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Abstract. The amount of refinery water discharged to the environment from oil industry has increased vigor-
ously in current times. Recent research has been focusing on the use of membrane technology for the refinery
processed water treatment. Membrane Distillation (MD) is an emerging technology that has been highly
marked by its low-energy requirement and high desalination efficiency. However, conventional MD membranes
(i.e. PVDF) are not feasible for oil-water separation processes. That is due to the oleo-philic property of the
membrane and thus, causes membrane fouling and halts the production of mass flux. An anti-oil-fouling
membrane is essential for a successful oil-water separation by MD. Underwater-oleophobic as well as omnipho-
bic are two different approaches in fabricating such membranes. The former approach is based on the asymmet-
ric surface wettability, whereas the latter is attributed to the surface structure that is characterized by having a
very large contact angle for all liquids. However, such composite membranes are characterized by their lower
porosity, smaller pore size, but with unique surface slippage, in comparable with the conventional PVDF mem-
branes. As such, in this work, high fidelity numerical simulation of DCMD is performed using non-isothermal
Computational Fluid Dynamics (CFD) validated model in order to assess the role of the anti-oil-fouling mem-
brane properties on the performance of the DCMD. Results are presented in terms of temperature polarization
coefficient, mass flux, latent heat flux, and thermal efficiency. Results show the compromising effect of mem-
brane porosity to 45% reduces the mass flux and thermal efficiency respectively by 68% and 40%, and reduction
of pore size to the half (i.e. 50 nm) can cause a reduction by 50.6% in mass flux and 24.18% in thermal efficiency
compared to the baseline (i.e. 100 nm). On the other hand, the omniphobic slippage effect leads to a noticeable
gain of 16% in DCMD mass flux with slight gain in thermal efficiency. This can maximize mass flux and thermal
efficiency to be as much as 50.3 kg/m2 h and 69%, respectively.

1 Introduction

Worldwide, oil and gas demand is rising, and the extraction
of petroleum products led to large production of oily
wastewater. Because the mined crude oil and gas are further
refined where large amounts of water are used. Processes
like cooling, desalting, flushing, as well as surface water
overflow and sanitary wastewater are the different sources
of oily wastewater [1]. The final by-product of the refinery
process is called the ‘‘refinery water’’ (or processed water)
and is characterized by its low dissolved inorganic ions,
and high levels of Chemical Oxygen Demand (COD)
(i.e. 300–800 ppm, and oil content up to 3000 ppm with
highly dependency on refinery process complexity [1–3]).
Subsequently, refinery water is either disposed, or reused
and sometimes as irrigation water. This malpractice causes

a serious environmental stress; thus, it is prominent priori-
ties for petroleum refining industry to remediate water con-
taminated oil and other suspended solids and chemicals
down to marine protection levels which are stipulated by
local or international agencies, i.e. United States Environ-
mental Protection Agency (USEPA) and Protection of
the Marine Environment of the North-East Atlantic
(OSPAR) which mandate to be below 42 ppm [4–7].

In UAE, environmental regulation put a limit on oil and
grease content of all industrial effluent discharge to the
Arabian Gulf of 10 ppm [8, 9]. Current commercial refinery
plants do not meet such regulations [1]. Therefore, integrat-
ing an effective oil-water separation technology at cost-
effective to the refinery process is necessary. Membrane
separation is an environmentally friendly and energy-
effective technology with higher water quality yield
compared with the conventional treatment techniques
(i.e. biological, chemical, and physical treatments), which

7th Takreer Research Centre Symposium
M. Berthod (Guest editor)

* Corresponding author: ijanajreh@masdar.ac.ae

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 74, 3 (2019) Available online at:
� K. El Kadi et al., published by IFP Energies nouvelles, 2019 ogst.ifpenergiesnouvelles.fr

https://doi.org/10.2516/ogst/2018077

REGULAR ARTICLE
REGULAR ARTICLE

http://creativecommons.org/licenses/by/4.0/
https://www.ifpenergiesnouvelles.fr/
https://ogst.ifpenergiesnouvelles.fr
https://doi.org/10.2516/ogst/2018077


thought to be suitable for last stage refinery treatment
[2, 5, 10–13]. Ultrafiltration (UF), nanofiltration (NF),
reverse osmosis (RO), and membrane distillation (MD) are
the most pronounced membrane technologies [2]. However,
the MD gains more attention by the research commu-
nity in recent times [14–19], and that is due to its low oper-
ating temperatures (i.e. 40–70 �C) and nearly 100%
rejection of dissolved solids [20]. MD is a thermally driven
separation process, where hot feed is cycled on one side of
a hydrophobic porous membrane and a cold fresh stream
is cycled in the other side. Figure 1 illustrates the Direct
Contact Membrane Distillation (DCMD) system at its
simplest configuration.

A non-wetting hydrophobic membrane is the princi-
ple component for a successful MD [2]. Though, the pres-
ence of oil and other organic compounds in the refinery
processed water form obstacles and halt the operation of
MD. These contents cause wetting and result in the block-
age of the membrane pores, thus cause membrane fouling
and minimize the permeation flux as shown in Figure 2
[21, 22].

Conventional MD membranes are non-oleophobic and
thus, are not feasible for oily-water feed. Extensive studies
have been conducted lately focusing on improving
membrane’s surface properties concerning oil-water separa-
tion application [22–29]. Generally, there are two major
approaches to improve membrane’s anti-oil-fouling:
(i) hydrophilic/hydrophobic composite membrane, and
(ii) omniphobic/hydrophobic composite membrane [22, 23,
25, 26, 30]. Where the key element of both compositions
is to reduce the adhesion of oil on the membrane
surface thereby reduces fouling and improves fresh water
productivity [30].

The first approach is based on underwater oleophobic
low-energy surfaces which have been developed recently
[24, 31, 32]. Referring to Young’s relation of wettability
[33], these surfaces are typically hydrophilic once they are
exposed to an air medium. For oil-water separation MD,
this explains the necessity of having a double-layer compos-
ite membrane with unequal wettability of an upper layer of
underwater-oleophobic surface followed by a hydrophobic
layer. However, such composition leads to pore size reduc-
tion [22], and may risk wetting [34]. This is attributed to
the possibility of coating the inner pores of the underneath
hydrophobic layer with the hydrophilic coating. Titanium
oxide, cellulose, Fluorosurfactant are some examples of
hydrophilic surface coating. Tabulated summary review is
illustrated in Table 1.

On the other hand, the second approach of obtaining an
anti-oil-fouling membrane is based on the omniphobic
materials, which are capable of repelling water or any other
liquids with low surface tension (i.e. oil) [25, 26]. Using this
material ensures thermodynamic equilibrium of liquid-solid-
vapor interface and satisfies the Cassie-Baxter state [26, 35].
These omniphobic surfaces have the ability of creating a
strong interface with apparent contact angle of greater than
150� regardless of the contacting liquid’s surface tension
[35]. Moreover, omniphobic surfaces induce liquid slip on
the boundary of membrane surface [36]. This is accredited
to the dual micro/nano structure of the Cassie-Baxter state,

as well as to the low surface energy coating [36, 37]. Liquid
slip, indeed, has a favorable effect on both momentum and
heat flow in microchannel applications.

From literature (see Table 1), it is noticeable that all
anti-oil-fouling membranes cause the flux to drop sharply
due to the change in membrane properties. Thus, an exten-
sive study on the influence of these membranes (i.e. pore size
and porosity as well as the operational conditions i.e. slip vs.
no-slip, and Re) on the MD performance is done in this work
using an experimentally-validated non-isothermal Compu-
tational Fluid Dynamics (CFD) and thermally coupled
model of DCMD targeting oil/water separation.

2 Scope of work

2.1 Numerical model and governing equations

In this work, a numerical study will be performed on
Direct Contact Membrane Distillation (DCMD) using
non-isothermal Computational Fluid Dynamics (CFD)
coupled thermally with the solid porous membrane.
Dimensions of 210 mm length and 1 mm height per channel
with a 0.13 mm sandwiched membrane has been adopted
for the DCMD module simulation. A schematic of the sys-
tem setup in counter current flow is illustrated in Figure 3.

A symmetrical 2D flow system is discretized as shown in
Figure 4. Using a structured quadrilateral mesh type and
reasonable resolution to capture the wall boundary layer.
This mesh size is 2100 · 64 per channel and 2100 · 8 for
the membrane. The governing equations for the system
are the conjugated steady incompressible Navier-Stokes
and energy equations, and are written as:

Continuity:

@qU
@x
þ @qV

@y
¼ 0: ð1Þ

Fig. 1. Schematic diagram of the DCMD counter flow
configuration.

Fig. 2. Schematic showing the blockage of membrane pore due
to the hydrophobic-hydrophobic interaction between oil droplets
and the membrane.
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where U and V are the velocity components, q is the
density, l is the viscosity,P is the pressure, gy is the grav-
itational acceleration, T is the temperature, Cp is the
specific heat, k is the thermal conductivity, and Sh is the
sink/source additional heat.

Table 1. Summary of prominent work done on approaching anti-oil-fouling composite membranes.

Author Approach Findings

• Zuo and Wang [22] • Hydrophilic/hydrophobic composite
membrane
Polyethylene glycol + TiO2 deposition
on PVDF by plazma grafting

• Pore size reduction from 0.55 lm to 0.27 lm
• CA for water decreased from 120� to 25.2�
• Stable flux observed (6.3 L/m2 h)
• 13% flux reduction to the baseline PVDF

• Wang and Lin [23] • Underwater-oleophobic/hydrophobic
composite
(FS/CTS/PFO-PVDF)

• Stable in-air CA: 139.6�, in-water CA < 90�
(hydrophilic)

• Sharp reduction in permeate flux (31 L/m2h for
PVDF to 0.49 L/m2 h for FS/CTS/PFO-PVDF)

• Lee et al. [25] • Omniphobic composite membrane
Electrospun BTEAC/PVDF-HFP
coated with SiNPs

• Reduction of pore size from 2.23 lm for PVDF-
HFP to 0.42 lm for BTEAC/PVDF-HFP

• Water CA of ~150�
• Stable flux and salt rejection

• Lin et al. [26] • Omniphobic composite membrane
APTES-coated GF with (-ve) charged
SiNPs suspension treated with
fluorinated alkyl silane (FAS)

• High water CA (�140�)
• High oil CA (�100�)
• 100% salt rejection
• Low flux of 2.7 L/m2 h (32.6 L/m2 h for PTFE)

• Wang et al. [27] • Underwater-oleophobic/hydrophobic
composite
(CTS-PFO/SiNPs) Silica nanoparticles-
polymer coating on PVDF substrate

• Composite membrane porosity of 72.5% and pore
size 388 nm, compared to 75% and 392 nm for
the baseline PVDF

• 4% membrane thickness increase
• in-air water CA: 0�, underwater oil CA: 149.5�
• Stable flux with initial value of 26.15 L/m2 h

• Ahmed et al. [29] • Hydrophilic/hydrophobic composite
Cellulose electrospun PVDF-HFP
composite membrane

• Pore size reduction from 0.92 lm to 0.3 lm
• Porosity reduction from 91% to 35%
• PVDF hydrophobic: water CA 130�, Cellulose/

PVDF composite: oil CA of 169� and 0� for
water

• 90%–99% of oil separation efficiency achieved
• Flux of 1781 L/m2 h bar

Fig. 4. 2D DCMD numerical model setup and discretized mesh.
Fig. 3. Schematic of counter flow configuration for the DCMD.
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Boundary conditions are imposed by the flow inlet
and wall Dirichlet conditions (prescribed velocity and
temperature value) and outlet zero-velocity gradient and
constant atmospheric pressure Neumann conditions (zero
gradient). In the baseline case, walls are subjected to no-slip
and no penetrating velocity. However, a sensitivity study
on slip B.C. is done in this work and will be further
explained. Thermally, membrane walls are coupled while
outer walls of both channel are insulated (Neumann of zero
gradient, i.e. zero heat flux). These boundary conditions are
summarized in Table 2. A cutaway of the established
baseline mesh and the computational domain boundary
conditions are shown in Figure 4.

Reynolds number of 10 and 100 are set for the flow
conditions for a brine/feed and fresh/permeate are set at.
This is equivalent to prescribed velocity of 0.01 m/s and
0.1 m/s, respectively. The feed temperature is at 75 �C,
whereas the permeate is at 25 �C. The solution is carried
by FLUENT commercial CFD code that based on finite
volume approach and segregated solver. The Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) algo-
rithm is used for pressure-velocity coupling and second
order upwind spatial derivatives. Convergence residual is
set very tight of 1E10�15 for continuity equation, and
1E10�3/�6 for x- and y-momentums, and energy equations.

Because of the thermally coupled membrane, the
temperature distribution at the top and bottom membrane
surfaces is the most pronounced flow variable. As the
temperature and velocity field are computed, performance
metrics including temperature polarization coefficient, mass
flux, and thermal efficiency will be assessed. Furthermore,
number of sensitivity studies on membrane properties using
the developed model. This includes varying (i) membrane
porosity in a range between 45% and 85%, (ii) pore size
between 50 nm and 200 nm, and finally (iii) simulating
the slippage (i.e. zero shear stress) effect of the omniphobic
membrane. These studies are carried out to assess the MD
performance for oily wastewater treatment as the case in
refinery water. All sensitivity studies are done independently
by fixing all other parameters.

2.2 DCMD experimental setup

Experimental work is limited by obtaining the overall
system performance, however, high fidelity modeling offers
both macro- and micro-scale visualization. The experimen-
tal setup shown in Figure 5 is developed to validate the
numerical model using suitable MD membrane being
commercially available or internally developed. This exper-
imental setup consists of DCMD acrylic model of flat-sheet
type of two symmetrical rectangular channels that are
separated by the PVDF membrane of known properties
per Table 3. Both the experimental module and numerical
model are identical. The flow to these channels is driven
by two peristaltic pumps that inject a steady laminar flow
at the stipulated rate and temperature by mean of thermal
heat control in each channel reservoir. Each channel is
instrumented by 18 T-Type thermocouples at an equally
distributed distance to record the fluid temperature. The
system is fed by two thermal reservoirs that are kept at

fixed temperature. The flux is measured by an overflowing
graded flask which connect to the permeate reservoir.

3 System metrics

3.1 Mass flux

Due to temperature polarization, the saturated pressure
gradient across membrane surfaces occurs and drives the
mass transfer through the hydrophobic porous membrane.
The general mass flux expression is as follows [39, 40]:

J 00 ¼ cm P sat
f � P sat

p

� �
; ð5Þ

where cm is the membrane mass coefficient and Psat
f and

Psat
p are the saturated water vapor pressures at the feed

and permeate membrane surface, respectively. The vapor
pressure of pure water and its temperature relationship is
estimated using the Antoine equation [41] and tabulated
in steam tables. Adjustment is relationship is estimated
using the Antoine equation [41] and tabulated in steam
tables. Adjustment is required for binary mixtures (i.e.
saline and multiple specie solutions or waste-water) as
per the work of [17–19, 40].

Three essential membrane coefficient models are stated
in literature to describe the mass transfer across the
microporous hydrophobic membrane [40]: (i) the Knudson
model, (ii) the Poiseuille flow model, and (iii) the molecular
diffusion model. At small pore size as the current case, the
diffusion model can be ignored without compromising the
results [40]. However, in this work a combination of
Knudson and Poiseuille models is used simultaneously
following the work of Chen et al. [40] and is described by:

cm ¼ cK þ cP

¼ 1:064a Tð Þ erp

sdm

ffiffiffiffiffiffiffiffiffi
Mw

RT m

r
þ 0:125b Tð Þ er2

sdm

MwP m

RT mtlv
; ð6Þ

where a(T), and b(T) are Knudsen diffusion model and
Poiseuille flow model contributions, respectively. Mw is
molar mass of the water in kg/mol, Tm is mean membrane
temperature (�C), R is gas constant, Pm is mean pressure,
dm thickness of the membrane, lv is gas viscosity, rp is
pores radius, e is the membrane porosity, and s is tortuos-
ity factor.

Table 2. Boundary conditions model assignments.

Boundary Velocity Temperature Pressure

Feed inlet Vf Tf Un-prescribed
Feed outlet dv/dx = 0 dT/dx = 0 P = 0
Perm. inlet Vf Tf Un-prescribed
Perm. outlet dV/dx = 0 dT/dx = 0 P = 0
Bulk walls V = U = 0 dT/dy = 0 Un-prescribed
Memb. walls V = U = 0 Coupled Un-prescribed
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3.2 Heat flux

The heat transfer in DCMD can be described in a series of
three thermal resistances: (i) Convective transfers through
the feed boundary layer, (ii) Combined transfer across the
membrane, and finally (iii) Convective transfer through
the permeate boundary layer [16]. The total heat flux across
the membrane (Qm) is attributed to a combination of the
conduction (Qc) and latent heat of evaporation (Qv) and
expressed as:

Qm ¼ Qc þ Qv; ð7Þ

where the conduction part is due to the bulk
membrane material, while the evaporation takes place in
the membrane pores. Taking DHm to be the enthalpy
change due to the latent heat of the transmembrane mass
flux, it can be written as described by Termpiyakul et al.
as [42]:

Qv ¼ J 00�H ¼ J 00 H m;f � H m;p

� �
: ð8Þ

The conductive heat flux fraction is described by
Fourier heat equation as:

Qc ¼ �
km

dm
T m;f � T m;p

� �
; ð9Þ

where km is the equivalent thermal conductivity of the
membrane and is due to the bulk conductivity (kb) and
the vapor conductivity (kg) of the weighted volume aver-
age. The subscripts f and p signify the feed and permeate,
respectively.

3.3 Thermal efficiency and TPC

Thermal efficiency represents the fraction of the heat used
as latent heat of evaporation to the total heat flux of
equation (7) and is described as:

g ¼ Qv

Qm

¼ J 00�H m

Qm

; ð10Þ

where the denominator accounts for the total heat trans-
fer that include both latent heat flux as per equation (7).
In the other hand, temperature polarization coefficient
(TPC or h) defines the ratio of membrane boundary layer
resistance over the total/bulk heat transfer resistance and
is expressed as:

h ¼ T m;f � T m;p

T b;f � T b;p
¼ �T m

�T b
; ð11Þ

where the subscripts m; b; f ; p indicate the membrane,
bulk, and feed and permeate surfaces, respectively.
A small value of h (�0.2) signifies a limited heat transfer
DCMD system [17–18, 43].

4 Results and discussion

4.1 Model validation

Model is validated initially by comparing the measuring
and the simulated temperature along the membrane and
bulk surfaces. After few minutes of setting the flow, the
DCMD system arrives into steady state operation. Both
the experimental and simulation are conducted at similar
conditions (i.e. counter flow configuration, Re = 40, inlet
feed at 50 �C, inlet permeate at 25 �C). The values of the
thermocouples located along the length of the DCMD
module and their corresponding locations numerical results
are illustrated in Figure 6a. Moreover, TPC values (per
Eq. (11)) are also compared for both models as depicted
in Figure 6b. A strong agreement between both experimen-
tal and numerical results is clearly noticed suggesting good
fidelity of the model.

Additionally, a well-behave system can be seen clearly
in the temperature contours and velocity vectors of the

Fig. 5. DCMD flat sheet laboratory setup.

Table 3. Properties of the bulk PVDF material, vapor,
and PVDF porous membrane, respectively.

Material
Density
(kg/m3)

Specific heat
(J/kg K)

Conductivity
(W/m K)

PVDF [38] 1,175 1,325 0.2622
Vapor 0.554 2,014 0.0261
Membrane 302.2 1896.9 0.0662
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numerical model as depicted in Figures 7 and 8, respec-
tively. This temperature distribution illustrates the ther-
mally coupled membrane as well as the insulated walls.
Moreover, counter flow configuration with no-slip B.C. is
clearly represented in the velocity vectors. Furthermore,
Figure 9 shows the numerical model TPC distribution at
different Reynolds numbers (i.e. 10 and 100). As such, all
the past results ensure validation of the numerical model
which gives enough confidence to run several sensitivity
studies.

4.2 Membrane porosity sensitivity study

As part of studying the effect of the two approaches of
anti-oil-fouling membranes on the DCMD performance, role
of porosity is studied in this section. A post processing
modification is done using different values of porosity
(i.e. 85%, 80%, 75%, 60%, and 45%) where typical PVDF
membranes have a porosity of 75–85%. It is worth mention-
ing that pore size was fixed in all cases of this study to
100 nm. A significant reduction in the DCMD performance
metrics was observed at low porosity values. For instance,

reducing the porosity by 35% (i.e. from 80% to 45%)
leads to mass flux and thermal efficiency loss by 68% and
40%, respectively. This sharp reduction is attributed to
the lower cm (or mass coefficient) as this parameter is
nearly quadratically and directly proportional to the poros-
ity. The reduction of porosity typically leads also to an
increase in tortuosity. It is obvious that the less porosity
the more the membrane gets denser, which as a result leads

Fig. 6. Experimental and numerical temperature distributions
(a) and TPC (b) of the DCMD model.

Fig. 7. Temperature contours of DCMD numerical model
running at counter flow with 75 �C and 25 �C inlet temperatures
of feed and permeate channels respectively, and Re = 10 (y-axis
is scaled up for better visualization).

Fig. 8. Velocity vectors of DCMD numerical model running at
counter flow with 75 �C and 25 �C inlet temperatures of feed and
permeate channels respectively, and Re = 10 (y-axis is scaled up
for better visualization).

Fig. 9. TPC distribution of DCMD model at different Re
numbers, high Re shows better TPC performance.

Fig. 10. Mass flux distribution along the DCMD spatial at
different Re and porosity values (*baseline).

Fig. 11. Thermal efficiency distribution along the DCMD
spatial at different Re number and porosity values (*baseline).
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to increase heat loss potential by conduction, and thus, a
reduction in thermal efficiency. The directly proportional
relationship between mass flux and porosity as well as
between thermal efficiency and porosity is well demon-
strated in Figures 10 and 11, respectively. Table 4
quantifies system performance in terms of averaged mass
and latent heat fluxes, and thermal efficiency at the differ-
ent porosity values along with the associated loss/gain
percentages.

4.3 Pore size sensitivity study

It was also clarified from literature that anti-oil-fouling
membranes of both approaches attribute to a significant
apparent pore size reduction when compared to the baseline
hydrophobic PVDF membrane. This is attributed to the

composite structure of the membrane, where a second layer
material is coated on the PVDF substrate. This sensitivity
study carries out the effect of reducing the pore size to the
half (from 100 nm to 50 nm) and the effect of doubling it
(from 100 nm to 200 nm) on the DCMD performance. Like
porosity, smaller pore size also reduces the cm but is linearly
and directly proportional. It is clear from Figures 12 and 13
the sharp reduction (i.e. ~�50% and ~�25%) of both mass
flux and thermal efficiency, respectively. This is simply
because of reducing transmembrane vapor paths and thus
reduces mass flux. Moreover, low thermal efficiency is trans-
lated into higher heat losses by conduction due to higher
mass fraction of solid polymeric material at lower pore size.
Noting that porosity was fixed at 80% in this study for both
pore sizes. More detailed quantification of system perfor-
mance is illustrated in Table 4.

Table 4. Quantitative DCMD system metrics summary for different sensitivity studies on membrane properties
(at Re = 100, and 75 �C feed temperature).

Parameter Growth/reduction
factor

Average mass
flux, J00(kg/m2 h) J00 Loss/gain (%)

Average thermal
efficiency, g(%) g Loss/gain (%)

Porosity*
85% 1.0625 48.89 +12.91 71.23 +3.7
80% 1 43.30 Baseline 68.69 Baseline
75% 0.9375 38.06 �12.10 65.86 �4.12
60% 0.75 24.36 �43.74 55.29 �19.51
40% 0.5 13.70 �68.36 41.08 �40.20

Pore size**
200 nm 2 88.69 +104.8 81.75 +19.01
100 nm 1 43.30 Baseline 68.69 Baseline
50 nm 0.5 21.39 �50.6 52.08 �24.18

Superhydrophobicity***
No-slip – 43.30 Baseline 68.69 Baseline

Slip – 50.27 +16.10 69.03 +0.49

*At 0.1 lm pore size.
**At 80% porosity.
***At 0.1 lm pore size, 80% porosity.

Fig. 12. Mass flux distribution along the DCMD spatial at
different Re number and pore size (D) (*baseline).

Fig. 13. Thermal efficiency distribution along the DCMD
spatial at different Re number and pore size (D) (*baseline).
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4.4 Omniphobic slippage sensitivity study

Top membrane boundary condition was modified to have
zero-shear stress and induce slippage to simulate the omni-
phobic effect. As illustrated in Figure 14 and compared to
Figure 8, velocity profile of the feed channel is no longer
parabolic and a maximum velocity of 0.015 m/s can be
obtained at top membrane surface. The temperature differ-
ence across membrane surfaces is noticeably higher when
slip condition is applied, which leads to higher polarization
(see Fig. 15) and thus, higher driving pressure. Although a
drop of the TPC profile at feed outlet occurs (at
x = 0.21 m) due to the slip condition, a rise in the average

slip TPC (~0.67) in comparable to the no-slip (~0.58) can
be obtained.

Furthermore, results of thermal efficiency distributions
along DCMD module for both boundary conditions
(i.e. no-slip and slip) are well-depicted in Figures 15 and
16, respectively. Applying slippage effect of the omniphobic
membrane can lead to a gain of ~16% on the averaged mass
flux, whereas a negligible gain (i.e. ~0.5%) is observed for
thermal efficiency. Summary of the attained system metrics
along with their relative gain percentages are tabulated in
Table 4.

5 Conclusion

This work addressed the DCMD performance applied to the
oil and gas industry processed water. As this water contains
high amount of oil and grease, conventional DCMD mem-
branes are not suited for oil-water separation. Composite
oleophobic/hydrophobic or omniphobic/hydrophobic mem-
branes thought to be the suited technology for refinery
oil/water separation. This however comes at a compromise
in membrane properties (i.e. lower porosity and pore size)
when targeting this industry.

Studies were carried out by a validated numerical-based
CFD model at different sensitivity studies on anti-
oil-fouling membranes. The model was generic to accommo-
date different membrane properties and operational
parameters and hence, quantifying their impacts on MD
performance. Anti-oil-fouling membranes were found to
halt MD system metrics significantly. However, around
16% gain in system metrics were observed when simulating
the slip feature of omniphobic surface. Low temperature
grades of the MD process give it the priority of using such
technology in refinery water treatment. Still, there are more
work needed to target oily water as far as the two stated
approaches of membrane fabrication.
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