimate its temperature polarization coefficient (TPC). Poiseuille and
Knudsen flow model was considered in the model through a laminar flow assumption. For the
verification, they tailored their model to a DCMD based flat plate. The results of modeling showed
that with an increase in the brine temperature, the permeate flux in the pure water side was enhanced.
The same result was achieved for the flow rate as well. Bahmanyar et al. [46] conducted a simulation
to investigate the effect of the feed characteristics, including, but not limited to, inlet concentration,
temperature, and circulation rate on the permeate flux. The results showed that the feed temperature
has more efficacies on TPC in comparison to the inlet concentration. Janajreh et al. [47] carried out
experiments on the effects of a conductive layer and geometry undulation on the DCMD efficiency.
The measured surface temperature distribution and TPC represented a reasonably good agreement
with those obtained with the model.

Faced with the above literature, it can be stated that the MD is a low energy process [48] with
reasonable economic viability, and the purity of the product is also acceptable. Despite extensive
research conducted on the influence of different operating parameters, to the best of our knowledge,
there is a shortcoming in the understanding of the effect of the membrane angle inclination and Reynolds
number. Hence, in the present work, the performance of the direct contact membrane distillation at
various inclination angles and Reynolds numbers were numerically analyzed. A two-dimensional
model was developed to achieve the optimum angle of the DCMD process between 0 and 90°. The results
were deeply discussed, and the optimum operating conditions were introduced. The obtained results
illustrated that changing the membrane angle can save energy for purification phenomenon.

2. Problem Statement

Figure 2 shows the schematic illustration of the modeled DCMD with the inclination angle (0).
The top side of the MD includes a hot feed channel, and a cold permeate fluid flows through the bottom
channel of the membrane. The total length of configuration is 250 mm, the depth of the hot channel is
similar to cold channel equal 3 mm, and the membrane thickness is 0.5 mm. Pure water molecules
evaporate at the feed side of the membrane and cross the membrane body, condensing at the permeate
side. Based on the previous findings, the membrane characteristics, temperature of the hot and cold
sides, and the system pressure can potentially determine the DCMD efficiency [49].

Following the earlier study [50], membrane characteristics, vapor, and PVDF properties are
selected and represented in the following Table 1.

Table 1. Physical and thermal and properties of the membrane modeled in the present study taken
from the literature [50].

Material Density Heat Capacity Thermal Conductivity Viscosity
(kg/m®) (J/kg K) (W/m K) (pas)
Polyvinylidene fluoride (PVDEF) 1175 1325 0.2622 -
Vapor 0.554 2014 0.0261 -
Membrane 302.2 1896.9 0.0662 -
Saline sea water 1013.2 4064.8 0.642 5.86 x 107

Pure water 995.2 4182.1 0.613 8.38 x 1074
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Figure 2. An illustration of the modeled direct contact membrane distillation (DCMD) unit and its
geometrical specifications.

3. Governing Equations and Assumptions

A two-dimensional model was developed in a Cartesian coordinate system. The flow is steady-state,
fully-developed, incompressible, and non-isothermal for both fluid flow of channels. The occurred
momentum in the permeate side into the membrane has a scarce effect on the results, so it has been
relinquished from the calculations. Walls have no-slip condition, and the insulation condition is placed
on the outer wall, so no heat loss has occurred. Compared to the membrane segment, the side of the
membrane has no penetration. Due to the low content of NaCl solid in water (1%), polarization has no
sensible influence, so it has been ignored. The Knudsen and Poiseuille flow model is also utilized in
the transmembrane mass flow calculations [47,51]. The Navier—Stokes equations and energy equation
were used to define the flow, together with the heat transfer in the membrane system, as follows [52]:

apU  IpV
o "oy 0 M

x-Momentum is

dpu  opP rPUu U .
o TV oy ——£+H(ﬁ+a—y2)+Pﬁg(T—To)Sm9 @

y-Momentum is

dpU _dpu 9P PV PV
A Ve = (=4 =— T-T
U——+ tulog + X )+ pgB(T = To) cos 0 ®)

Energy equation is
dpCpT dpCpT PT 3T
u B +V oy _k(ﬁjLW)jLSh 4)
where 1, p, V, U, and P are viscosity, density, velocity in the y-direction, velocity in x-direction,
and pressure, respectively. Likewise, in the energy equation, specific heat, temperature, and thermal
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conductivity are defined as Cp, T, and k, respectively. Sy, is a source term of energy transport which is
defined as follows:
ShZ%—;’X% 3 Y = Ymi
Sy = _Qb—;a ;Y = Ymo )
0 ; otherwise
where Qj, is transmembrane latent heat flux at the hot side membrane surface, and v, and vy,,; are
distance at y-direction of the inner and outer layer of membrane, respectively. 0, signifies the grid
quantity in the y-direction.
Feed flow is a multi-component flow, hence the equation for describing the transport of species
with concentration C and diffusion coefficient D as follows [53]:
dc . aC 9’C  J*C

L V= =D(—=
U=+ (&szray2

ox dy ) ©)

4. Modeling Approach

The governing equations were solved using the finite volume method (FVM), an approach that
is a particular case of the residual weighting scheme [54]. The method is based on the division of
the main domain into finite control volumes. Hence, each control volume is named by an individual
node. Each finite volume element, the above equations are solved [55]. On the other hand, the terms
discretization was performed by adopting a second-order upwind [56]. Likewise, the velocity and the
pressure definitions were coupled together using the SIMPLE algorithm [57]. Once the residuals were
less than 107°, the calculation was stopped [58].

4.1. Grid-Independent Study

Due to the importance of the temperature and the velocity profile near the walls of the membrane,
the grids were carefully refined at those places using the inflation layer. A grid independence study was
performed by testing various distributions of the grids. For this purpose, the heat transfer coefficient
(HTC) of several grids was calculated and are enlisted in Table 2, and the trend of the change is depicted
in Figure 3. According to the figure, meshing with 420,000 grids showed the optimum results and,
therefore, they were considered as the selected mesh for all cases.

Table 2. Grid independence study conducted for the developed model in the present study.

Number of Meshes Position h (W/m? K)

Bottom 1035.2397

262,500
Top 1052.0011
Bottom 999.0980

350,000
Top 980.1226
Bottom 1032.7790

420,000
Top 1049.6522
Bottom 1031.4225

525,000
Top 1048.5602
Bottom 1031.0755

700,000
Top 1048.1479
Bottom 1030.9573

960,000

Top 1048.0280
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Figure 3. The heat transfer coefficient (HTC) value calculated at different mesh numbers.

4.2. Validation

To validate the model, the obtained results were compared to those reported by Janajreh et al. [50]
as shown in Table 3, where AGMD and DCMD were numerically analyzed to evaluate their performance.
As perceived, the temperature at the bulk and the membrane surface are compared with those reported
in the literature [50]. The results calculated with the present model are within the deviation of <+2%,
showing the accuracy and reliability of the developed model.

Table 3. Bulk and membrane surface temperatures calculated at Re = 100 against the results reported
in the literature [50].

Section  Simulation Temperature (K) Ref. [50] Difference (%)
- Top Membrane  Top Bulk  Top Membrane  Top Bulk  Top Membrane  Top Bulk
0.05 346.4882 347.5521 342.467 348.136 1.174 0.167
0.1 346.0447 347.20441 341.017 347.872 1.47 0.19
0.15 345.6948 346.88848 339.831 346.817 1.72 0.02

5. Results and Discussion

In Figure 4, the effect of the surface HTC, along with the membrane length at Reynolds numbers
of 500 to 2000, is depicted. As can be seen, the maximum HTC is observed at the beginning length
(entrance region) of the membrane. After the entrance region, the flow is fully developed, and HTC
decreases gradually. Due to the thermal boundary layer (TBL) that forms at the entrance, all membrane
angles showed the same HTC values at the entrance locations. However, it can be observed that, at
low Reynolds numbers, the membrane angle has more influence on the rate of heat transfer and HTC.
The higher the membrane angle, the more significant the heat transfer. At Reynolds number of 500 and
for the position of 0.2 m, by changing the membrane location from horizontal to vertical, the HTC is
enhanced by 57%. It is worth saying that the membrane angle efficacy diminishes by increasing the
Reynolds number.
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Figure 4. The variation of the surface HTC with the position at various Reynolds numbers.

Notably, the water vapor flux can potentially have a crucial role in DCMD performance.
Some factors also affect the water vapor flux, where Reynolds number of the brine side is the
most significant parameter identified in the literature [59]. For any particulate flows in microfluidics
and conventional systems (e.g., systems with heat transfer), it has also been shown that Re number
controls the performance and flow mapping of the systems [60-72].

Figure 5 shows the dependence of the surface HTC on the position at various Reynolds numbers.
As can be seen, the increase in the Reynolds number up to 1500 can augment the HTC of all membrane
angles, except for the inclination angle of 60°. At low Reynolds numbers, the TBL is thick, so the heat
flux has a small value. An increase in the Reynolds number can result in a reduction in the thickness
of the thermal boundary. Consequently, the heat flux value is augmented. The change in boundary
layer thickness between 1500 and 1000 is smaller than the thickness change between 500 and 1000.
The change in the thickness and Reynolds number gradually diminishes until this trend stops, and a
constant flat Reynolds number is reached. The argument behind this behavior is that, at low Reynolds
number, due to the existence of a thick TBL, a weakly flux occurred. As the Reynolds number is
enhanced, the TBL starts to be narrower. Now, it is expected that the flux will be significant until it
attains a point that is not under the influence of the Reynolds number [73]. Notably, the HTC at the
exit of the horizontal membrane (angle of 0°) enhances abruptly (see Figure 5a). In contrast, at the
exit of the vertical membrane (angle of 90°), the HTC remains unchanged, with the same value before
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reaching the exit region (see Figure 5g). Thus, it can be concluded that by increasing the membrane
angle from 0° to 90°, the exit effects are reduced, and HTC is enhanced uniformly.
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The temperature differences between the bulk flow of the permeate channel and its hot and cold
walls for all range of membrane angles are represented in Figure 6a,b, respectively. It can be deduced
that the increase in the Reynolds number will lead to a lower temperature difference for all angles
and both hot and cold walls. At low Reynolds numbers, the differences between the values of AT
for various angles are considerable, whereas, by increasing the Reynolds number, the difference is
suppressed until the temperatures are converged together. As can be seen in Figure 6a,b, the lowest
temperature difference belongs to the membrane angle of 90°. This angle affects the temperature
difference in the permeate channel at the cold wall more than the hot wall.
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Figure 6. Temperature difference in the permeate channel at (a) the hot wall and (b) the cold wall.

In Figure 7, the temperature difference between the bulk flow of the feed channel and its hot
and cold walls for a Reynolds number of 500 to 2000 are presented. It is worth saying that for
Reynolds numbers between 1000 and 2000, the temperature difference value at the hot wall is constant,
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while, for the cold wall, the value of AT decreases with a slight slope. For a Reynolds number of
500 (low flow velocity), the temperature difference value is diminished intensively. Notably, at this
Reynolds number and at the 45°< tilt angles <90°, the temperature difference is constant for the hot
wall, whereas it decreases sharply for the cold wall.
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degree degree
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Figure 7. Temperature difference in feed channel at (a) hot wall and (b) cold wall.

Generally, increasing the Reynolds number means that potent fluid is flowing through the TBLs.
Thus, the surface of the membrane will face more new fluids. Thus, the TBL considerably thinned.
Consequently, the temperature difference between the membrane surface and the fluid bulk will be
smaller. Accordingly, the potential of the driving force is more substantial. From Figures 6 and 7,
it can be universally concluded that at high Reynolds number, the tilt angle has no significant effect
on the temperature difference. However, at low Reynolds number, the tilt angle plays a remarkable
role. At low Reynolds number, by increasing the tilt angle, the influence of convection flow due to the
temperature difference between the exit and entrance of membrane will be apparent. So, at the vertical
mode of configuration, the convection flow influence will be at the highest value. So, at tilt angle 90° of
Reynolds number of 500, the temperature difference is the highest value (Thus, highest driving force),
compared to other angles of this Reynolds number.

Figure 8 shows the contours of the temperature and the velocity distributions at the entire
membrane system for the inclination angle of 0° at a Reynolds number of 500. The maximum
temperature variation in the permeate and feed channels occurred at the entrance, as well as with a
marginal difference in the exit region. Hence, there is a high driving force available in these locations,
which can be expected to improve the HTC at the entrance region. At the same time, it is small in the
exit region, which follows the results already represented in Figures 4 and 5. As shown in Figure 8a,
the velocity and TBLs in the feed channel are thicker than those calculated for the permeate channel.
The temperature distribution in the membrane is the same as the mean temperature distribution in
the boundary layer of permeate and feed channels as well. As also shown in Figure 8b, the velocity
boundary layer has a parabolic behavior, meaning that the flow starts to be fully developed just after
the entrance section. It is worth saying that the fluid flow strongly affects the rate of mass transfer
determination. Hence, these findings can be tailored to the mass transfer phenomenon, which is
beyond the goal of the present research.
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Figure 8. (a) Temperature and (b) velocity profile at the feed and permeate channels for the horizontal
membrane obtained at Reynolds number of 500.

6. Conclusions

In the present investigation, a computational fluid dynamic (CFD) model was developed to assess
a direct contact membrane distillation (DCMD) system considering the various membrane inclination
angles and Reynolds numbers. A two-dimensional model was developed based on the Navier-Stokes,
energy, and species transport equations as fluid flow and heat and mass transfer governing equations.
The fluid flow was counter-current, and Reynolds number ranged between 500 and 2000. Modeling
was conducted using 420,000 mesh elements optimized with a grid independency study. The results
showed that for all membrane inclination angles, the optimum Reynolds number was 1500, except for
the angle of 60°, in which the highest Reynolds number of 2000 was the optimum. Also, the effect of
the exit region on the heat transfer was investigated, and it was identified that the exit region reduces
the heat transfer rate by increasing the membrane angle up to 90°. The horizontal membrane with
Reynolds number of 500 represented the most considerable temperature difference, and the vertical
membrane with a Reynolds number of 2000 exhibited the lowest temperature difference.
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