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Imposing feed turbulence flow in the membrane filtration system alleviates
membrane fouling and enhances the overall membrane performance.
Computational fluid dynamics (CFD) simulation provides easy access to visualizing
the hydrodynamic performance of any design and technique employed for
generating the membrane feed turbulence flow. Among several membrane feed
turbulence flow generation techniques, membrane surface patterning and
turbulence promoters are the most prominent. By patterning the surface of a
membrane, the antifouling performance of the membrane improved by up to 58%.
Moreover, by adjusting the operating velocity from 30 to 50 cm/s, the membrane
hydraulic performance was enhanced by 20%. Furthermore, the antifouling
performance of feed turbulence flow depends on operating parameters including
the feed flow direction towards the turbulence generator. By reorienting the feed
flow from parallel to perpendicular to the membrane surface patterns, the
membrane lifespan improved by up to 14.4%. Therefore, for several decades many
authors explored CFD to simulate the performance of the feed turbulence generation
techniques prior to validation to save costs, time, and to obtain optimum design and
operating parameters. Thus, many authors reviewed the CFD simulation results of
the hydrodynamic performance of turbulence promoters while ignoring that of the
surface patterning technique. This study aims to review the CFD simulation results
of the hydrodynamic performance of membrane surface patterning by examining
the patterns design and operating parameters performance and limitations as well
as identifying the potential research avenues in the field.
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1. Introduction industries [1-5]. Compared with conventional
treatment methods such as adsorption,

embrane separation is a well- advanced oxidation, dissolved air flotation, and

established technology widely coagulation-flocculation, membrane-based

employed for separation and processes offer superior separation efficiency,
purification applications in various  higher hydraulic performance, and improved
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environmental sustainability [6-9]. Adsorption
technology suffers from low separation
efficiency for highly concentrated contaminants
and generates secondary pollutants from spent
adsorbents, making it costly and impractical for
large-scale applications [6-12]. Coagulation-
flocculation and dissolved air flotation (DAF) are
limited by sludge generation, high operational
costs, and complex handling requirements [13-
17]. Advanced oxidation processes can convert
pollutants into less toxic compounds but are
often expensive and inefficient for treating large
volumes of highly concentrated wastewater
[18,19].

Over the past decades, membrane technology
has gained increasing attention as a highly
efficient and flexible approach for water and
wastewater treatment, driven by its ability to
deliver consistent performance under diverse
operating conditions. In addition, membrane
systems typically require a smaller footprint and
lower capital and operational costs than many
advanced separation technologies, making them
attractive for both centralized and decentralized
applications [20-24]. Furthermore, membrane
processes are characterized by relatively low
energy consumption, operational simplicity, and
modular design, allowing easy scalability and
mobility across different filtration sites [25-29].
However, despite the numerous advantages of
membrane technology, the technology is
challenged by membrane fouling [30].
Membrane fouling originated from the
concentration polarization build-up due to the
interaction between the foulant in the feed and

2026, Volume 8, Issue 3

the membrane surface [31]. The interplay
between the membrane surface and the foulant
in the feed invented a boundary layer that
consequently  deteriorated the  overall
membrane performance by imposing permeate
hydraulic resistance across the membrane
[32,33]. The best option to avoid membrane
fouling is to control the interaction between the
membrane surface and foulant. Thus, the
boundary layer formation would be restricted
and therefore its impact on the hydraulic
resistance would be limited [34,35].

Among several techniques employed for
controlling the relationship between the
membrane surface and the foulant, feed
hydrodynamics is essentially the most
economical and eco-friendly approach [36,37].
By imposing feed hydrodynamics, the generated
feed turbulent flow exerts higher shear stress on
the membrane surface that prevents the foulant
interaction with the membrane surface [38],
[39]. Higher shear stress is accompanied by
higher feed velocity profile and thus the foulant
would not have sufficient time to interact with
the membrane surface [40]. Moreover, the feed
turbulent flow also generated fluid eddies that
continuously renewed the concentration
polarization and facilitated the back-diffusion of
the foulant to the bulk liquid, consequently
hindering the foulant interaction with the
membrane surface [41-43]. To implement feed
hydrodynamics in the membrane filtration
system, turbulence promoters and membrane
surface patterning are fundamentally the two
major techniques as depicted in Figure 1.

Feed Hydrodynamics

|

{ Turbulence Promoters J

" Membrane Surface |

|

Patterning

l

1

"I In-Situ Surface ‘ " Ex-Situ Surface ‘

Patterning |

Patterning

Figure 1. Techniques for imposing feed hydrodynamics
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Turbulence promoters are objects placed in a
membrane filtration module that induce feed
turbulence flow within the filtration system
[44,45]. The feed spacer (a polypropylene mesh)
is the first turbulence promoter used in
membrane filtration systems [46]. Initially, the
feed spacer was used to separate between two
leaves of membrane in a spiral wound
membrane element, but it was realized that it
improves the membrane mechanical strength
and fluid flow distribution within the membrane
effective area [47,48]. Moreover, feed spacers
also generate turbulence flow within the
filtration cell, which consequently enhances
mass transfer by restricting concentration
polarization formation [49]. Therefore, these
advantages demonstrated by feed spacers
encourage rapid development of turbulence
promoters and several designs and shapes have
been developed, and their applications were
expanded beyond spiral wound membrane
module [50,51].

Membrane surface patterning is a strategy for
generating turbulence flow within the
membrane filtration system by imposing
patterns topography on the membrane surface
[52,53]. The topographical patterns induce
secondary flow due to eddies and consequently
restrict foulant accumulation on the membrane
surface by facilitating the back transport of the
foulant to the bulk feed [54,55]. Moreover,
membrane surface patterning also increases the
membrane effective area due to the extra area
provided by the pattern’s grooves [56]. In-situ
and ex-situ surface patterning are the two major
concepts for patterning membrane surfaces. The
former involves simultaneous formation of the
membrane and its surface patterns at the same
time via phase separation micromolding, inkjet
printing, or 3D printing, as detailed elsewhere
[30,57]. In contrast, ex situ surface patterning
involves generating patterns on the surface of a
ready-made  membrane via  embossing
micromolding [58]. However, despite the
advantages posed by turbulence promoters and
membrane surface patterning in membrane
filtration system, inappropriate designs irritate
membrane fouling and thus deteriorate the
overall membrane filtration system
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performance [59,60]. To avoid inappropriate
designs of turbulence promoters and membrane
surface patterns, many researchers explored
computational fluid dynamics (CFD) simulations
before the fabrication of the turbulence
promoters and membrane surface patterns [61].
Through the CFD simulation concepts, costs, and
time can be saved. Moreover, CFD simulation
also gives designers freedom to choose the best
designs and optimum operating parameters [50,
56].

Therefore, many authors simulated the
performance of their turbulence promoters and
membrane surface patterns prior to the
validation with real filtration systems, this had
led to the emergence of many review papers on
the application of CFD simulation in membrane
filtration systems [50,62,63]. However, almost
all the review papers concentrated on the CFD
simulation of the turbulence promoter’s
performance while overlooking that of the
membrane  surface  patterning [64-66].
Therefore, this manuscript aims to fill that gap
by reviewing the performance of the CFD
simulation of surface patterned membranes and
identifying the potential research roadmap in
this field.

2. Fundamentals of CFD Simulation for
Surface Patterned Membranes

2.1.  Governing
assumptions

equations and modeling

Computational fluid dynamics simulation
generally employs a set of numbers that
replicate the realistic physical system [67,68].
The set of numbers is normally derived from the
governing equation of the real physical system
[69,70]. The governing equations are simplified
to ease the overall model calculation and
minimize error and are presented by Equations
1 and 2.

Vu=20

(1)

p(u.Vu) = —Vp + uv?u (2)
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Where, u is the velocity vector, p denotes
pressure (Pa), p is the density of water (kg/m3),
and p denotes dynamic water viscosity (kg/m.s).
The  simplified form of  Newtonian
incompressible  fluid mass conservation
(continuity) equation is presented by Equation
1, while Equation 2 represents the Navier-
Stokes (momentum conservation) equation
[71,72]. The governing equations are integrated
using the SIMPLE algorithm (acronyms for Semi-
Implicit Method for Pressure Linked Equations)
and the k-¢ model [73-75]. The segregated
model domains are solved using the finite
element method (FEM).

2.2. Boundary conditions and key hydrodynamic
parameters

To simplify the calculation, the model domains
are assumed to be fixed and impermeable, while
flow is assumed to be fully developed across the
domains and solid walls are imposed with no-
slip boundary conditions.

COMSOL Multiphysics and Ansys Fluent are
widely adopted CFD simulation software by
most authors because of their user-friendly
advantages and incorporation of the design and
development tools in their simulation domain
[75,76]. For surface-patterned membranes, the
main simulation element in the CFD model is
“Surface Shear Stress”. The larger the surface
shear stresses, the lesser the concentration
polarization build-up and consequently the
greater the mass transfer coefficient [77].
Essentially, large shear stress is always
accompanied by a higher velocity profile within
the system, which consequently restricts the
interplay between the membrane surface and
foulant particles since the foulant particles do
not have enough time to interact well with the
membrane surface.

3. Hydrodynamic Performance of Surface
Patterned Membranes: CFD Insights

3.1. Shear stress distribution and flow behavior
over patterned membranes
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Mazinani et al. [78] explored ex-situ surface
patterning techniques to pattern the surface of a
polyethersulfone (PES) membranes. They
deposited a flat PES membrane onto a wavy
porous 3D printed support using vacuum
filtration. The flat PES membrane replicated the
wavy patterns of the 3D printed support and
thus the surface of the membrane became
patterned. By simulating the hydrodynamic
performance of the wavy and the flat PES
membrane using COMSOL  Multiphysics
software, the flat membrane showed uniform
shear stress distribution of 0.26 Pa across its
surface. In contrast, the patterned membrane
recorded a heterogeneous shear stress across its
surface with 1.43 Pa as the highest shear stress
exerted (at the pattern peaks) while operating at
the Reynolds number (Re) of 1000.

For surface-patterned membrane channels, the
Reynolds number is defined using Equation 3:

_ p.UDp
T

Re (3)
Where, pis the fluid density (kg.m3), Uis the
bulk or superficial feed velocity (m.s'1), u is the
dynamic viscosity (Pa-s), and Dyis the hydraulic
diameter of the patterned channel. The
hydraulic diameter is calculated based on the
effective flow cross-section, accounting for
surface patterns, and is given by D, = 4A/P,
where A is the flow area and Pis the wetted
perimeter including pattern peaks and valleys.

3.2. Effect of operating
hydrodynamic performance

conditions on

The imbalance in the shear stress demonstrated
by the wavy membrane is due to the flow
instability posed by the wavy patterns. The flow
instability = generated fluid eddies that
continuously swept away the foulant from the
membrane surface and thus encouraged the
back-diffusion of the foulant to the bulk fluid,
thereby restricting boundary layer formation
and thus limiting its impact on the membrane
hydraulic performance [78].

The impact of the wavy patterns on the
membrane surface shear stress became more
prominent by operating at higher Reynolds
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number. At Re of 1400, the shear stress at the
peak of the wavy membrane reached up to 2.12
Pa while the flat membrane demonstrated 0.34
Pa shear stress across its surface. By validating
the CFD simulation result with 1 g/L fouling
solution of bovine serum albumin (BSA) at 1 bar
transmembrane pressure, the wavy membrane
sustained up to ~ 85% of its initial permeance
whereas its flat counterpart retained just 36% of
its initial permeance. This justifies the linear
proportionality between the membrane surface
shear stress and surface fouling resistance. The
impact of shear stress on the antifouling
performance of the membrane became more
pronounced by adjusting the Reynolds number
from 1,000 to 1,400 (a 40% increase). The
surface shear stress of the flat membrane surged
by 30.8% (from 0.26 to 0.34 Pa) while that of the
wavy membrane increased by up to 48.3% (from
1.43 to 2.12 Pa). Therefore, the impact of surface
patterned membrane on fouling resistance
became more effective by operating at high
Reynolds number [78].

3.3. Identification of fouling-prone regions

Recently, Barambu et al. [75] patterned the
surface of polysulfone (PSF) membrane via a
novel concept of patterning the filtration
module. By depositing the flat PSF membrane on
the patterned channel, the membrane mimicked
the wavy patterns of the channel on its surface.
The authors examined four different locations of
the wavy membrane and extracted their
respective shear stresses. The examined
locations are the pattern valley (A), just after the
valley (B), the pattern peak (C) and just after the

Journal of Chemical Reviews

peak (D) as depicted in Figure 2. The flat
membrane recorded a homogeneous shear
stress of 0.17 Pa throughout its surface while the
wavy patterned membrane exerted 0.596 Pa at
the wavy peak (C). At points B, D, and A, the
shear stress absorbed recorded were ~ 0.39 Pa,
~ 0.23 Pa and 0.18 Pa, respectively. The
patterned membrane recorded up to ~ 6%
improved shear stress even at the lowest shear
stress location (wavy valley (A)) compared to
the shear stress recorded by the flat membrane
(0.17 Pa). Point B and D exerted an enhanced
shear stresses of up to 132 and 31%,
respectively, compared to the baseline flat
membrane. The validation results aligned with
the CFD results; the wavy membrane recorded
improvement in the hydraulic output of up to ~
58% even after 11.7 hours of fouling filtration
compared to the pristine flat membrane. This
was due to the hydrodynamic effect induced by
the wavy surface patterns, which accounted for
up to ~ 58% improved membrane lifespan.
Moreover, by evaluating the impact of the wavy
patterns on the membrane packing density, 18%
of the enhanced hydraulic output is attributed to
the increased effective membrane area while the
remaining 40% is attributed to hydrodynamic
impact of the wavy patterns [75]. Shang et al
[79] also reported an improved shear stress at
the ridge wvalley of a micro-patterned
nanofiltration membrane as compared to the flat
baseline  nanofiltration = membrane. The
patterned membrane recorded a shear stress of
9.7 Pa, while the flat membrane recorded just 1.9
Pa under the same operating crossflow velocity
of 10 cm/s.

Figure 2. Examined locations of the wavy patterned membrane
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However, by adjusting the crossflow velocity
from 10 to 100 cm/s, the impact of the surface
patterned membrane on the shear stress
became evident. The surface of the patterned
membrane absorbed up to 190.1 Pa shear stress
compared to 26.6 Pa recorded by its flat
counterpart. Hence, this result further confirms
that the impact of surface patterned membranes
on fouling resistance became significant by
operating at high operating parameters
(crossflow velocity).

Similarly, Jung et al [80] also recorded the
highest shear stress at the apex of the surface
patterned membrane and the lowest shear
stress at the valleys of the patterns. Figure 3
illustrates the names given by various authors
for the highest and the lowest shear stress
positions. Since the upper region of any kind of
pattern design demonstrated the highest shear
stress, it is expected to have a substantial
influence on the renewal of the boundary layer
and consequently restrict foulant interaction
with the membrane surface. In contrast, in the
lower region, where the shear stress exerted is
less, foulant has better change to reside and

form concentration polarization that
encourages membrane fouling formation.
Therefore, under these conditions, at low

crossflow velocity, the flat membrane recorded
a higher surface shear stress of 1 Pa compared
to 0.6 Pa demonstrated by the lower region of
the surface patterns. However, the upper region

Valley
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of the surface patterns exerted up to 3.7 Pa shear
stress [81]. Therefore, under this condition, the
lower region of the patterned membrane will be
fouled prior to the flat membrane, while the
upper region of the patterned membrane has up
to 270% enhanced lifespan compared to the flat
membrane. Similarly, Shang et al [82] also
recorded the highest wall shear stress at the hills
of micro-sized patterns of a nano filtration
membrane, as well as vortices around the
bottom region of the patterns. The patterned
membrane demonstrated an enhanced fouling
resistance performance, indicated by its higher
hydraulic output and least mass transfer decline
compared to the baseline flat membrane. The
control nano filtration membrane exerted
surface shear stress of 0.02 Pa while the micro-
patterned nano filtration membrane recorded
0.3 Pashear stress at its pattern peak. This result
revealed that the patterned membrane
significantly prevents fouling formation by
scouring the foulant from membrane surface by
up to 15-fold compared to the control flat
membrane. The patterned membrane recorded
a normalized flux of 0.8 compared to 0.48
demonstrated by the flat membrane after 20
hours of 2 g/L silica nanoparticle fouling
filtration. The patterned membrane also
recorded an enhanced normalized flux of up to
20% (from 0.8 to 0.96) by raising the operating
parameter from 30 to 50 cm/s [82].

Apex

Peak

NN

Top/Hill

Bottom

Figure 3. Demonstration of the highest (Red) and lowest (Blue) shear stress position within the patterns
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Therefore, this result justifies the influence of
the operating parameter (crossflow velocity) on
the antifouling performance of surface
patterned membranes.

The flow direction of the feed to the patterns of
the surface patterned membrane was also
reported to have intensive impact on the
antifouling performance of the membrane. The
fouling resistance performance of flow
directions, parallel, perpendicular and angular
to the patterns of the patterned membrane were
examined, and the perpendicular flow direction
demonstrated an outstanding antifouling
performance. By flowing 50 ppm activated
sludge perpendicular to the patterns of the
patterned membrane, the membrane recorded
water flux of 105.51+1.39 m3/m2d. While
adjusting the feed flow direction to parallel and
angular to the patterns, the water flux declined
to 103.30 £ 1.36 and 102.64%1.44 m3/m2d,
respectively. The flat membrane recorded
hydraulic resistance of 9.61E+10 m! and water
flux 0f90.27 + 1.27 m3/mz2.d, it resulted in 14.4%
decline in the membrane life cycle as compared
to the patterned membrane with perpendicular
flow orientation [83]. Therefore, to harness the
ultimate potential of surface patterned
membrane for membrane fouling management,
operating parameters as well as the flow
direction must be optimized. Despite their
usefulness, CFD studies of membrane systems
often rely on simplifying assumptions that limit
their predictive accuracy. Many models assume
Newtonian fluid behavior, thus neglecting the
non-Newtonian rheology commonly associated
with concentrated feeds, biofilms, and particle-
laden suspensions. To reduce computational
cost, two-dimensional (2D) simulations are
frequently employed, which may fail to capture
three-dimensional flow structures, secondary
vortices, and spatial heterogeneities that are

critical to mass transfer and fouling
development. Moreover, most CFD
investigations emphasize short-term

hydrodynamics and represent fouling using
static or simplified boundary conditions, thus
overlooking long-term fouling evolution,
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membrane aging, and dynamic foulant-
membrane  interactions under realistic
operating conditions.

4. Effect of Surface Pattern Design

Parameters on Antifouling Performance
4.1. Influence of pattern geometry

Ilya et al. [59] examined the influence of pattern
design, dimensions, and pattern gaps on the
hydrodynamic performance of the surface
patterned membrane. Moreover, the wall shear
stress of three sections (top, middle, and
bottom) of each pattern design was also studied.
The details of the geometries are presented in
Table 1.

4.2. Effect of pattern dimensions and spacing

Pattern dimensions and spacing play a decisive
role in governing the hydrodynamic response of
surface-patterned membranes, as they directly
control the intensity and distribution of flow
disturbances near the membrane surface. CFD
studies consistently show that increasing
pattern height or depth enhances local shear
stress and promotes vortex formation, thereby
improving  foulant  removal. However,
irrationally large features generated a
stagnation zone within pattern valleys and thus
increased the flow resistance. Similarly, pattern
spacing determines the interaction between the
adjacent flow disturbances, a closely spaced
patterns can intensify shear but risk hydraulic
shielding, while widely spaced patterns
diminish hydrodynamic effectiveness. These
findings highlight the necessity of optimizing
pattern dimensions and spacing so as to balance
the shear enhancement, fouling mitigation, and
pressure-drop penalties. The flat membrane
demonstrated a uniform local wall shear stress
of 0.21 Pa while the patterned membrane
exhibited heterogeneous wall shear stress
depending on the position and pattern design as
shown in Table 2.
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Table 1. Details of the membrane pattern geometry

Membrane a b C Geometry design
code
(pm)
R500 500 500 500 Rectange
R1000 500 500 1000 A
R1500 500 500 1500 I
C
-« h
b
C500 500 500 500 Circle 3
MIC
! H_l;l a
T100 500 0 500 ¥ Triangle
/\/\/\/\[C
Iqa—pl -

a: Pattern width, b: Pattern Gap, and c: Pattern height

Table 2. Wall shear stress exerted at various locations of surface patterned membrane

Membrane code Wall shear stress (Pa)
Bottom of the Middle of the Top of the Total
patterns patterns patterns

R500 0.21 0.67 3.9 4.78
R1000 1.08 1.58 0.42 3.08
R1500 1.3 2.67 1.75 5.72
C500 0.07 0.67 1.58 2.32
T100 0.07 1.01 3.67 4.75

R1000 and R1500 membranes recorded highest
shear stress at the bottom (valley) of their
patterns by absorbing up to 1.08 and 1.3 Pa
respectively. These results illustrate the
significance of the fluid eddies generated by
R1000 and R1500 membranes in facilitating the
back-diffusion of the foulant to the bulk fluid and
thus disrupting the boundary layer formation
and posed the membrane with antifouling
property. Unlike R500 membrane that does not
generate fluid eddies at its valley and exerted
same wall shear stress as the flat membrane
(0.21 Pa). While C500 and T100 membrane

recorded a worse scenario of allowing the
foulant to reside at their pattern valley and
initiated membrane fouling. They both recorded
a very low shear stress of just 0.07 Pa at their
pattern’s valleys [59]. R1000 and R1500 also
outperformed other membranes by absorbing
1.58 and 2.67 wall shear stress at the middle of
their patterns. However, T100 recorded up to ~
51% enhanced wall shear stress exerted at the
middle of its patterns compared to that of the
R500 and C500 membranes. While at the
top/apex of the patterns, T100 and R500
demonstrated the highest shear stress by
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recording up to 3.67 and 3.9 Pa respectively.
However, considering the overall wall shear
stress absorbed by each membrane, R1500
recorded the highest with up to 5.72 Pa shear
stress followed by R500 and T100 with total wall
shear stress of 4.78 and 4.75 Pa respectively
[59]. Despite the high overall shear stress
demonstrated by R500 and T100 membrane,
they both allow foulant to reside at their
pattern’s  valleys  thereby  encouraging
membrane fouling formation. Therefore, pattern
design optimization is required via CFD
simulation to obtain the best fouling resistance
design. Based on the results of the shear stress
absorbed by the membranes (Table 2), R1500
demonstrated the highest fouling resistance
ability followed by R1000 and R500
respectively. This is because the membranes
exerted adequate shear stress and generated
swirling effect that drives away the foulant from
the membrane surface across all its surface
regardless of the position. In the case of T100,
the membrane absorbed good overall shear
stress but with very poor shear stress at the
valleys of its patterns and thus motivate fouling
formation at the valleys of the membrane [59].
Therefore, overall shear stress is not only the
deciding factor but also the shear stress
absorbed at various locations of the surface
patterned membrane. Similarly, Choi et al. [84]
also reported similar trends after examining the
effect of unit and pattern spacing in a reverse
osmosis membrane. The patterned membrane
with unit and pattern spacing of 2 pm elucidated
the best antifouling performance by maintaining
normalized flux of up to 0.8. While by using 6 pm
as unit and pattern spacing, the membrane
recorded normalized flux of 0.66 and 0.53,
respectively.

Lower overall shear stress can still result in
better antifouling because fouling is governed by
local hydrodynamics and particle trajectories,
not average shear alone. Localized shear peaks,
vortices, and secondary flows can periodically
lift particles from the membrane surface, reduce
residence time, and disrupt attachment even
when mean shear is low. In contrast, high,
uniform shear may continuously drive particles
toward the membrane, compress foulant layers,
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and promote irreversible deposition. Thus,
effective vortex dynamics and flow-induced
particle migration often provide superior
antifouling performance compared to simply
increasing overall shear stress.

5. Influence of Foulant Characteristics and
Operating Conditions

5.1. Effect of foulant size and physicochemical
properties

Similarly, =~ membrane fouling resistance
performance also depends on the size of the
foulant particle as depicted in Figure 4.
Therefore, it is important to optimize the pattern
geometry in relation to the foulant particle size
and operating parameter for an enhanced
membrane fouling resistance. The FM, nano-
patterned membrane (NPM) and micro-
patterned membrane (MPM) demonstrated
heterogeneous fouling resistance performance
depending on the foulant particle size. During
validation of the CFD result with a real
experimental study, four model fouling feeds
with foulant diameters of 0.1, 0.5, 2, and 6 um
were used to investigate the influence of the
foulant size on the fouling resistance
performance of the surface patterned
membranes [85]. During 0.1 um foulant size
fouling filtration, the patterned membranes
(NPM and MPM) recorded an enhanced fouling
resistance compared to the flat membrane. The
mass of the foulant deposited on the flat
membrane is up to 36.6 mg/m2 while NPM and
MPM recorded 34.2 and 30.8 mg/m?
respectively. By adjusting the foulant size to 0.5
um, the antifouling performance of MPM
membrane deteriorated, while that of the NMP
membrane became notable. The MPM
membrane fouling resistance is just slightly
beyond that of the flat membrane, up to 38.3
mg/m?2 of the foulant deposited on the MPM
membrane whereas the flat membrane
adsorbed 40.0 mg/m2. Comparatively, the NMP
membrane demonstrated up to 46.5% and
44.1% enhanced antifouling performance as
compared to FM and MPM membrane,
respectively.
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Figure 4. Performance of the membranes during aqueous suspension of polystyrene latex microspheres
fouling filtration with different foulant sizes

The micro-patterned membrane regained its
outstanding antifouling performance during 6
um feed fouling filtration; the membrane
recorded up to 49.64% and 41.1% enhanced
fouling resistance performance compared to FM
and nano-patterned membranes, respectively.
The NPM membrane also recorded about 14.5%
improved fouling resistance compared to the
baseline FM membrane. Therefore, the
instability in the fouling resistance performance
of the membranes with regard to the foulant size
justifies the need for foulant size consideration
during pattern design of the surface patterned
membranes for an optimum fouling resistance
performance.

5.2. Interaction between foulant characteristics
and pattern scale

Similar trends were also reported by Lin et al.
[86]. The millimeter-scale (PM60), micro-scale
(PM55), and nano-scale (PM50) microfiltration
membranes exhibited shear stress of 0.3978,
0.0302, and 0.0305 Pa, respectively. The
performance of the membranes for resisting 2
g/L diatomaceous earth solution deposition
revealed PM55 as the best-performing
membrane in terms of fouling resistance. The
PM55 membrane recorded foulant deposition of
191.6 mg/m? against 241.6,271, and 276 mg/m?
exhibited by PM50, PM60, and the flat

o e ———e
443

membrane, respectively. This result further
disclosed the influence of foulant characteristics
on membrane antifouling performance despite
the magnitude of the shear stress absorbed by
the membrane surface. PM60 exerted highest
shear stress but PM55 demonstrated the best
antifouling performance despite its less surface
shear stress compared to PM60 membrane. This
is due to the foulant particle characteristic as
reported by Jang et al. [85] and described in
Figure 4.

Zhou et al. [87] patterned the surface of a
reverse osmosis membrane, and the validation
result corresponded with the CFD simulation
result. The simulation result indicated the great
influence of the surface patterns on the velocity
and wall shear stress of the filtration system.
The peaks of the patterns show the highest
velocity and the wall shear stress, while the
valleys recorded lower velocity as well as the
wall shear stress. However, some vortices were
observed in the valley despite the low velocity
profile recorded. Although the vortices do not
have any impact on the fouling resistance
performance since the swirling force generated
by the vortices is weak to drive the foulant away
from the membrane surface, but they rather
encourage foulant settlement in the valley. The
concentration polarization at the valley of the
patterned membranes is up to 64% higher than

2026, Volume 8, Issue 3
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the baseline flat membrane. However, despite
the higher fouling propensity recorded at the
valleys of the patterns, the patterned membrane
recorded up to 40% enhanced nominal
permeate flux compared to the baseline flat
membrane attributed to the enhanced packing
density created by the grooves of the surface
patterns [87]. The surface patterns of the
membranes created an additional effective
membrane area for more hydraulic output due
to the extra space provided by the pattern
grooves, which in turn enhances the membrane
packing density.

5.3. CFD-guided optimization under different
operating conditions

Liu et al. [88] developed a novel innovation for
generating turbulent flow within the membrane
filtration system. They fabricated saw-tooth
patterns on the upper/top channel of the
filtration cell, while the lower/bottom channel
remained flat and housed the membrane. The
top patterned channel generated hydrodynamic
effect on the membrane surface with shear rate
of up to 6400 L/s while the flat module recorded
just 2200 L/s. The validation results confirmed
the simulation performance of the patterned
membrane. The patterned setup achieved a
steady state flux of 1.75 x 10-4 m /s while treating
10 um polystyrene particles suspension at 60
kPa transmembrane pressure whereas its flat
counterpart recorded 5.1 x 10-5 m/s. This result
confirmed the effect of the vortices generated by
the patterns of the upper channel that impacted
the membrane in the lower channel. The
vortices intensified fluid mixing and thus
favored the back diffusion of the foulant to the
bulk fluid, thereby limiting boundary layer
formation and consequently limited its influence
on the mass transfer performance of the
membrane.

The antifouling performance of the patterned
membrane filtration system became noticeable
by raising the transmembrane pressure from 60
kPa to 100 kPa. The patterned filtration setup
recorded  250%  enhanced  antifouling
performance by sustaining a steady state flux of
2.1x104 m/s  against 6.0x105 m/s
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demonstrated by the flat filtration setup [88].
This result further justifies that by employing an
appropriate pattern design and filtration system
operating  parameters, the impact of
hydrodynamics and membrane packaging
density can be harnessed, and the optimum
antifouling performance of the surface
patterned membranes can be achieved. So far,
the fouling resistance performance of surface
patterned membranes is well established, and
the real experimental results always align with
the simulation output as per as all necessary
parameters are considered. Table 3 presents
the antifouling performance of the surface
patterned membranes.

6. Influence of Membrane Surface Patterning
on the Filtration System  Energy
Consumption

It has been traditionally believed that surface
patterned membranes consume higher energy
as compared to their flat counterpart
membranes due to pressure drop initiated by
their surface patterns. However, by evaluating
and comparing the overall energy consumption
of the surface patterned membrane setup and
that of the flat membrane setup, energy savings
of up to 21% were reported despite the pressure
drops of 7% generated by the membrane surface
patterns. The flat membrane setup consumed
0.019 kWh/m3 while the patterned membrane
setup under the same operating condition
consumed 0.015 kWh/m3 [75]. Similarly, the flat
membrane setup required 0.022 kWh/m3 for its
operation against 0.016 kWh/m3 demanded by
its patterned counterpart setup. Thus, recording
up to 28% energy savings by just introducing
fouling mitigation mechanism via feed flow
turbulence generation [89]. Moreover, other
membrane fouling mitigation techniques also
recorded tremendous energy saving. Improving
additive density within the membrane matrix
via membrane surface chemistry development
recorded up to 66% energy saving. The baseline
membrane exhibited energy consumption of
0.08 kWh/m?3 against 0.027 kWh/m3 consumed
by the antifouling membrane [90]. Feed flow
turbulence  generation demonstrated a
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significant energy saving despite the pressure
drop. The energy saving overwhelmed the effect
of the pressure drop and consequently
manifested the economic advantage of the feed
turbulence flow [33,75,89]. The energy saving
performance of feed turbulence depends of the
turbulence generating technique employed. By
employing static mixer as turbulence generator,
40% energy saving was recorded [91] while by
applying rotating disks with vanes reported
58% energy saving were [92]. Therefore, the
energy-saving performance of feed turbulence
flow generation techniques has been established
and gained industrial adoption.
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7. Correlation between CFD Predictions and
Experimental Validation

To establish the credibility and practical
applicability of CFD approaches in the context of
surface-patterned membranes, it is important to
juxtapose simulation results with empirical
observations. Several investigations have
pursued such CFD-experiment comparisons to
evaluate how well flow predictions, fouling
behavior, and performance trends manifest
under actual operating conditions. Table 3
compiles key studies that systematically link
CFD outcomes with experimental validation,
highlighting agreements, limitations, and areas
where predictive modeling requires further
refinement.

Table 3. Summary of simulation and validation fouling resistance performance of surface patterned
membranes

Simulation result

Operating
parameters

Validation result and findings Ref.

Shear stress at Re = 1000:

Hydraulic performance:

Flat membrane = sustained 36% of
its performance after BSA fouling
filtration
Patterned membrane = retained

Flat membrane = 0.26 Pa

Feed: 1 g/L BSA

85% of its hydraulic performance

Patterned membrane = 1.43 Pa solution after BSA fouling filtration [93]
Shear stress at Re = 1400: TMP: 1 bar
Flat membrane = 0.34 Pa Re: 1000-1400 CFD simulation results represent
Patterned membrane = 2.12 Pa the real system and the results are
aligned.
Performance of surface patterned
membrane became bold by
operating at higher Re.
The wavy patterned membrane
recorded hydraulic output of up to
Surface shear stress: 58% improvement compared to its
Flat membrane = 0.17 Pa Feed: 1000 ppm pristine flat membrane
Wavy-patterned membrane = oil /water
0.596, 0.39, 0.23 and 0.18 Pa at the emulsion By fixing appropriate design [75]
wavy peak, just before the peak, just TMP: 0.2 bar specifications and operating

after the peak and at the valley,
respectively

parameters, the valley of the wavy
membrane recorded up to 6%
enhanced shear stress compared to
the flat control membrane.
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(0] ti
Simulation result perating Validation result and findings Ref.
parameters
Shear stress at CFV = 10 cm/s: Feed: 2 g/L
Flat membrane = 1.9 Pa colloid silica Fouling resistance performance of
Patterned membrane = 9.7 Pa CFV: 10 and 100 surface patterned membranes [79]
Shear stress at CFV =100 cm/s: cm/s became bold by operating at higher
Flat membrane = 26.6 Pa CFv
Patterned membrane = 190.1 Pa
The patterned membrane also
recorded an enhanced normalized
flux of up to 15-fold compared to
the flat membrane. By raising the
Surface shear stress (Pa): Feed: 2 g/L.silica operating paramet.er from 30 to 50
nanoparticle cm/s, the hydraulic output of the
Flat membrane = 0.02 ) [82]
CFV:30 and 50 patterned improves by 20%
Patterned membrane = 0.3
cm/s
Fouling resistance performance of
surface patterned membranes
depends on the operating
parameter (CFV) employed.
Normalized flux:
Perpendicular setup = 0.31
Feed: 50 ppm Parallel and angular setup = 0.29
) Flat membrane = 0.2.
The surface patterns of the patterned activated sludge.
b ted higher sh t TMP: 50 kP
mem ra-ne exerted ughers e.ar SHress a Feeding the feed perpendicular to
by feeding the feeds perpendicular to [83]
the patterns of the surface
the patterns compared to that of )
patterned membrane remains the
parallel and angular. )
best option to harness the
optimum fouling resistance
performance of surface patterned
membranes.

Rectangular patterns setup showed
less BSA adsorption and higher
permeance compared to the flat

membrane and other patterns
setup
Surface shear stress (Pa): The rectangular pattern setu
Rectangular patterns setup = 5.72 Feed: 1 g/L BSA g ] p i P
: . recorded optimum fouling [59]
Circular patterns setup = 2.32 solution )
. resistance performance than
Triangular patterns setup = 4.75 ) .
circular and triangular pattern
setup. Thus, rectangular pattern
setup is the optimum design based
on the operation parameters
employed than circular and
triangular setup
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Simulation result Operating Validation result and findings Ref.
parameters
Normalized flux:
2-Micron pattern spacing = 0.8
6-Micron pattern spacing = 0.53
Surface shear stress: Feed: 103
2-Micron pattern spacing setup CFU/mL P. [84]
recorded highest shear stress compared aeruginosa Pattern and unit spacing has
to 6-micron pattern spacing solution significant influence on the
antifouling performance of surface
patterned membranes
Surface foulant deposition
(mg/m?2):
PM55=191.6
PM50 = 241.6
Surface shear stress (Pa): Feed: 2 g/L PM60 = 271
PM60 patterned membrane = 0.398 diatomaceous Flat membrane = 276
PM55 patterned membrane = 0.030 ] [86]
PM50 patterned membrane = 0.031 earth solution
Fouling resistance of surface
patterned membranes depends on
the pattern design specifications
Steady state flux (MS):
Patterned module = 1.75 x 104
Feed: 10 pm Flat module = 5.1 x 10-5
Shear rate (1/s): polystyrene
Flat module = 2200 particles [88]
Patterned module = 6400 suspension Patterned membrane recorded an
TMP: 60 kPa enhanced resistance of particle
deposition on its surface compared
to the flat membrane
Recirculation zones were observed
in 4-tipped star patterns and
circular pattern setup while kite
patterns and tear drop patterns
Surface shear stress (Pa): Feed: 10 mg/L exhibite.d continuous ﬂOV\.I an.d
Circular pattern setup = 3.37 Pf)lystyrene' reconnection of the streamline just
Kite pattern setup = 4.38 particles solution after the patterns.
Feed flow rate = [94]

Tear drop pattern setup = 4.63
4-tipped star pattern setup = 4.37

1.667 g/s
CFV=0.104 m/s

The recirculation zones of 4-tipped
star patterns and circular pattern
setup encourage particles
deposition on the membrane
surface.
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Simulation result

o ti
perating Validation result and findings | Ref.
parameters

The pattern of the surface
patterned membrane was divided
into four sections and their
respective particles depositions
were extracted as follows:

Feed: 10
eoel (mert)lI:n; Apex front = 5.05 x 10-2 pm~2
Surface shear stress (N/m?): poty Y Apex back =4.64 x 10-4 pm-2
methacrylate)
Patterned membrane: colloidal Valley front = 0.494 pm-2 [80]
Pattern apex: 3.7 . Valley back = 0.372 pm-2
suspension
Pattern valley: 0.6 :
(diameter=1.3 .
The valley region of surface

hm) patterned membranes is the

fouling initiating region with valley

front as the highest fouling region

followed by valley back and apex
back.

Mass of particle deposition on the
membrane surface (mg):
Patterned membrane with pattern

spacing =10.8

The introduction of intervals between Feed: 2 um latex Patterned membrane without
the patterns increases the vortex particle pattern spacing = 44.5 [95
formation in the valley of the surface suspension Flat membrane = 75.3 9 6]'
patterned membrane CFV=0.4m/s

Introducing intervals between
patterns of surface patterned

membrane enhances its antifouling

performance.

Surface biofilm density (um3/um?):
Flat membrane = 4.9 £ 0.9

Line patterned membrane =

2.8+0.6
D-li tt d b =
Shear stress (Pa): Feed: 103 CFU mepa elrr;ilr(r)lem rane
Fl =5.27 lony formi B
. at membrane = 5 (co ole orming Sharklet RC = 1.240.7
Line patterns membrane = 5.93 units) mL-1
. . Sharklet AF membrane = 0.4+0.2
D-line patterns membrane = 6.11 Operating [97]
Sharklet RC b =6.32 :15.5
arke membrane pressure Sharklet AF patterned membrane
Sharklet AF membrane = 16.0 bar
generated an enhanced secondary

flow that restricted biofilm
formation on its surface compared
to flat and other patterned designs
setups.
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8. Performance of Surface Patterned
Membranes in Various Membrane Processes

The enhanced performance recorded by surface
patterned membranes compared to the
traditional flat membranes has been extended
beyond pressure driven membrane filtration
systems [98-100] and wastewater treatment
[101]. Chang et al. [102] explored membrane
surface patterning to improve the overall
performance of membrane photothermal
filtration systems. The surface of carbon
black/polyacrylonitrile membrane was
embossed via thermal imprinting. The patterned
membrane recorded an enhanced clean water
evaporation rate and thermal conversion
efficiency of 1.33 kg m2? h! and 86%
respectively. The performance of the patterned
membrane accounted for approximately 5% and
~ 4% for water evaporation rate and thermal
conversion efficiency, respectively, compared to
the baseline flat membrane. This result grants
motivation to explore the optimum potential of
membrane surface patterning in a thermally
driven membrane filtration system.

Global interest in green energy production
(hydrogen) is on the rise due to continuous
environmental calamities caused by global
warming due to the release of carbon dioxide by
traditional fossil fuels. Recently, by imposing
rough patterns on the surface of the membrane
utilized in the electrolysis setup, up to 26%
improvement in hydrogen production was
recorded. The patterned membrane produced
0.767 g of hydrogen and efficiency of 20.67
g.H,/kWh while the pristine flat membrane
generated 0.608 g hydrogen with efficiency of
20.47 g.H2/kWh [103]. The potential of surface
patterned membrane in enhancing the overall
performance of Alkaline membrane
electrolyzers was also explored by Hu et al
[104] and up to 39 and 23% improvement in
water permeability and electrochemical surface
area were recorded compared to flat membrane
with the same catalyst loading. Therefore, these
results attested to the performance of the
surface patterned membranes in enhancing
green energy production and vested the
opportunity for further exploration.
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Despite the growing body of CFD studies on
surface-patterned membranes, several clear
trends, contradictions, and knowledge gaps
emerge from the literature. A consistent trend is
the enhancement of wall shear stress and vortex
intensity with increasing Reynolds number and
pattern depth; however, reported performance
gains vary widely due to differences in pattern
geometry, channel definition, and evaluation
metrics. Contradictory findings are observed
regarding optimal pattern dimensions, where
some studies report improved antifouling
performance with deeper valleys, while others
indicate increased pressure drop and localized
fouling at excessive pattern heights. Moreover,
most CFD investigations assume mono-
dispersed foulants and steady-state flow
conditions, overlooking the coupled effects of
foulant size distribution, deformability, and
transient flow behavior. These gaps highlight the

need for  standardized  hydrodynamic
performance metrics, multi-scale fouling
models, and systematic CFD-experimental

validation to enable more reliable design
guidelines for surface-patterned membrane
systems.

9. Conclusion and Future Perspectives

Computational fluid dynamics simulation has
the potential to represent and simulate the real
membrane filtration system to obtain optimum
design specifications and best operating
parameters as discussed in this review
manuscript. Moreover, this manuscript also
provides details on the establishment of
membrane surface patterning as a non-chemical
and facile approach for membrane fouling
management. However, despite the fouling
management performance demonstrated by the
surface patterned membranes and the CFD
simulation potential to represent the real
membrane system, some parameters such as
operating parameters (e.g., crossflow velocity,
Reynolds number, etc.), foulant size and flow
direction, must be considered while designing
the surface pattern to achieve the optimum
design for membrane fouling resistance. By
operating at an optimized operating parameters,
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efficient vortices would be generated even at the
pattern valleys (lowest shear stress location)
that swept and encourages the diffusion of the
foulant to the bulk fluid. Therefore, for any set of
pattern design specifications (pattern height,
width, spacing, etc.), an optimized operating
parameter must be obtained during CFD
simulation step. While pattern design
specifications relied on the foulant size.
Therefore, there is inter correlation between
pattern design specifications, operating
parameters and foulant size. Thus, their inter
correlation necessitates the use of CFD
simulation to obtain the best combination that
exploited the full potential of membrane surface
patterning for membrane fouling resistance.
Apart from the hydrodynamic effects induced by
the surface patterns of patterned membranes for
fouling resistance, the surface patterns also
boost the membrane hydraulic output by
providing additional available membrane
effective area originating from the pattern hill
for hydraulic permeation. The provision of an
additional membrane effective area,
inaugurated by the surface patterned
membranes extended its application from
pressure driven membrane filtration systems to
other non-pressure-driven membrane filtration
systems (such as concentration and thermal
driven, etc.), as well as other membrane
separation systems. Therefore, there is an
intensive need to explore membrane surface
patterning design specifications to improve its
packaging density performance and to design a
pattern valley that would generate efficient
vortices even at lower operating parameters.
Through this, membrane surface patterning
would revolutionize filtration and separation
processes. Recent advances in data-driven
approaches offer new opportunities to
complement CFD-based membrane design. The
integration of machine learning and
optimization algorithms with CFD simulations
can facilitate multi-parameter optimization by
efficiently exploring large design spaces
involving geometric features, operating
conditions, and material properties. In parallel,
the development of adaptive or smart flow-
channel patterns, whose geometry or surface
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properties respond to hydrodynamic or fouling
conditions, represents a promising direction for
enhancing antifouling performance while
maintaining energy efficiency. Although these
approaches remain at an early stage of
development, they highlight the potential of
combining physics-based CFD models with data-
driven tools to accelerate rational membrane
and pattern design.
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