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ABSTRACT

This study analyzes the velocity and pressure incurred by protruding shapes installed within the inlet part of a pressurized membrane module
during operation to determine the fluid flow distribution. In this paper, to find the flow distribution within a module, it investigates the velocity
and pressure values at cross-sectional and outlet planes, and 9 sections classified on outlet plane using computational fluid dynamics. From
the Reynolds number (Re), the fluid flow was estimated to be turbulent when the Re exceeded 4,000. In the vertical cross-sectional plane, shape
4 and 6 (round-type protrusion) showed the relatively high velocity of 0.535 m/s and 0.558 m/s, respectively, indicating a uniform flow distribution.
From the velocity and pressure at the outlet, shape 4 also displayed a relatively uniform fluid velocity and pressure, indicating that fluid from
the inlet rapidly and uniformly reached the outlet, however, from detailed data of velocity, pressure and flowrate obtained from 9 sections
at the outlet, shape 6 revealed the low standard deviations for each section. Therefore, shape 6 was deemed to induce the ideal flow, since
it maintained a uniform pressure, velocity and flowrate distribution.
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1. Introduction industrial operations due to their operating conditions and cost
effectiveness [4, 5].

To improve the performance of pressurized membrane modules,
fluid distribution, e.g., velocity, pressure, and streamline within
the module, is an important factor for indirectly evaluating the
flux. In addition, variations of the velocity, pressure, and streamline
can be used to estimate local membrane fouling, as the fluid flow
concentrates in parts of the membrane module. However, consid-
erable experimental time and manufacturing costs are wasted when
a real module is used to evaluate the flux in module configurations.
To overcome these difficulties, computational fluid dynamics (CFD)
have been often used.

CFD has recently become a tool available for analyzing membrane
filtration systems, due to the rapid development of computational
performance and mathematical methods [6]. Changes in the pressur-
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Microfiltration (MF) and ultrafiltration (UF) have been used in
pressurized membrane modules that can be applied across multiple
fields, including chemical, food, pharmaceutical, and water treat-
ment industries. Important UF membrane designs employ a hollow
fiber configuration, as advantages of this membrane are its low
cost and high surface area unit per volume. Subsequent applications
have confirmed that the pressurized modules of UF hollow fiber
membrane are economically attractive and effective [1, 2].
The performance of most pressurized membrane modules, how-
ever, is limited by the concentration polarization and membrane
fouling, which hinder module productivity due to the flux decrease
[3]. Pressure-based membrane processes have played key roles in
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ized membrane module affect fluid distribution, and increased
the flux in the membrane module [7]. In general, CFD methods
have proposed the use of numerical methods using a computer
in order to analyze the fluid flow. The basic principle of CFD
is to use discretized algebraic equations approximated from the
partial differential equations of viscous fluid flow [8].

A large number of studies have been performed over the last
two decades, which investigate the effects of different types of
baffles, spacers, and other turbulent promoters, in addition to their
orientation and spatial configuration, on flow hydrodynamics and
concentration boundary layer disruption [9-12].

In other studies, Zhuang et al. [13] investigated the impact of
the shell manifold on the performance of a hollow-fiber membrane
module using dead-end outside-in filtration. From these results, the
CFD model was found to be beneficial in interpreting the structure
design and optimization of the hollow-fiber membrane modules.
Liang et al. [14] analyzed the effect of membrane properties and
bulk flow conditions to identify whether electro-osmosis alone was
effective for improving the mass transfer and permeate flux in a
steady-state. As a results, it was confirmed that electro-osmosis led
to a permeate flux increase of 0.5% to 11%. Liu et al. [3] investigated
the effect of each type of baffle, e.g., central baffles or wall baffles
in membrane tubes, on the flow pattern and behavior. They revealed
that both types tend to reduce the concentration polarization and
membrane fouling. Ghidossi et al. [2] defined the flow mechanism
in the module and calculated the pressure drop for all UF system
configurations using FLUENT. Based on their work, the pressure
drop was found to be greater at a higher inlet pressure and lower
when the permeability increased; the pressure drop was quasi-linear
along the entire membrane length. Vinther et al. [15] presented the
effect of back-shocking in UF using two dimensional mathematical
models. As a result, it revealed that the optimal back-shock time
from CFD was in good agreement with the data from literature.

From a literature review, it has been found that CFD can be
used to estimate the fluid flow-through velocity and pressure values
at the inlet and outlet, and as such can also be used to calculate
the permeability for membrane module configurations. This paper
further analyzes the effect of fluid flow for protruding shapes at
the inflow to determine which protruding shape induces a better
flow pattern when the module operates, by investigating the velocity
and pressure in the entire module, using a vertical cross-section
of the module, outlet, and nine sections of the outlet plane.

2. Simulation Set-up

2.1. Governing Equations

Fluid behavior is often counterintuitive, making it difficult, if not impos-
sible, to predict the impact of fluid flow. CFD is a tool that has successfully
been used to simulate the behavior of fluid flow (www.ansys.com).
Some of commonly used CFD software includes: FLUENT, CFX,
FLOWIZARD, PHOENICS, STAR-CD, and OPEN FOAM [16].

In this study, to simulate the internal fluid movement, ANSYS
CFX (version 18.0) was employed. CFX is a high-performance CFD
software tool that has displayed outstanding accuracy in its hydraul-
ic analysis of membrane modules [17]. At the heart of CFX is

499

its advanced solver technology, the key to quickly and robustly
achieving reliable and accurate solutions.

The governing equation of ANSYS CFX is the Navier-Stokes
equation, which describes conservation and transport processes.
This fluid is assumed to be Newtonian when the flow is in a
steady state and laminar Eq. (1) [18].
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where u is the velocity in x direction, v is the velocity in y direction,
and w is the velocity in z direction.

K-epsilon (k-¢) model is commonly employed to interpret flow
properties for turbulence conditions in CFD [19]. There are two
variables of turbulence kinetic energy (k) and the rate of dissipation
of turbulence energy (¢) in this model. The turbulent viscosity
is assumed as isotropy that the ratio between Reynolds stress and
deformation rate is the same in all directions [20]. The k-¢ equations
have a lot of unknown terms. To practically approach, the standard
k-¢ model is employed to minimize the unknown factors, thus
applying a plenty of turbulent flow applications. The equations
of turbulent kinetic energy (k) and dissipation () are follows [21].
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where u; is velocity component in corresponding direction, Ej is
component of deformation rate, and g is eddy viscosity.

2.2. Module Structure

The pressurized membrane module consists of inflow, membrane,
and outflow parts. In this study, the CFD simulation was performed
at the inflow of the module. The inflow part is a down-to-up flow,
the lower section is the inlet, and the upper is the outlet, as shown
in Fig. 1. The center part (bottom of core tube with 40 mm diameter)
of the outlet plane does not permit flow due to the core tube in
the membrane for the permeate. Overall, the outlet plane was com-
prised of nine sections, except for the center hole.

200mm

95mm

50mm

50mm

Fig. 1. Structure and specifications of the inflow part.
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Fig. 2. Detailed specifications of the protruding shapes.

The shape of the protruding part is as follows: shape 1 is a
small triangle, shape 2 is a large triangle, and shape 3 is a long
bar, shape 4 is a circle, shape 5 is an ellipse, and shape 6 is a
modified round shape. The protruding part considered in this paper
is finally determined as 6 shapes excluded the angular shape in
order to smooth fluid flow. The detailed specifications of the protrud-
ing shapes are shown in Fig. 2.

2.3. Boundary Conditions

Simulations in this study were conducted using 3D flows. In the
CFD, the boundary condition can be set based on the flowrate,
pressure, and velocity. Since the velocity and the pressure values
at the inlet and outlet are not consistent and are obtained as the
results, the boundary condition is set as the flowrate in this study.

Table 1. Conditions for CFD Simulations

Condition Value Note
Dimension 3D

Flow mode Laminar/Turbulent

Inlet flowrate (L/s) 1.9625 at 1 m/s
Outlet flowrate (L/s) 0.3925 10,000 fibers/module
Fluid temperature (°C) 20

The flowrate at the inlet was 1.9625 L/s at a velocity of 1 m/s
and a diameter of 50 mm. The flowrate at the outlet was set at
0.3925 L/s, assuming that every flowrate of the inlet passes through
the outlet. The total effective area at the outlet per total effective
area at the inlet was 1/5 at 6,358.5 m*/31,400 m* when 10,000
fibers (generally 9,000-10,000 fibers per module) were employed
in the membrane. The detailed conditions of the inflow are shown
in Table 1. The wall boundary conditions were applied under
non-slip conditions.

2.4. Reynolds Number

In this study, the Reynolds number (Re) was analyzed prior to
each simulation to determine the dominant flow in this module
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(e.g., laminar or turbulent). The Re is an important dimensionless
quantity in fluid mechanics used to help predict flow patterns
in different fluid flow situations, and also to estimate the transition
from laminar to turbulent flow. Laminar flow implies a low Re,
where viscous forces are dominant, and is characterized by a smooth
and constant flow motion (Re < 2,300). A turbulent flow implies
a high Re, dominated by inertial forces, which tend to produce
chaotic eddies, vortices, and other flow instabilities (Re > 4,000).
Transient flow has the Re range between 2,300 and 4,000.

The Re represents different flowrates through the systems based
on the following equation [22]:

puD
I
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where u is the average velocity (m/s) on vessel, D is the vessel
diameter (m), p is the water density (kg/m®), and x is the dynamic
viscosity (PasS) of water.

Here, the Re was derived from four points, e.g., the inlet, 50
mm and 90 mm from the inlet, and the outlet, in order to determine
the Re at the inflow. The locations of the four points measured
are shown in Fig. S1.

3. Results and Discussion

3.1. Hydraulic Re

The Re is affected by the effective area, effect volume, and velocity
on the protruding shape in the inflow. As described above, the
Re is derived from measurement taken at the inlet, 50 mm and
90 mm from inlet, and the outlet, under laminar and turbulent
flow conditions in order to confirm whether the fluid flow in the
inflow is laminar or turbulent; the calculated Re values from the
CFD simulations are shown in Table S1.

Analytical results of the CFD showed that the Re was turbulent
at much higher than 4,000 under all conditions (e.g., no protruding,
and shapes 1 to 6). Also, the Re values at the inlet, 90 mm from
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the inlet, and the outlet were considerably larger than at inlet and
50 mm from inlet because the effective area of the outlet was 1/5
smaller than the inlet effective area. This difference is because
the upstream flow and the downstream flow collide at 50 mm from
inlet, where the reverse flow phenomenon occurs and the velocity
sharply decreases. In addition, the Re of shapes 5 and 6 were relatively
lower at the outlet compared to the other shapes, suggesting that
the fluid flow changed due to the protruding shape.

From the above results, the Re of fluid flow in the inflow part
was found to be strongly turbulent at over 4,000. Hence, turbulent
mode was deemed appropriate for simulating the CFD of the velocity
and pressure in the inflow.

3.2. Variations of Velocity and Pressure at Cross-sectional
Plane

3.2.1. Cross-sectional plane contour, average, and streamline ve-
locity
In turbulent flow mode, the CFD simulation of the inflow reveals
the flow velocity profile in the vertical cross-section (Fig. 3). The
intensity of velocity in the contour can be interpreted as follows:
red > orange > yellow > green > sky blue > blue. The large
amount of red and blue in the inflow implies that the fluid flow
is localized, whereas abundant orange, yellow, green, and sky blue
implies that that the flow is relatively evenly distributed.
From the contours and average velocity values of the vertical
cross-sectional plane, primarily red was seen at the no protruding,

9 Non-protruding Shape 1

0.546 m/s 0.506 m/s

Shape 4

0.535 m/s
Non-protruding Shape 1 Shape 2

Shape 5

0.404 m/s
Shape 3 Shape 5

and shapes 1, 2, 3, 5; among these, shapes 1, 2, and 5 showed
some blue color, especially at the bottom part of the protrusion,
indicating severe localization of the fluid flow. In contrast, shapes
4 and 6 showed a relatively uniform flow distribution, with primarily
orange, yellow, green, and sky blue in the inflow.

In the cross-sectional plane of the velocity streamline, plenty
of fluid flowed from the inlet to outlet at the center in the no
protruding and shape 3, with large vortices occurring on both sides
of the inflow. Shapes 1, 2, and 5 displayed a large surface area
at the bottom of the protrusions and had small vortices, as the fluid
could not flow smoothly into the inflow. Due to the protruding
shape, shape 6 has a dead space with little fluid flow at the bottom
center of the protrusion. The fluid in shape 4 appeared to be evenly
distributed within the inflow part because the fluid velocity from
the inlet was not seen to be biased to the center, and the vortexes
were small. In addition, Liu et al. [3] reported that water flow stagnates
and particles tend to accumulate when central baffles are installed
in waterways, hence it is expected that water passage will be degraded
due to the accumulation of particles when the bottom area of a
protruding part is relatively large as shapes 1, 2, and 5 [3].

The average velocity at the cross-sectional plane was 0.535 my/s
at shape 4 and 0.558 m/s at shape 6, which are mostly orange,
yellow and green colors in the inlet part. From these results, the
fluid flow velocity was most uniform for shapes 4 and 6, which
are round shapes, rather than triangle, bar, and oval used in shapes
1, 2, 3, and 5.

Shape 2

0.567 m/s 0.660 m/s

Shape 6

0.558 m/s

Fig. 3. Cross-sectional planes of the contour, average, and streamline velocity images: (a) Contour and average velocity, and (b) Velocity streamline.
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3.2.2. Cross-sectional plane contour and average pressure
The vertical cross-sectional plane of the pressure contour and aver-
age at the inflow part under turbulent mode is shown in Fig. 4.
As for the velocity, the intensity of pressure in the contour can
be interpreted as follows: red > orange > yellow > green > sky
blue > blue, with red, orange, and yellow indicating that the fluid
flow is stagnant at that point and that the water pressure is high.
Green, sky blue, and blue indicate that the fluid passes rapidly
at that point, and that the water pressure is low.

From the vertical cross-sectional plane, the contour of the fluid
flow is seen to be stagnated at the outlet center of the no protruding
and the upper center of the protrusion in shape 5. In contrast,
the water pressure was low on both sides at the center of the inflow
part, with plenty of water flowing at that point. In the case of shape
2, the protrusion induced a blue color at the bottom, indicating
that water flowing into the bottom circulated at that point due to
the larger triangle than in shape 1. Shape 6 showed that the water
is stagnant at high pressure in the upper part of the protrusion;
the fluid flowing out to the outlet circulated on both sides and the
water pressure was low. However, in the case of shapes 1 and 4,
the pressure distribution was relatively uniform; indicating that the
fluid flow was well distributed throughout the inflow.

In the vertical cross-sectional plane, the average pressure values
of shape 1 and 6 displayed the low water pressure at 274 Pa,
indicating that the water pressure was evenly maintained in the
inlet part. In shape 5, the average water pressure was negative
(-60 Pa), due to the fact that the fluid flow did not move smoothly
at the upper and bottom parts of the protrusions, resulting in a
dead space at that point. Note that the results for the water pressure
are similar to those for the velocity.

In Fig. 4, the low water pressure distribution was measured
in shape 6, which also displayed the high velocity (Fig. 3). Therefore,
shape 6 was deemed to permit the best fluid flow.

Non-protruding Shape 1

366 Pa 274Pa

320Pa
Fig. 4. Cross-sectional plane of contours and average pressure.

-60 Pa

3.3. Variations of Velocity and Pressure at Outlet

The contour and average velocity at the outlet under turbulent
mode are shown in Fig. S2. In terms of contour and velocity, the
velocity of the no protruding and shape 3 was concentrated in
areas excluding the center and edge. In addition, there was a low
velocity at the center of shape 5 and the edges of shapes 2 and
6. In contrast, shapes 4 and 6 showed a relatively high and uniform
velocity distribution throughout the outlet.

In the results of the average velocity at the outlet, the shape
3 and 4 were high at 0.853 m/s and 0.736 my/s, respectively. In
the case of the no protruding and shape 3, the high flowrate was
concentrated at the central part of the outlet due to the high velocity
at that point. In contrast, shape 4 displayed both a high velocity
and uniform fluid flow.

In terms of the contour and average velocity at the outlet, shape
4 displayed the high velocity and most uniform flow pattern due
to the protruding round shape.

The results of the contour and average pressure at the outlet
under turbulent mode are shown in Fig. S3. In the case of the contour
at the outlet plane, the no protruding and shape 3 primarily displayed
red and orange colors at the center of the outlet, indicating that
most fluid flowed at that point. The no protruding and shapes 2
and 6 displayed some dead space (blue), indicating that a localization
of the fluid flow occurred. Shapes 1, 4, and 5 presented a relatively
constant water pressure distribution throughout the outlet.

From the average pressure at the outlet, the no protruding and
shapes 3 and 4 had the highest water pressure (445 Pa, 704 Pa,
and 470 Pa, respectively), with shape 4 displaying a relatively uniform
water pressure at the outlet. Interestingly, shape 5 revealed a negative
pressure, as a stagnant space occurred at the center of the outlet.

Therefore, from the results of the contour and average pressure
at the outlet, the best conditions for fluid flow were found in shape
4, in terms of hydraulic pressure distribution.

Shape 2

Shape 3

312Pa 480 Pa

274Pa
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3.4. Flow Distribution on Outlet

3.4.1. Velocity variation at each section on outlet
Fig. 5 presents the velocities and standard deviations for each
section with 10 mm interval of the outlet plane. The velocities
of shape 3 and 4 at the outlet were high in sections 3, 4, 5, 6
and 7, and low in sections 1, 2 and 9, No protruding condition
showed the same tendency as for the shape 3 and 4. Shape 1
and 2 showed that sections 3 and 4 were the highest and section
6 was the lowest. Shapes 5 and 6 displayed the smallest velocity
differences for each section, and maintained a low velocity overall.
The standard deviation for the protruding shapes at the outlet
was larger when the average velocity was higher and smaller when
it was lower. The no protruding and shape 3 had a high mean
velocities of 0.647 m/s and 0.837 m/s, respectively, and standard
deviations of 0.243 nmys and 0.837 mys, as the fluid flow was severely
concentrated in sections 3 to 7 due to the absence of protrusions
or by small interferences in the fluid flow from the inlet by the
bar shape. Compared to the no protruding and shape 3, the standard

08

06

04

Velocity (m/s)

02

0.0

deviations for every section of the outlet in shape 4 were relatively
lower at 0.162 m/s, even though the average velocity was high
at 0.162 m/s. Shape 5 had the lowest standard deviation at 0.039
for each section, but also had the lowest average velocity of 0.252
my/s. In shape 6, the standard deviation was 0.061 mys, then average
velocity was 0.413 my/s. From these results, the shape 6 has shown
the best uniform distribution in the outlet plane, showing a lower
standard deviation but a high velocity of 60% larger than shape
5, due the fact that the fluid flow from inlet to outlet was highly
interfered by its protrusion.

3.4.2. Pressure variation at each section on outlet

Fig. 6 shows the pressure values and standard deviations for each
section of the outlet. The pressure at the outlet for the no protruding
and shape 3 was high in sections 1, 2, and 3 and low in sections
5, 6, and 7, indicating that the fluid flow was biased. Shapes 1
and 2 displayed a high water pressure in sections 5, 6, and 7,
and low pressure in sections 2, 3, 4, and 8, indicating that they
were affected by the protruding shapes. In contrast, shapes 5 and
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Fig. 5. Velocity variations for sections at the outlet: (a) Velocities and (b) Standard deviations of velocities for each section.
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Fig. 6. Pressure variations at the outlet: (a) Pressure values and (b) Standard deviations of pressure for each section.
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Table 2. The Flowrate Values at Each Section on Outlet Depending on the Protruding Shapes

(Unit: L/s)
Section Non-protruding Shape 1 Shape 2 Shape 3 Shape 4 Shape 5 Shape 6
1 0.030 0.000 0.000 0.000 0.000 0.000 0.001
2 0.079 0.000 0.000 0.000 0.000 0.001 0.002
3 0.096 0.000 0.000 0.000 0.000 0.001 0.022
4 0.086 0.000 0.000 0.000 0.000 0.004 0.035
5 0.066 0.000 0.000 0.000 0.000 0.008 0.030
6 0.035 0.001 0.001 0.000 0.000 0.014 0.017
7 0.002 0.002 0.015 0.001 0.000 0.040 0.002
8 0.000 0.009 0.004 0.156 0.004 0.079 0.044
9 0.000 0.382 0.372 0.235 0.388 0.245 0.239
Average 0.044 0.044 0.044 0.044 0.044 0.044 0.044
Standard deviation 0.039 0.127 0.123 0.089 0.129 0.080 0.075

6 maintained a relatively constant pressure variation for every sec-
tion of the outlet.

In terms of standard deviation and mean pressure for the protrud-
ing shapes, the no protruding and shape 3 had the largest standard
deviation of 172 Pa and 174 Pa, respectively. Conversely, shape
4 had a large standard deviation of 134 Pa for each section, with
the largest mean pressure of 284 Pa, indicating a well distributed
fluid flow at the outlet. Shape 5 had the smallest standard deviation
of 19 Pa, but a negative pressure was maintained at an average
pressure of -149 Pa. Shape 6 had a low standard deviation of 46
Pa, and the average pressure was low at 41 Pa, indicating that
the fluid flowed poorly from the inlet to the outlet.

3.4.3. Flowrate at each section on outlet

As shown in Table 2, the water in non-protruding flowed in sections
1 to 7 of the outlet plane; on the other hand, it was not passed
in sections 8 and 9. In shape 1 to 4, there was almost no water
flow in the center part (sections 1 to 6) of the outlet plane, while
all water flow was concentrated among sections 7 to 9. Shape
5 and 6 exhibited the highest flow rate in section 9, although
water was not biased at the center and edge part compared to
other shapes.

From the standard deviation of flowrate on sections, non-protrud-
ing showed the lowest value, however, no water was passed in
section 8 and 9, and it presented that flow tends to be biased
on outlet plane. On the contrary, shape 6 showed that water flowed
in all sections while maintaining a low standard deviation, indicat-
ing that the water distribution was well achieved.

In conclusion, as Monfared et al. [23] reported that the large
fluid velocity is high turbulent kinetic energy and that this config-
uration can have large flowrate, the shape 6 with the highest average
fluid velocity in the module has the largest flowrate.

4. Conclusions

The intent of this study was to investigate the effect on fluid flow
of protruding shapes installed within the inlet part of pressurized
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membrane module. The results are as follows.

(@) In the results of Re used to determine the flow pattern of
the inflow, Re values were estimated to be under turbulent
flow for Re > 4,000, as a whole.

In the contour, average velocity, and pressure in the cross-sec-
tional plane of the inflow obtained using CFD simulations,
the fluid velocity of shapes 4 and 6, round-type protrusion,
displayed a more uniform flow distribution than other shapes
(e.g, triangle, bar, and ellipse), and the fluid pressure in shape
6 maintained the low water pressure. Overall, shape 6 displayed
the best fluid flow in terms of velocity and pressure.
From the contour at outlet plane, average velocity, and pres-
sure at the outlet, shapes 4 and 6 with round-type protrusions
presented a relatively uniform fluid velocity, and the fluid
pressure in shape 4 was found to have better water pressure.
In the simulations of velocity, pressure and flowrate of nine
sections at 10 mm intervals on the outlet, the shape 6 was
considered to be the best uniform distribution in the outlet
plane, showing a high velocity and a lower standard deviation
of flowrate on each section.

In summary, shape 6 showed higher average velocity on
the cross-sectional and outlet plane of the module, and the
standard deviation of flowrate on each section of outlet plane
is lowest. Therefore, it proved that shape 6 has the most
uniform flow distribution within the module.
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