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Direct contact membrane distillation: the role of membrane porosity
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ABSTRACT

Direct contact membrane distillation (DCMD) is pursued as low energy thermally driven process.
Its basic configuration consists of two chambers one for the hot brine feed and second for the colder
fresh permeate separated by a thin-porous-hydrophobic membrane of low thermal conductivity.
The process involves brine evaporation that localized at the hot membrane surface, vapor transport
through the thin porous membrane and condensation at the permeate membrane surface side. A
sustaining temperature difference across the membrane ensures the driving process pressure. In this
work a validated high fidelity model is developed to quantitatively assess the DCMD performance
that address the influence of the porosity for homogenous and composite membrane. The flow is gov-
erned by the Navier-Stokes of none-isothermal that thermally coupled with the hydrophobic porous
membrane consist of a single PVDF layer and a triplet layered membrane in which a stiffer layer SiO,
is sandwiched in between the PVDF to improve membrane post-treatment. The model was tested
and run at fixed salinity value for the brine of 4% and inlet temperate of 75°C under different poros-
ity and membrane composite configurations. Results reveals a pronounced influence of the porosity
seen by temperature polarization (TPC), mass and heat flux across the membrane, as well as thermal
efficiency metrics. Specifically, an increase or decrease in porosity from the baseline 85% by 5 and
10 points lead to and increase/decrease in the mass flux and the thermal efficiency by 11-12% and
22-25%, respectively. The introduction of a sandwiched silicon oxide layer while preserved the same
trend and relative values it, however, drastically reduced the mass flux and efficiency due to over
all penalty in the membrane conductivity. This suggests that while inclusion of functional material
could improve membrane reliability and post treatment one needs to use these materials at higher
porosity than the original membrane to compensate for their added conductivity.

Keywords: Membraneporosity; Composite membrane; Membrane distillation; Thermal efficiency;
Temperature polarization (TPC)
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1. Introduction

Membrane distillation (MD) is a separation method
in which a non-wetting, micro-porous membrane is used
with a liquid feed flow parallel to one side of the membrane
and a condensing, permeate flow on the other, where the
process is mainly driven by the temperature difference
between both flows. Direct contact membrane distillation
(DCMD) is the simplest and most used MD configuration

*Corresponding author.

[1]. In MD process, the micro-porous membranes acts as
a barrier to liquid solution and allows only the passage of
water vapor through it pores due to its hydrophobic nature.
A suitable membrane selection for distillation applications
should have high porosity and stable mechanical and chem-
ical properties, such properties highly affects the MD per-
formance and mass transfer [2-5]. Membranes are typically
made of polymeric and ceramic materials. Still, polymer
membranes are the most commonly used for water filtra-
tion and distillation processes [6]. Owing to the limitations
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in chemical, mechanical, and thermal resistance of polymer
membranes, restrictions in using such membranes in vari-
ous applications is present [7-10]. Polyvinylidene fluoride
(PVDF) is one of the most widely used membrane polymer
materials in the industry due to its excellent chemical stabil-
ity mainly antioxidation, good hydrophobicity, higher ther-
mal and hydrolytic stabilities, as well as decent mechanical
and membrane forming properties [7,11].

Recent studies of modifications on membrane compo-
sition have been conducted to control different processing
parameters. Mainly composite membranes are introduced
to improve PVDF’s hydrophilicity and antifouling due
to organic compounds, where hydrophilicity is a favor
for many membrane processes. This improvement can be
approached by either blending the polymer with inorganic
hydrophilic additives or by modifying its chemical and/
or physical surface properties using multilayer approach
[6]. Yun et al. [7] have prepared and characterized PVDF-
SiO, mixed composite hollow fiber membrane for ultra-
filtration (UF) using sol-gel and wet-spinning methods,
whereas Zuo et al. [12] have also prepared PVDF compos-
ite membrane with SiO, nanoparticles. Both found that at
2-3 wt.% of SiO, solution concentration optimal UF perfor-
mance can be achieved with improved membrane poros-
ity, hydrophilicity, mechanical properties, and anti-fouling
performance [7,12]. Yan et al. [13,14] have also synthesized
a composite membrane by dispersing alumina nanoparti-
cles (AL,O,) into a PVDF solution for UF, leading to higher
hydrophilicity and thus increasing the permeation mem-
brane flux. Though, the addition of alumina nanoparticles
did not affect pore size and numbers of the PVDF mem-
brane [13,14].

On the other hand, multilayer composite membrane
is widely used in ion-exchange and pervaporation for
gas separation [15-18]. Elyashevich et al. [15] proposed
a multilayer composite membrane consisting of three
layers (polyethylene porous support, conducting poly-
mer, and polymer dopant) to provide a good mechanical
support. Higher ion selectivity and membrane hydro-
philicity were achieved, thus increasing permeate flux
for gas separation [15]. Moreover, Shieh et al. [16] have
prepared a novel multilayer composite hollow fiber
membrane using silicon rubber, poly(4-vinylpyridine)
and porous polysulfone as sealing, selective and support
layer, respectively, reaching excellent gas separation per-
formance. Analysis of this novel membrane was done by
a resistance model where surface porosity, permeability,
and gas separation performance of the multilayer mem-
brane can be evaluated [16].

Different authors have prepared a PVDF multilayer
composite membranes for ethanol recovery. For example,
Sukitpaneenit and Chung [17] have designed a pore-flow
model of a novel dual-layer hollow fibers of PVDF and sil-
ica nanoparticles for ethanol recovery by pervaporation.
Highly porous support structure with greater hydropho-
bicity were successfully fabricated, thus accomplishing a
very high separation factor [17]. Similarly, Zhan et al. [18]
have prepared multilayer PDMS/PVDF/non-woven fiber/
PVDF/PDMS composite membrane, enhanced separation
performance and permeation rate were achieved.

As noted from literature, composite membrane is very
common, flexible, and applicable technology. In our case, a

modification of PVDF porous membranes for distillation is
intended to overcome the porosity reduction due to heat-
ing post-processing. In this work, a multilayer composite
membrane is assumed by introducing a conductive silica
gel layer in-between two PVDF layers aiming to reach
higher porosity, thus higher mass flux coefficient [1]. This
approach can highly affect the performance of MD, quan-
titative comparison between the single- and multi- layer
membranes using CFD model are demonstrated in terms of
temperature polarization coefficient (TPC), mass flux, and
thermal efficiency. These analyses are expected to quanti-
tively assess the role of porosity and composite membrane
integration hoping to bring this research closer to the com-
mercialization of the DCMD technology.

2. Materials and methodology
2.1. Experimental validation

Experimental facility is being developed to assess the
performance and validate the modeling of DCMD system.
Experimentally, however, one is limited in obtaining the
overall system performance and with little information on
the distribution of the temperature and the concentration
or in visualizing the flow which drives the system. High
fidelity DCMD modeling provides both the micro- and
the macro-scale quantitative system data that enable the
designer to reach to optimal design conditions and shorten
the lead development time. The experimental facility that
was developed to carryout model validation is depicted in
Fig. 1 [19-22]. In which a DCMD acrylic module is build
which consists of two identical rectangular channels for the
brine and the permeate of 210 x 15 x 1 mm separated by the
PVDF membrane of known properties per Table 1. The flow
to these channels is driven by two peristaltic pumps that
inject a uniform laminar flow for the brine and the permeate
channels. Each channel is instrumented by 18 T-type ther-
mocouples at an equally distributed distance to records the
fluid temperature at the two confiding channel walls as per
the schematics in Fig. 1. The system is fed by two reservoir
tanks that are kept at fixed temperature by means of a tem-
perature controlling thermostat and stirring propeller. The
flux is measured by an overflowing graded TPX flask which
connect to the permeate reservoir while the total rejection is
measured by recording the initial and final dissolved salt
in the permeate side along with the total permeated flux
volume.

2.2. Numerical model development

The configuration of flat sheet, even the common fiber
tube, DCMD membrane permits one to pursue a reduced
2-D modeling at high resolution. A high fidelity two-dimen-
sion computational fluid dynamic (CFD) model is consid-
ered as depicted in Fig. 2. The model geometry and setup
is built around two channels of 210 x 10 x 1 mm enclosing
the thin 130 pym membrane being single or multilayer com-
posite.

Regarding the domain presented in Fig. 2 a steady con-
jugated heat flow Navier-Stokes system is set to describe
the system. This system governing the continuity, the
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Fig. 1. Experimental module setup and corresponding schematic diagram of the DCMD process along with the fabricated cell unit

and thermocouples mounting allocation [19-22].

Table 1
List of the components incorporated in the experimental unit and the membrane physical properties
Parts Specification
Machined acrylic blocks Transparent
Hydrophobic membrane Whole sheet, PVDF-HFP, 130 um thickness, 0.2 W/m-K
conductivity, 42.27 psi liquid entry pressure, 0.15-0.2 pm
pore size, electro spinning technology
Pumps Peristaltic
Calibrated thermocouples TMQSS-040U-12
Reservoir tanks (40 L capacity) Electric heater type
Graduated cylinder TBX (100 mL)

Salinity and pH indicator

Hose and module polyolefin insulation/Thermal cold Inc.

Accumet excel XL60 dual channel:
pH/ion/salinity/conductivity/do meter
0.032 W/m-K conductivity, -80-100°C operating temp.

x- and y-momentum and energy equations are written in
Eqgs. (1)—(4) respectively as:

opU 8pV
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where U and V are the velocity components, p is the density,
1 is the viscosity, g, is the gravitational acceleration, C is
the specific heat and k is the thermal conductivity S, is an
additional external heat source or losses that attributed to
the latent heat of evaporation at membrane surfaces [23].
A structured quadrilateral mesh type is used to discretize
the 2-D flat DCMD baseline that featuring a boundary layer
(BL) mesh adjacent to the membrane and channel surface
walls. The BL is iteratively set to target a unit normalized
wall distance (i.e., ¥ + = 1) to precisely resolve the kinetic/
velocity and thermal boundary layers. The mesh size is
2,100 x 64 per channel, 2,100 x 16 for each side of the mem-
brane, and 2,100 x 20 per the Silicon oxide (SiO,) porous
layer.

Y At the inlet, a flow velocity and temperature, i.e., Dir-
ichlet boundary type, are assigned. The outlet is prescribed
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by a zero-velocity gradient and constant atmospheric pres-
sure, i.e., Neumann boundary type. Velocity condition is
also assigned to the channel walls in the form of no-slip or
penetration condition. Thermally, the outer walls are insu-
lated via zero gradient temperature, i.e., no thermal flux,
while the membrane walls are thermally coupled and the
temperature is conjugated via Fourier heat flow equation.
These conditions are shown in Fig. 2b cutaway of the devel-
oped baseline mesh. The nominal flow conditions for the
brine/feed and fresh/permeate are set at Reynolds number
of 10 and 100, which is equivalent to 0.01 m/s and 0.1 m/s,
respectively. The nominal temperature for the feed is set at
75°C while for the permeate is set at 25°C. Table 2 addresses
the initial and boundary conditions of all faces and inter-
faces of the DCMD model. Egs. (1)—(4) are solved using the
commercial CFD Ansys-FLUENT which is based on the
finite volume and segregated solver formulation follow-
ing the semi-implicit method for pressure-linked equations
(SIMPLE) for the pressure-velocity coupling. The second
order upwind discretization scheme is employed for spatial
derivatives properties. The convergence criterion is set at
1 x 107 residuals for the continuity, the two momentums
and the energy scalar equations. Temperature distribution
resulted from the solution of the system which forms the
basis of all system metrics including mass flux, thermal effi-
ciency and the temperature polarization coefficient.

2.3. System metric evaluation

The transport of mass across the porous membrane is
driven by the computed temperature gradient across the
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membrane surface and is evaluated outside the CFD conju-
gated flow model. The molecular diffusion theory has been
successfully followed for the DCMD studies as described
elsewhere [24-27]. This flux is expressed as:

”_ Cm (P;at _ P;at) (5)
where ¢, is the combined mass coefficient whereas p, and
p, are respectively the membrane surface water vapor pres-
sures at the feed and permeate channel. These latter pres-
sures are described per the monotonic Antoine equation
[28] for pure water, and is adjusted for saline/waste water

in function with the brine concentration and water activity
[20-22,29-30], is written as:

3816.44

sat _ _ .
Pi(pure) (T) - exp(231964 Tm—46.13 ) s 1€ {f’ p} (6)

The combine coefficient ¢, accounts for several flow
physics such as Knudson that based on the mean free path,
molecular diffusion, and Poiseuille pressure driven flow
[31-33]. Following Chen et al. [25,34] and the authors work
a combined Knudson and Poiseuille model is adopted [19-
22] and is written as:
er’ M,P

W m

TSm RTmt”‘v

¢, = ¢, +c, =1.0640(T) :sr M,

m mt

+0.1258(T) @)
Where a(T), and B(T) respectively the Knudsen diffusion
and Poiseuille flow models contributions. M, is molar
mass of the water in (kg/mol), T,, is mean membrane
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Fig. 2. (a) Schematic diagram for the baseline parallel flow of DCMD cofiguration and (b) the model descritization mesh.

Table 2
Summary of the initial and boundary conditions for the DCMD model
Boundary Feed channel Permeate channel Airgap channel
conditions
Inlet channel Kinetic 0.01/0.1 m/s 0.01/0.1 m/s 0.01/0.1 m/s
Thermal 75°C 25°C 25°C
Outlet channel Zero pressure, dV/dx =0 Zero pressure, dV/dx =0 Zero pressure, dV/dx =0
Upper wall Thermal  Kinetic Stationary/No-slip Stationary/No-slip Stationary/No-slip

Zero heat flux (insulated) Coupled

Lower wall Thermal Kinetic

Coupled

Stationary/No-slip

Coupled

Stationary/No-slip Stationary/No-slip

Zero heat flux (insulated) Coupled
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temperature (°C), R is gas constant, P is mean pressure,
8, thickness of the membrane, pi is gas viscosity,  is pores
radius, € is porosity of the membrane, and t is tortuosity.
This latter factor is taken to be the reciprocal of the pores as
in the work of Iversen et al. [35] and leaving the mass flux
proportional to the square of the porosity. This model flux
was also experimentally validated and was shown to be
directly proportional with the increase in the pore size and
porosity while inversely proportional with the membrane
tortuosity and thickness [19-21].

The temperature polarization coefficient (TPC) is very
common and popular metrics which is directly read from
the computed CFD temperature. It is defined as the ratio
of boundary layer resistance to the bulk heat transfer resis-
tance which is simply written as:

T, T
TPC=Sln s =y ®)
ATb Tb,f - Tb,n

where the subscripts m, b, f, and p are respectively signify
the membrane, the bulk, the feed and the permeate flow. A
high theoretical value is sought 0.7 or so. High TPC value
hinder the DCMD system to operate in mass flux limited
range particularly when the membrane poses high perme-
ability whereas low TPC value confine the operation of the
system to operate in limited heat transfer condition. The
latter occurs when the membrane possess a high thermal
conductivity [19].

Membrane heat (Q ) is gained through convective at
the feed side with the surrounding fluid which equated to
the transmembrane heat flux that comprises a conductive
(Q) and a latent heat (Q ) through the membrane, before
it lost again through convective once again at the permeate
side. These are described per Fig. 3 where Fourier heat law
is invoked.

Similarly, an enthalpy temperature relation does exist
through which the latent heat is evaluated following Term-
piayakul [36] these equations are written as:

o =B Oy —Taay)

Fig. 3. The heat transfer within the membrane, and denote the
enthalpy and membrane thickness, and is the weighted mem-
brane conductivity the subscripts f and p signify the feed and
permeate.

H,,=17535(T, )+20243,  ie{f,p} O

Q.=J"AH=]"(H,,-H,,)

where the T, and H, 118 the membrane surface tempera-
ture and enthalpy and the subscrlpt f and p denote the
feed, and permeate sides. /” is the mass flux. This heat per
Fig. 3 initially is convicted to the feed membrane surface
and then crosses the membrane in the form of a combined
conductive and latent heat of evaporation, and eventu-
ally is convicted once again at permeate membrane sur-
face [25,29]. It should be noted that the model accounts
for the total heat through the membrane as conductive
heat initially that conserves the heat balance. This heat
then is split between conductive and latent heat per the
mass computed in Eq. (5). It was shown in earlier work
of the authors that further iterative coupling on the mass
flux and temperature lead to insignificant change in the
computed temperature values [37]. The split between the
conduction and latent heat enable one to evaluate the ther-
mal efficiency metric which is defined as the fraction of the
latent heat of evaporation that otherwise lost in the con-
duction to the total heat and is written as:

Q,
Q +Q.
Summary of the thermodynamics properties of the

PVDF membrane, the brine and fresh water in each circu-
lating channels are listed in Table 3.

(10)

n= 11)

2.4. Assessment of the role of porosity

Pressure drop through porous membrane is commonly
modeled following both a permeability and an inertial loss
coefficients [41], and is commonly written as:

Ap 1,

6 o vmean + C2 2 pvmean
where 3 is the membrane/porous media thickness, a is
the permeability (with length unit), n is the gas/vapor
viscosity, p is the vapor density, C, is the permeability.
Ergun used a semi-empirical correlation for backed beds
that applicable over long range of flow velocity which
described as [42]:

(12)

Ap  150u (1-g)’ 1.75p (1-¢) ,
? = Dz 83 vmean + D 83 vmean
p

P

(13)

where is the porosity and D, the particle size (water mol-
ecule size 2.75 A) which is in the same order of the mem-
brane pore size. Because DCMD system is proceeds in
laminar (Re~100) regime, flow is confined in a small thick-
ness and low velocity, the inertia (2") term in Egs. (12) and
(13) can be dropped as presented by the Darcy equation
or the Black-Kozeny equation, respectively. To investigate
the role of porosity the semi-empirical pressure difference
(P P ) in Eq. (5) can be adjusted to account for the addi-
tional | pressure loss due to porosity. Alternatively, one can
adjust the pressure coefficient (c,) per Egs. (5) and (7). The
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Table 3
Properties of the of membrane and two sides of the flow materials

Material Density (kg/m®)  Specific heat (J/kg-K) Conductivity (W/m-K) Viscosity (Pas)

PVDF [38] 1,175 1,325 0.2622 -

Vapor 0.554 2,014 0.0261 -

Membrane 302.2 1,896.9 0.0662 -

Silica [40] 2300 1130 15 -

Saline sea water* [39] 1013.2 4064.8 0.642 5.86E-4

Pure water** [30] 995.2 4182.1 0.613 8.38E-4

*At 4% salinity and 323 K; **At 303 K.
c, is proportional to the square of porosity under Ervin’s 325
assumption of the tortuosity value (t = 1/¢). This would
change the mass flux and hence an updated latten heat cal- 320
culated from the total transmembrane heat flux. Five values _
sweep for the porosity is evaluated to quantify and assess £
its role on the transmembrane mass flux and the thermal E ~—BMmodel —=BPmodel —TFmodel  —TM model
efficiency. s 310 W F.wall Exp P.wallExp A Re(pump) ¢ P.mem.Exp

Q
lu_Ea 305

3. Results and discussion
3.1. Model validation

Model validation is carried out by comparing the tem-
perature measurements of the channel and membrane sur-
faces which are readily available following several minutes
of induction period of the system presented in Fig. 1. The
values of the thirty-six spatially located thermocouples and
their corresponding numerical values are depicted in Fig. 4.
The TPC also is evaluated for the two data, i.e., experimental
measurements and numerical simulation. As can be seen in
the Fig. 4 there is a good agreement in the measured and
computed temperature distribution as well as in the TPC
values. It should be noted that the validation took place at
50°C and 25°C for the feed and permeate flow temperatures,
respectively and at peristaltic pump mass flow rate follow-
ing laminar regime, i.e., Re = 50 and in counter-flow configu-
ration. Authors recent work also showed the evolution of the
permeated mass flux through the membrane and monitored
the conductivity at permeate side [43]. Although the con-
dition were not exactly at the same inlet temperatures, i.e.,
48°C and 25°C, a flux of 0.00194 kg/m?.s was obtained and a
constant conductivity of 140 mS/cm was observed over the
course of experiments that lasted several hours which con-
firmed near 100% salt rejection of these DCMD membranes.

Furthermore, confirmation is can be seen in the con-
tours of computed temperature and pressure distribution
depicted in Fig. 5. The figure is stretched in the vertical
direction to facilitate the visualization. It shows the verti-
cal temperature variation in the individual channel due to
the coupled membrane and insulated outer channel. It also
shows the axial pressure drop due to channel friction and
losses that add to 25.6 Pascal. This is the computed pressure
under the prescribed zero gage pressure at each channel
inlet. As Navier-Stokes equation is 1% order differential in
terms of pressure, the naturally imposed zero value at the
exist is sufficient and sets the pressure reading in the gauge
scale.
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Fig. 4. Counter flow experimental and numerical model results
of the surface temperature and the inferred TPC value.

3.2. Composite membrane analysis

It has been mentioned that integration of a porous stiff
layer in between the membrane can lead to substantial
improvement in membrane manufacturing and reproduc-
ibility that further enhances its performance. Moreover, it
was observed that electrospun membrane endures in incon-
stancy in thickness and porosity to some extent. This issue
alleviated through post-processing via hot pressing which
comes at price in reducing the overall membrane porosity.
The thought of inclusion high porous and a stiffer material
in between, that preferably characterized with low thermal
conduction, would resolve this problem. This is the idea
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Fig. 5. Counter flow numerical model results of the channels temperature and pressure distributions (the y-coordinate is 50x scaled

for better visualization).

behind the design of composite membrane in this work. The
computed TPC values for the homogenous and composite
membrane assuming both have similar thickness (130 mm)
and same porosity (¢ = 85%) is shown in Fig. 6. It is obvious
that the composite membrane attained a lesser value than the
bare PVDF membrane and that are obtained at two values of
mass flow (Reynolds number 10 and 100) through the chan-
nels for the feed and permeate. The shape of the TPC curve in
the streamline of the flow is left and right symmetrical at the
middle stream and reaching as high as 0.65 for the bare PVDF
membrane and 0.55 for the composite membrane at Re 10
and 0.72 and 0.61 at Re 100. Their average values are respec-
tively 0.59 for the PVDF and 0.44 for the composite at Re 100
while 0.55 and 0.40 at Re 10. It should be noted that the TPC
value for composite membrane at low Re is approaching the
heat limited range of operation of the DCMD signifying low
performant membrane.

The results of the mass flux for the homogenous and
composite membrane assuming both has at the same thick-
ness (130 mm) and same porosity (g = 85%) is shown in Fig.
7. As can be seen from the figure the homogenous membrane
seems to yield a higher mass flux in comparison to the com-
posite averaging 0.0058 kg/m?s vs. 0.0036 kg/m?*s at Re 10
and 0.0137 kg/m?*s vs. 0.0099 kg/m?*s at Re 100. Although the
SiO, insertion is deemed necessary for membrane post-treat-
ment, the loss in mass flux is recognized by the higher ther-
mal conductivity of the integrated SiO, layer which is nearly
20-fold more than the bare PVDE. It should be noted that the
thickness in the composite is distributed 35, 60, and 35 mm
for the PVDF, SiO,, and PVDF layers, respectively.

The thermal efficiency of these membrane also evaluated
and are depicted in Fig. 8. The highest attained efficiency is
near 80% at entry of the hot bine feed and is in the favor once
again of the bare PVDF membrane which is attributed to its
lower conductivity. Similarly, at higher Reynolds number the
influence is exasperated, i.e., averaging respectively 47.23%
and 19.10% for the homogenous and composite membrane
at Re 100, and 20.20% and 6.95% at Re 10.

3.3. Role of membrane porosity

The mass flux for five common values of the poros-
ity are depicted in Fig. 9 for both the homogenous and
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Fig. 6. Homogenous and triplet layer composite membrane TCP
values at Re = 10 and 100 and porosity 85%.
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Fig. 7. Homogenous and triplet layer composite membrane mass
flux at Re = 10 and 100 and porosity 85%.

composite membrane. The trend is clearly demonstrated in
the attained mass flux which is directly proportion to the
porosity value. The composite membrane also shows simi-
lar trend but at lower starting value from the baseline. The
results indicates a 5% gain or loss in the porosity will lead
to nearly 11-12% increase in the mass flux. The average
values are also tabulated for both membranes as listed in
Table 4. It should be noted that the gain/loss for the two
membranes is identical since the porosity is accounted for
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mal efficiency at Re = 10 and 100 and porosity 85%.
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Fig. 9. Mass flux at Re = 100 and different porosity values, &
{75-95%}, left —homogenous membrane, and right — triplet layer
composite membrane.

similarly as per Eq. (7) which lead to a 2" order polynomial
dependency when the tortuosity is also considered equal to
the reciprocal of the porosity.

The thermal efficiency for the common values of the
porosity are shown in Fig. 10 for both membranes. A sim-
ilar proportionality trend is observed with the increase of
the porosity value. The composite membrane reflects the
same trend however the corresponding baseline values are
at much lower efficiency than the homogenous. The results
show a gain 5% change in the porosity will lead to nearly
11-12% change in the thermal efficiency. Table 5 list these val-
ues where the gain/loss for the two membranes is identical.

Table 4
Average mass flux values at Re = 100 and different porosity
values for the homogenous and composite membranes

Homogenous Composite
(%) J” (kg/m?*s) Gain/loss (%) ]’ (kg/m*s) Gain/loss (%)
75 0.010663317 —22.1451 0.007715 —22.1451
80 0.012132486 -11.4184 0.008778 -11.4184
85 0.013696439 baseline 0.009910 baseline
90 0.015355177 12.11104 0.011110 12.11104
95 0.017108700 24.91385 0.012378 2491385
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Fig. 10. Thermal Efficiency at Re = 100 and different porosity
values, e{75-95%}, left — homogenous membrane and right —
triplet layer composite membrane.

Table 5
Average thermal efficiency values at Re = 100 and different
porosity values for the homogenous and composite membranes

Homogenous Composite
(%) (%) Gain/loss (%) (%) Gain/loss (%)
75  36.77078127 -22.1453 14.86716 ~ -22.1453
80  41.8369778  -11.4187 1691552  -11.4187
85  47.23002572 baseline 19.09604  baseline
90 5294992503 12.11073 21.4087 12.11073
95 5899667573 2491349 23.85353  24.91349
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4. Conclusion

The direct contact membrane distillation (DCMD) is
characterized with low energy thermally driven process
that can be utilized for, hydrocarbon gas separation, water
purification and desalination, and juice concentration. In
this work, a validated high fidelity model is developed
to quantitatively assess the DCMD performance that
address two parameters, namely the integration of metal
oxide thin layer for membrane composite and the role
of porosity. The composite membrane thought to facili-
tate manufacturing and tighten the resulted wide prop-
erty range. The flow is governed by the Navier-Stokes of
non-isothermal thermally coupled flow with the hydro-
phobic porous membrane consist of single layer as well
as an improved triplet layers” membrane. The model is
generic to account for the variable operating conditions
(temperature, velocity, brine salinity) and membrane
properties (porosity, conductivity, thickness). The model
was tested and run at fixed salinity value for the brine of
4% and inlet temperate of 75°C under different porosity
and membrane composite configurations. Results reveals
a pronounced influence of the porosity seen by the mass
flux across the membrane and the thermal efficiency met-
rics. Particularly, an increase or decrease in porosity from
the baseline 85% by 5 and 10 points lead to and increase/
decrease in the mass flux and the thermal efficiency by
11-12% and 22-25%, respectively. The introduction of a
sandwiched silicon oxide layer, while preserved the same
trend and relative values, it drastically reduced the mass
flux and efficiency due to overall penalty in the mem-
brane conductivity. This suggests that when inclusion of
functional material to improve membrane reliability and
post treatment, one need to target a high porosity beyond
the original membrane as well as lower conductivity if
possible.
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