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ABSTRACT

This paper investigated the streamline, velocity vector, and velocity and pressure profiles of fluid
to find out the potential of cleaning by backwashing and channel washing at membrane pores and
inner surface of inside-out filtration pressurized hollow fiber membrane using computational fluid
dynamics simulation. The results of streamline in the module and membrane showed that foulants
accumulated on the membrane inner surface is difficult to completely eliminate by backwashing, how-
ever, channel washing successfully performed due to the strong velocity streamline. Channel washing
showed more than 42 times of an average velocity at membrane inner surface and pores compared
with backwashing. The applied pressure on module and membrane in channel washing was much
lower than that of backwashing because most injected fluid flows directly from module inlet to outlet
without penetrating membrane. The velocity and pressure profiles at pores and inner surface of mem-
brane fiber by backwashing and channel washing showed that the velocity within the membrane pores
at channel washing maintained at much higher range and the pressure on the membrane at channel
washing was a lot of fluctuation due to better filtration performance.

Keywords: Backwashing; Channel washing; Hollow fiber membrane module; Computational fluid

dynamics

1. Introduction

Hollow fiber membrane (HFM) has been widely used in
water treatment industries [1-3]. The shape of HFM is cylin-
drical and are commonly made with bundles within hollow
fiber membrane module (HFMM) [4,5]. And, some geometri-
cal parameters are important to determine the performance
of HFMM, for example, the length and diameter of mem-
brane fiber and module size [6].

In general, microfiltration (MF) and ultrafiltration (UF)
have been manufactured with pressurized membrane modules
and applied across various fields, including wastewater treat-
ment and desalination industries. MF/UF membrane module
designs employ a hollow fiber configuration, with advantages
of its low cost and high surface area unit per volume. For

* Corresponding author.

this reason, MF/UF with pressurized HFMM is economically
attractive and effective in a field application [7,8].

A source of poor performance of the HFMM has been
known to be uneven flows within a module [9]. The uneven
flows create regions with extremely low or high local flux,
and it is detrimental to the performance of the HFMM for a
few reasons: low productivity, shorter operation cycle, and
life of the module [10].

In parallel with broad experimental studies to find
out the hydrodynamics in HFMM, computational fluid
dynamics (CFD) modeling has been employed to analyze
fluid behaviors within a membrane module [11,12].
With the visualization of the fluid velocity, pressure and
temperature profiles at whole module and specific points,
CFD can identify the fundamental mass transfer with fluid
hydrodynamics [13]. CFD modeling has also been adopted
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to simulate fluid dynamic behavior in membrane contactors
to predict shell-side flow and mass transfer by simulating
individual hollow fiber using the Navier-Stokes equations.
Yang et al. [13] simulated using CFD to explore the potential
of micro-structured hollow fiber designs to improve the
performance in a direct-contact membrane distillation
process. As a result, it proved that a gear-shaped fiber design
showed an improvement of average temperature polarization
coefficient and mass flux. Zhuang et al. [10] investigated the
flux distribution in dead-end outside-in HFMM using CFD
simulation and verified when compared with experimental
results, and it proved that the shell void fraction used in the
simulation is 0.8 and the experimental results are in good
agreement with that of CFD simulation.

Backwashing is a crucial process in membrane filtration,
which maintained the filtration performance of the mem-
brane. Fluid flows through the membrane pores against the
flow direction (inside-out or outside-in) of the filtration and
washes the attached foulants away on membrane surface and
within membrane pores formed during filtration process.
Under the same pressure values on membrane module, the
faster the fluid flows, the better the fouling layer removal at
backwashing [14]. Inside-out type module with hollow fibers
is practically not possible to generate the turbulence that is
important to remove cake layer on membrane surface, due
to the small inner diameter of membrane fiber and the low
water velocity comparing with out-to-in [15]. Guo et al. [16]
analyzed the variation of the fouling layer on the membrane
surface during backwashing, and the impact of shear stress
caused by air scouring process was investigated through
CFD and verified by experimental studies. It revealed that
the results of CFD simulation were in accordance with the
experimental results in terms of cleaning efficiency during
backwashing.

The purpose of this paper is to simulate the streamline,
velocity vector, and profiles of velocity and pressure of fluid
to find out the potential of cleaning in order to suggest the
newly designed module, which can wash the inner side of
membrane hollow fiber, of inside-out filtration mode using
CFD technique. To indirectly investigate a washing efficiency,
fluid velocity and pressure values were compared at module,
membrane surface, and membrane inside.

2. Methods
2.1. Governing equations

Interpretation of fluid behavior is significantly difficult,
even if the prediction of fluid flow on module configuration
is not impossible. CFD is a strong tool that has successfully
been used to analyze the fluid flow behavior. In this study,
to simulate the fluid hydrodynamics, ANSYS CEX (version
18.0) was employed. CFX is one of high-performance CFD
software tools with an outstanding accuracy in its hydraulic
analysis of membrane modules [17]. The governing equation
of ANSYS CFX is the Navier—Stokes equation, which well
describes mass transport processes. This fluid is assumed to
be Newtonian when the flow is in a steady state [18]. The
convective acceleration term can describe the effect of a fluid
flow on space, and modified Navier-Stokes equation at x
direction is as follows [14].

gx = navzvx - n UX (1)

porous

62}7{ UX avx 6p
plo +v, =~ +0v +—-
Yox Yoy Toz) ox

A wide range of turbulent eddy size characteristics
is included in a turbulent flow. The Reynolds-averaged
Navier-Stokes (RANS) simulation, which is the solution of
time-averaged equations and is the most widely used approach
for estimating industrial flows, is applied with the averaging
procedure to the Navier-Stokes momentum as Eq. (2) [19]. The
Reynolds stresses, R;;/ are additional unknowns introduced by
the averaging procedure, and they have modeled to approach
the system of governing equations of Eq. (3).
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where u, and x, are the velocity and distance in 7 direction, u,
and x; are the velocity and distance in j direction, u, and x, are
the velocity and distance in k direction, p is the average pres-
sure, p is the kinematic viscosity, p is the dynamic viscosity,
and R, is the Reynolds stress.

2.2. Module configuration

The membrane module with one membrane fiber
(porous domain) used in this study was employed, and the
detailed schematic diagram is shown in Fig. 1. Two inflow
pipes located at both edge side on the outside of module
designated as inlet with the pressure of 2 bar, and the sim-
ulation was carried out that the cleaning water passes from
outside to the inside of a membrane fiber and discharges to
both ends of the membrane fiber. On contrary, in channel
washing mode, the cleaning water with a pressure of 2 bar is
injected at one end of a membrane fiber, and it passes from
outside to inside of a membrane fiber and discharges to the
pipe located at bottom side of a module. The remained clean-
ing water, which is not passing through membrane, passes
to other end of a membrane fiber after washing inner surface
of membrane. The detailed specifications of the module and
membrane are shown in Table 1.

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
flow rate, pressure, and velocity. Main boundary condition
in this study is set as a pressure in inlet. In general, the inlet
pressure for backwashing in MF/UF is in the range of 3-7
bars, and an error occurred under CFD simulation at this
pressure range. Hence, the inlet pressure was set to 2 bar,
which is the highest pressure within the range of no error.
Also, it was considered that the difference of inlet flow rate in
backwashing and channel washing was due to the difference
of an effective inlet area under same pressure. The fluid flow
was set as turbulent mode, because the Reynolds number
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Fig. 1. The module configuration for backwashing and channel washing.

Table 1
Specification of module and membrane

Backwashing

Module length (mm) 100
Module diameter (mm) 10

Channel washing

Fiber porosity (%) 80

Fiber length (mm) 100

Fiber OD/ID (mm) 1.55/0.9

Inlet area (mm?) 9.71 0.63
Outlet area (mm?) 1.26 5.49

OD: outer diameter, ID: inner diameter.

Table 2
Boundary conditions for CFD simulations

Backwashing  Channel washing
Dimension 3D
Flow mode Turbulent
Inlet flow rate (L/s) 0.02 (at2bar)  0.11 (at 2 bar)

Fluid temperature (°C) 20

was much larger than 2,600. The wall boundary conditions
were applied under non-slip conditions. The detailed bound-
ary conditions are shown in Table 2.

3. Results and discussion
3.1. Streamline and velocity vector on module

From the results of streamline at the module and mem-
brane in Fig. 2, in the backwashing (Fig. 2(a)), the cleaning
water from inlet was filled within the module, however, most
fluid did not flow at the center of the membrane inside as
Fig. 2(c) and went out to both sides of membrane fiber. It was
found that the washing of the whole membrane inside was
not performed because the fluid flow was concentrated at
both sides of membrane which was close to outlet. On the
other hand, in channel washing (Fig. 2(b)), the cleaning water
from the inlet flowed through the whole membrane inside,
and it went out to outlet in membrane fiber. The fluid after
passing through the membrane quickly went out to out-
let located in lower side of module. It proved that channel

washing achieved not only membrane pores washing but
also membrane inside washing.

In streamline within membrane by backwashing
(Fig. 2(c)), the fluid seems to flow throughout the membrane
inside, but the velocity streamline is very high at both ends
and relatively weak at the center. From the streamline in a
membrane fiber by channel washing (Fig. 2(d)), the fluid also
flows throughout the membrane inside, however, velocity is
higher at the vicinity of inlet and relatively weak from cen-
ter to end of membrane fiber, because much cleaning water
passes through the membrane.

As above results, considering that most of the foulants
accumulate in the membrane inner surface at an inside-out
filtration, it estimates that foulants at the center part of the
membrane inside is difficult to completely eliminate by back-
washing, however, foulants removal efficiency by channel
washing is relatively increased due to the strong velocity
streamline.

In the velocity vector in Fig. 3, most cleaning water from
inlet passes through both edges of membrane outer surface
in module, and goes out to outlet at both ends of membrane
inside by backwashing (Fig. 3(a)). From the velocity vector
of membrane inside (Fig. 3(c)), a strong fluid flow is at both
ends rather than the center of the membrane inside. In the
velocity vector at a channel washing (Fig. 3(b)), the cleaning
water at the inlet part was strongly permeated from inside to
outside of membrane fiber, simultaneously, it continuously
was permeated as the fluid moved to the outlet of membrane
inside.

From these results, channel washing can be more efficient
than backwashing in order to remove foulants accumulated
at the membrane inside at the module of inside-out filtration.

3.2. Velocity and pressure on module

Fig. 4 shows the average velocity and pressure values of
a fluid flow on module and membrane at backwashing and
channel washing. The fluid from inlet flowed into membrane
outer surface, after then, through membrane pores and mem-
brane inner surface, it outflowed to outlet at backwashing.
In case of channel washing, the fluid from inlet flowed into
membrane inner surface, then, through membrane pores and
membrane outer surface, it outflowed to outlet.

The velocity and pressure values across the module
were 1.38 m/s and 197 kPa at backwashing and 21.6 m/s and
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Fig. 2. Streamlines (a) at module when backwashing, (b) at module when channel washing, (c) at membrane when backwashing, and
(d) at membrane when channel washing.
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Fig. 3. Velocity vector (a) at module when backwashing, (b) at module when channel washing, (c) at membrane when backwashing,
and (d) at membrane when channel washing.
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52 kPa at channel washing, respectively. The channel wash-
ing showed a stronger flow rate about 15.6 times than back-
washing throughout the module.

The high pressure was maintained from inlet to the mem-
brane inner surface because the fluid did not smoothly pass
through the membrane, and the cleaning water was stag-
nated in the module. On the contrary, in channel washing,
low pressure was maintained at the inlet part because some
fluid passed from the inner surface to the outside of mem-
brane, and the rest went out to the outlet at a membrane
inside. As seen at each part, the velocity values of channel
washing were 86 times higher in the inlet, 27 times in the
membrane pores, and 56 times in the membrane inner sur-
face than those of backwashing, respectively. It proved that
the foulants attached to the pores and inner surface of mem-
brane could be removed by fluid flow with a high velocity.

As shown in the above results, channel washing showed
more than 15 times higher velocity than backwashing, espe-
cially, it was more than 42 times of an average velocity at
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membrane inner surface and pores showing the high effi-
ciency of membrane cleaning.

3.3. Velocity and pressure on membrane
3.3.1. Velocity on membrane

Fig. 5 showed the results of velocity profile at pores and
inner surface of membrane fiber by backwashing and chan-
nel washing, then the x-axis is cell counts which is mesh num-
ber on the pores and inner surface of membrane fiber. The
velocity values of membrane pores at backwashing were the
maximum of 12.110 m/s and minimum of 0.048 m/s, showing
an average of 0.332 m/s, and those at channel washing were
the maximum of 225.034 m/s and the minimum of 1.113 m/s
which was an average of 8.948 m/s. It proved that the velocity
distribution at channel washing showed a much higher range
within the membrane pores.
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Fig. 4. Average velocity and pressure values at backwashing and
channel washing on module and membrane.

Fig. 5. Velocity profile at (a) backwashing on membrane and (b)
channel washing on membrane.
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The velocity values of membrane inner surface at back-
washing were the maximum of 12.842 m/s and the minimum
of 0.084 m/s, showing an average of 0.284 m/s, and those at
channel washing were the maximum of 180.006 m/s and the
minimum of 1.337 m/s which was an average of 16.245 m/s. It
proved that membrane fouling at channel washing could be
more reduced by high flow velocity on the membrane inner
surface where most foulants were accumulated.

Also, in the velocity profile at the membrane inner sur-
face by backwashing, the relatively high velocity values were
observed at upper, middle, and lower parts, however, the fre-
quency of the high velocity in channel washing was much
more at membrane inner surface. This also showed a high
removal potential of foulants accumulated on the membrane
inner surface.

3.3.2. Pressure on membrane

In the pressure profile on the membrane of Fig. 6, the pres-
sure values of membrane outer surface at backwashing were
the maximum of 200 kPa and minimum of 194 kPa, showing
an average of 200 kPa, and those of membrane inner surface
were the maximum of 201 kPa and the minimum of 104 kPa
which was an average of 200 kPa, then the average pressure
difference from outer surface to inner surface on membrane
fiber was 0.207 kPa. The pressure values of membrane inner
surface at channel washing were the maximum of 311 kPa
and minimum of -514 kPa, showing an average of 230 kPa,
and those of membrane outer surface were the maximum of
311 kPa and the minimum of —143 kPa which was an average
of 209 kPa, then the average pressure difference from inner
surface to outer surface on membrane fiber was 20.5 kPa. The
pressure at backwashing was maintained at almost constant
on membrane, and it is due that the membrane filtration of
the fluid is not successfully performed. On the contrary, the
pressure values at channel washing showed a lot of fluctua-
tion on the membrane, and pressure fluctuation meant that
more fluid passed through membrane surface, which indi-
cated that membrane filtration is better performed under
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high fluid velocity, and then the pressure change on mem-
brane surface and pores is large.

As shown in the above results, it proved that channel
washing with high velocity and consequently low pressure
on pores and inner surface of the membrane is able to bet-
ter remove the foulants attached to membrane inside than
backwashing.

4. Conclusions

This paper investigated the streamline, velocity vector,
and velocity and pressure profiles of fluid to find out the
potential of cleaning by backwashing and channel washing
at membrane pores and inner surface of inside-out filtration
pressurized HFM using CFD simulation.

e From the results of streamline at the module and mem-
brane, it indirectly found that the foulants, which accu-
mulated on the membrane inner surface in an inside-out
filtration mode, are difficult to completely eliminate
by backwashing, however, foulants removal by chan-
nel washing may be successfully performed due to the
strong velocity streamline.

* Inthe average velocity and pressure values of a fluid flow
on module and membrane at backwashing and channel
washing, channel washing showed more than 42 times of
an average velocity at membrane inner surface and pores.
The pressure at channel washing was lower than back-
washing on module and membrane because most fluid
passed from the inlet to the outlet.

e In the velocity and pressure profiles at pores and inner
surface of membrane fiber by backwashing and channel
washing, the range of velocity at channel washing was a
much higher within the membrane pores. The pressure at
backwashing was maintained highly on membrane due
to the unsuccessful filtration, however, the pressure at
channel washing showed a lot of fluctuation on the mem-
brane due to better filtration performance under high
fluid velocity and consequently low pressure.
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Fig. 6. Pressure profile at (a) backwashing on membrane and (b) channel washing on membrane.
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