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ABSTRACT

Effect of fiber arrangement on the performance of hollow fiber ultrafiltration membrane modules has
been studied using computational fluid dynamics (CFD) method. Four fiber arrangement modes,
namely sparse to dense radially, dense to sparse radially, random and uniform, have been considered
in the present study by developing dedicated CFD models. The fluid flow and fouling behavior inside
the hollow fiber membrane modules have been simulated. The time-dependent velocity and pressure
distributions have been presented for each module. The proportion of energy consumed by the inlet
manifold decreased while the one by fiber bundle increased. The module with fiber arrangement
sparse to dense radially had higher energy efficiency than the other three modules. In each module,
the region where fibers had extreme fiber average flux tended to migrate with time. At the end of
filtration, the fibers with highest fiber average flux were the ones with originally lowest fiber aver-
age flux and vice versa. However, the overall distribution of fiber average cake mass, which had the
similar profile of original flux distribution, underwent little change. The mathematical model, consist-
ing of geometrical and operating parameters, can be applicable to describe the water productivity of

hollow fiber membrane modules with different fiber arrangement.
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1. Introduction

Hollow fiber membrane modules (HFMMs) have been
used in a wide range of separation applications [1-4]. To real-
ize the industrialization of HFMMs, sufficient understanding
is required prior to improving the performance of HFMMs
during operation. Therefore, the fluid mechanics and mass
transfer within the HFMM should be systematically stud-
ied. However, it is difficult to conduct research based on
the entire HFMM. Thousands of fibers are densely packed
inside the module to form shell and lumen micro-channels
with momentum and mass transfers. The invisible space with
complex transport process causes challenges to experimen-
tal methods. Generally, the performance of entire HFMM is

* Corresponding author.

estimated with the assumption that fibers have the same size
and are uniformly spaced [5-7]. In addition, the fluid flow
is assumed to be uniform in any cross-section of shell and
lumen sides. The performance of HFMM with ideal structure
can be determined through the analysis of single fiber.
However, HFMMs are not “ideal” devices. One of most
pronounced non-idealities is the non-uniform packing of
fibers. The random packing causes a wide range of shell
channel sizes and therefore the shell fluid mal-distribution.
Thousands of fibers are exposed to different hydrodynam-
ics condition and will possess various separation properties.
Hence, the entire HFMM may have non-ideal performance,
which deviates from the one based on single fiber prediction.
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In the past few decades, membrane researchers have
carried out numerous studies to dig out how non-uniform
packing affects the performance of HFMMs, attempting to
eliminate the gap between lab research and industrial appli-
cation. The early study by Noda et al. [8] was focused on
counter-current hollow fiber dialyzers. The results showed
that if fibers were sparsely packed to cause channeling flow,
highly non-ideal behavior of dialyzer was observed. When
the fibers in the module were packed in order, the dialyzer
behaved nearly ideally. To visualize the fluid flow and con-
centration fields in the fiber bundle, non-invasive methods
such as particle image velocimetry, computed tomography
(CT) scanning [9,10] can be applied, or using residence dis-
tribution time [11] curve as an indirect method. To quantita-
tively analyze the non-uniformity of fiber packing, a series
of mathematical and statistical models have been chosen to
virtualize the fiber arrangement. Chen and Hlavacek [12]
adopted Voronoi tessellation to model randomly packed
hollow fiber bundles. Voronoi tessellation is widely applied
[11,13-17] by using polygonal cells to represent the objects
in random arrangement. The inter-boundary is equidistant
between any two neighbor polygonal cells. Another pop-
ular method is the free surface model [18-20], which was
first developed by Happel [21], treating the fiber bundle as
a cell cluster. Each cell consists of a fiber and a surrounding
annular fluid envelope. Both of the two methods above can
be used to evaluate the module mass transfer coefficients
with the individual cell mass transfer coefficient. The results
of studies above showed that random packing of fiber was
detrimental to the performance of HFMMs due to creation
of channeling flow. As the literature [18,20] reported, the
negative effect of random packing would get weakened as
the packing density is increased, whereas other research-
ers [11] concluded that the non-ideal fluid flow became
increasingly more serious as the packing density increased
until it reached 50%, afterward the non-uniformity of fluid
distribution would decrease slightly as the packing den-
sity increased. Some study [19] indicated that an increase in
packing density would make mal-distribution more serious.
The contradictions among the above studies probably result
from the uncertainty in random packing, which covers all the
possible modes of fiber arrangement. Therefore, the effect of
fiber arrangement deserves further investigation. One can
avoid using the Voronoi tessellation and free surface model
by conducting computational fluid dynamics (CFD) sim-
ulation with simplification treatment, such as representing
the entire fiber bundle with certain group of fibers [22], or
applying porous media model with random porosity and
hydraulic resistance [23], or developing novel CFD models
[24] to account for the effect of channeling flow.

The effect of non-uniform fiber packing on the perfor-
mance of HFMMs seems to be studied extensively. However,
the related studies are all focused on membrane processes
with driving force of concentration gradient, such as gas
separation [25], dialysis [8], extraction [13]. During the mod-
eling and simulation [13,15,16,23,24,26-30], the concentra-
tion-driven processes were assumed to be steady implicitly
or explicitly, which is the case for real processes. As for the
pressure-driven membrane processes, especially the dead-
end filtrations, foulants continuously accumulate on the
membrane surface, resulting in time-dependent fluid flow

as the filtration resistance increases [7,31]. Hence, differ-
ent non-ideal behavior is expected to occur during pres-
sure-driven processes in HFMMs with non-uniform fiber
packing.

To the best of our knowledge, the effect of non-uniform
packing on the performance of HFMMs under dead-end fil-
tration has not been studied previously, which will be the
focus of the present study. In addition, different from most
of the studies on HFMMs with random fiber packing [16,18-
20,24,29,30,32], we will consider different fiber arrange-
ment and try to find if there is one optimized mode that can
improve the performance of HFMMs. CFD models will be
developed based on our previous study [33] to investigate
the time-dependent ultrafiltration in four industrial-scale
HFMMs with different fiber arrangement. Comparisons
of fluid distribution and fouling process among the four
HFMMs will be made to analyze how fiber arrangement
affects the filtration process of HFMMs.

2. Modeling development
2.1. Model description

In Fig. 1a, the HFMM is operated at dead-end outside-in
mode. The operation conditions are presented near the inlet
and outlet regions. During the filtration, the feed passes the
inlet manifold, afterward it enters the shell space. 100% of
the feed permeates the porous membrane, leaving the fou-
lants accumulated on the membrane surface. The permeate
is collected at the end of fiber bundle and exits from the
outlet. The schematic of fiber bundle in the lower right cor-
ner of Fig. 1a represents the fiber arrangement in the HFMM.
The non-uniformity of fiber packing at the inlet region results
mainly from the local compression of fibers in the tubesheet
to form channels to let feed pass. The rest of fiber bundle
also suffers from mal-distribution, which is merely due to
the poor handle of fiber packing process.

To facilitate the model development, several simplifica-
tions have been adopted regarding different part of the real
HFMM. As shown in Fig. 1b, the inlet region is replaced with
an inlet manifold. Both of them have the same function of
causing initial mal-distribution and pressure drop. This sim-
plification has turned the inlet region into structural domain
which can be meshed with structural grids. Hollow fibers
in the rest part of HFMM are assumed to be straight, rigid,
uniformly sized and packed with certain distribution in the
module.

The inlet manifold in Fig. 1b is developed in the basis
of our previous study [34], which is focused on the struc-
ture optimization of inlet manifolds to offer uniform flow
distribution and low energy consumption. The inlet man-
ifold consists of 36 uniformly distributed regular hexagon
(length of side: 4.5 mm) openings with a fractional hole area
of approximately 21.4%. The internal diameter and length
of the pressurized housing are 0.1 and 0.5 m, respectively.
The internal/external diameter of the fibers is 0.7/1.3 mm,
with the length of 0.5 m.

Figs. 2a—d present four modes of fiber arrangement,
namely ideal (uniform packing), dense to sparse radi-
ally, sparse to dense radially and random. The first fiber
arrangement has been applied in our previous study [33] to
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fiber bundle

shell inlet manifold

Fig. 1. Structure of the HFMM: (a) real module and (b) module
for CFD simulation (adapted from literature [33]).

investigate the time-dependent fluid distribution and foul-
ing process in an HFMM. Therefore, the simulation results
of this case, as the benchmark of the other three cases, can
be obtained directly without any simulation. Although the
assumption of uniform fiber arrangement has been made
in many numerical studies regarding single-fiber [35,36]
or entire-module system [34,37], most of the HFMMs suf-
fer from non-uniform fiber packing in practice. The second
fiber arrangement shows that fibers are packed densely in
the center of module and get increasingly sparser along the
radial direction. This fiber arrangement is similar to the one
in the early patent [38] assigned to Dow Chemical (Midland,
Michigan, United States). The third fiber arrangement is a
reverse mode of case 2, that is, fibers are packed sparsely
in the center of module and get increasingly denser along
the radial direction. The fourth fiber arrangement, that is,
the random packing, is the most common one in practical

application. Strictly speaking, the hollow fibers in the fourth
HFMM were not completely randomly packed due to the
presence of periodic fiber bundles. In literature, the perfor-
mance of HFMM with random fiber packing can be pre-
dicted by statistically analyzing the property of every single
fiber thereof, which means the overall performance of mod-
ule is a function of the property of all the individual fiber
[17,18]. There could probably be fibers with close/identical
properties regardless of their relative positions. In the basis
of the aforementioned possibility, the entire module could be
simplified into certain parts of units with close/identical per-
formance, which enables us to perform the same simplifica-
tion of model development as we did to the other three cases.

The numbers of fibers in the four HFMMs presented in
Fig. 2 are 2,682; 2,556; 2,742 and 2,508, respectively. The pack-
ing density of the four HFMMs is in the range of 42.4%—46.3%.

The hollow fibers in the cylinder for the four HFMMs
were artificially arranged in certain mode, thus enabling
the entire computational domain to be divided into 12
identical sub-domains. With the treatment above, for pur-
pose of reducing computational burden, only one-twelfth
of the HFMM was selected for simulation, as shown in
Fig. 3. The computational domain in Fig. 3a has approxi-
mately 2.27 x 10¢, 2.21 x 106, 2.24 = 10°, 2.19 x 10° structural
grids for the four HFMMs, respectively. Snapshots of the
grids distribution in the three regions has been presented in
Fig. 3b. The mesh strategy was determined by grid conver-
gence index [39] check which was conducted in our previous
study [34]. It is highly suggested that dedicated mesh refine-
ment be performed in the region of shell/membrane and
lumen/membrane interfaces, as has been done in literature
[6,35]. The mesh resolution should also be dependent on the
fiber packing density [40]. However, we have performed
simulation of fouling behavior in small-scale HFMMs with
different meshing strategies. Little difference in the simu-
lation results between different cases was observed. This
is probably because the fouling in the simulation is highly
dependent on the trans-membrane pressure (TMP) and the
pressure in the present membrane system could be predicted
with similar precision with fine or coarse meshes. Therefore,
we can use the present meshing strategy to pursue the most
industrially relevant results regarding HFMMs.

2.2. Conservation equations

For the four cases, the computational domain has three
coupled sub-zones: lumen, shell zones and porous mem-
brane zone. Three sets of conservation equations are solved

Fig. 2. Four modes of fiber arrangement inside the HFMMs: (a) ideal, (b) dense to sparse radially, (c) sparse to dense radially, and

(d) random.
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Pressure

dense radially

Fig. 3. One-twelfth of the HFMM as the computational domain
(adapted from literature [33]). (a) The HFMM with uniform
fiber packing was selected as the representative case to depict
the computational domain. The annotations above represent
the boundary conditions for solving the conservation equations.
The mathematical expressions of the boundary condition can be
seen in literature [33]. (b) The details of grid distribution from a
cross section view.

with additional numerical treatment imposed on the zone-
zone interface, thus enabling the entire details of momentum
and mass transfer to be displayed. A transient, incompress-
ible, Newtonian flow is considered in all the sub-zones. In the
lumen side, the axial velocity is less than 0.1 m/s, as estimated
with the initial volumetric flow rate. Therefore, the lumen
Reynolds number is less than 70 with the fiber size of 0.7 mm,
which makes the lumen flow laminar. Egs. (1) and (2) are the
continuity and Navier-Stokes (NS) equations, respectively.

V.5=0 1)
02 4V (p55) = ~Vp + V%5 @)
ot

9, p, p and p are the fluid velocity, density, static pressure
and dynamic viscosity, respectively.

In the shell side, based on the average inlet velocity
through the manifold (estimated with the initial volumetric
flow rate of HFMMs) and the size of the manifold channel,
the manifold Reynolds number is approximately 1.1 x 10°,
whereas the shell Reynolds number is in the range of approx-
imately 10~2 x 10% based on the area-average axial velocity
near the manifold and the hydraulic diameter of the shell
side. The standard k-w turbulence model is applied in consid-
eration of the presence of non-ideal flow field caused by local

high fluid velocity, fiber-bounded and over-fiber transverse
flow. The feasibility of present turbulence model applied to
the shell flow has been discussed in detail and validated with
experiments in our previous study [34]. The shell continuity
and NS equations are given as follows:

V-5=0 3)

p%w (poD)=-Vp+(u+p, Vs (4)

To achieve the closure of the conservation equations, the
standard k-w mode has been used by defining the turbulent
viscosity p, = pk/w. By solving Egs. (5) and (6), the turbu-
lent kinetic energy k and specific dissipation rate w can be
obtained:

pz—’t‘ +V-(pko) = V- [(u + %Jw] +11,8% - pp ok )
k

0w ~ u O - 2

—+V- =V||p+—+ |Vo |+op,—5° - 6

P (pwd) [(u Gm] w] wh, 5" ~pBo (6)

S is modulus of the mean rate-of-strain tensor, 0,=0,=2,
® =0.556, =0.075, 3= 0.09 [41].

The Reynolds number in the porous membrane zone is
much less than 1, causing a creeping flow in the membrane.
Modification has been made to the NS equations for porous
membrane zone due to the additional hydraulic resistance
caused by the membrane and the accumulated cake. Here,
we obtain:

V-5=0 (7)

0v . ~
pa +V. (pvv) =-Vp+ uv>s —
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A and K(t) are the porosity and transient Darcy perme-
ability of the porous zone, respectively. The porous zone
presented in Fig. 4 is developed with a special treatment
imposed on the computational domain, which has the func-
tion of modifying the Darcy permeability as the response to
the filtration flux:

The porous zone is a combination of the membrane and
accumulated cake in the basis of resistance-in-series law.

As only large-sized particles are assumed to be included
in the feed, the reverse convective flow from membrane sur-
face to the shell side due to the concentration polarization can
be ignored, as well as the driving force loss due to osmotic
pressure.

Applying the resistance-in-series law [7,42] gives:

M
I M(Rm+Rf) ©)

J, Ap, R and Rf are the local flux, local TMP, membrane
and cake resistances, respectively.
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Fig. 4. Porous zone (adapted from literature [33]).

The feed is bentonite suspension, assumed to contain uni-
form and large sized particles. Rf has the following form [43]:

R, =ma

, (10)

m and « are the mass of deposits per unit area and spe-
cific resistance of the cake, respectively. The equation below
presents the accumulation rate of particles:

a—mzc]mzc] (11)
o T 9 ’

c, ¢.and ¢, are the mass concentration, volume fraction of
particles in the cake and feed suspension, respectively. The
mass concentration was assumed to be constant in the bulk
flow of shell side, independent of time. The far right-hand
side of Eq. (11) is valid as dead-end filtration is often applied
to dilute feed suspensions. Eq. (11) has its difference form,
instituted with Eq. (10) will give:

AR, = ac JAt (12)
Therefore, the expression of cake resistance is:
t/At-1
Rf(t):acs[ Z](iAt)At] At—>0 = At (13)
i=0
R,(0)=0 (14)

The local flux in any position of the HFMM can be
expressed by combining Egs. (9), (13) and (14):

1(t)= oy At>0  t2At (15)
uR + uac{ > ](iAt)At]
iz0
A
0= (16)

As shown in Egs. (15) and (16), the K(t) in Eq. (8) can be
expressed as:

= At—0 t>At

(17)
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)

conceptual porous zone
R=Ruw+Rr

(18)

0 is the thickness of membrane porous zone.

The model development in the form of Egs. (1)—(18) has
been described in details in our previous study [33], which
was focused on the fluid distribution and fouling process in
an industrial HFMM with uniform fiber size and packing.
Here again the model equations are listed as above because
the fluid flows and fouling behaviors within the four HFMMs
are based on the same model equations, that is, Eqs. (1)—(18),
in spite of the difference in module structure among them.
The rationality of Egs. (9)-(18) is in the basis of these assump-
tions: the axial velocity along the hollow fiber membrane is
low due to the dead-end mode, and the effect of fluid shear
on the foulants transport in the axial direction is neglected;
foulants follow the streamlines till they make contact with the
membrane or the cake, and the molecular interaction forces
allow foulants to adhere as soon as they make contact; the
effect of cake layer on the width of shell channel is neglected
due to the low feed concentration and short filtration cycle.

2.3. Implementation of simulations

The parameters used in the simulations are listed in
Table 1. The boundary conditions presented in Fig. 3 have
their form of mathematical equations [33]. The following
introduction regarding the implement of simulation can
also be seen from our previous study. It was presented here
again for the convenience of the readers.

The simulations were conducted with the commercially
available finite-volume based code Fluent 6.3.26. A coupled
solver with the SIMPLE scheme was used to determine
the pressure and velocity fields. The spatial discretization
scheme of the pressure was second-order implicit. The
spatial discretization scheme of the momentum, turbulent
kinetic energy and specific dissipation rate were all sec-
ond-order upwind. During each time step, the residual of
the continuity fell below 1 x 10*and the residuals of veloc-
ity, turbulent kinetic energy and specific dissipation rate fell
below 1 x 10°. The volumetric flow rate of permeate was
monitored in real time mode. The coupling between viscous
resistance of conceptual porous zone and fluid flow in the
module was realized through user-defined functions. Each
simulation was implemented with two Intel Xenon CPUs
and 64GB of DDR4 RAM and lasted for about 6-7 weeks.

The time step size in the simulation was determined
by time step size independence check. 1 x 107, 5 x 10 and
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Table 1
Parameters used in the simulations

Parameters Symbol Value
Darcy permeability of membrane zone, m? K(0) 4.9 x 107
Porosity of membrane zone A 0.7
Operating temperature, °C T 25

Shell inlet pressure, Pa 24 1x10°
Lumen outlet pressure, Pa v, 0

Feed concentration, g L™ c, 0.2
Specific resistance of the cake, m kg a 3 x 10
Time step size, s At 0.01
Duration of filtration, s tot 1,500
Residuals (continuity, velocities, turbulent kinetic energy, specific dissipation rate) 1x10%,1%x10%,1x1051x107°
Under-relaxation factors (pressure, momentum, turbulent kinetic energy, specific dissipation rate) 0.3,0.7,0.8,0.8

1 x 102s were chosen as the time steps of three separate
cases. The cases were based on the same computational
domain in our previous study [44]. The flux distribution at
t=100 s and module volumetric flow rate against time were
chosen as the indexes of check. The maximum relative devi-
ations of fluxes between neighbor time step sizes are below
0.5% and all the relative deviations of volumetric flow rates
at any time are below 0.3%. It indicates that the time step
size of 1 x 10?s is precise enough to describe the transient
filtration process. Attempt has been made to increase the
time step size to above 1 x 10?s. However, the residuals
showed poor convergence of the conservation equations.
Hence, the time step size of 1 x 10?s was finally chosen for
the simulation.

2.4. Validation of CFD models

CFD simulation is based on a wide range of sub-mod-
els which are, respectively, used to describe the momentum,
mass, and heat transfers and other specific processes. These
models are coupled through certain numerical algorithm.
It means that errors during simulation may occur due to
poor choice of discretization method or drawbacks of the
sub-models. Hence, validation of CFD models is a must
before they are adopted to output numerical predictions
regarding different cases.

In the present study, the validation has been conducted
step by step. Pure water filtration experiments both within
single fiber [6] and entire HFMM [34] have been performed
to test the capability of present CFD models in fiber and
module scales. In the single-fiber experiments, fibers with
lengths of 0.095, 0.195, 0.295, 0.395 and 1 m were used for
parallel tests. The volumetric flow rate obtained from CFD
simulation and experiments was compared and good agree-
ment between them was achieved. In the entire module
experiment, the industrial scale HFMM containing approx-
imately 10,000 1.92 m-active length hollow fibers was used.
The CFD simulations based on the real structure of HFMM
have been performed. Laminar and turbulence viscous mod-
els have been separately adopted to give different simulation
results. Comparisons of volumetric flow rate/pressure drop
relationship between experiment and simulations showed

that the CFD model with the turbulence model agreed bet-
ter with the experiment and the maximum deviation was
below 5%.

In addition to consideration of the scale effect from fiber
to module, the coupled process of fluid flow and fouling
behavior is also a significant concern. Therefore, numerical
results from the work of Serra et al. [43] which describes
the increase of TMP with time during bentonite suspension
filtration within a semi-scale HFMM, has been adopted to
validate the CFD models. Their numerical model based on
finite difference method has been validated with experi-
ments. To validate the simulated fouling behavior, we have
built dedicated semi-scale HFMM CFD model with identical
geometrical and process parameters to the one adopted by
Serra et al. [43]. Comparisons between the present CFD sim-
ulation results and their numerical results have been made
and satisfying agreement between them has been obtained
with a maximum deviation of 7%. For the conciseness of the
paper, the readers are welcomed to refer to our previous
works [6,33,34] for more details of the validation.

3. Results and discussion
3.1. Transient pressure and velocity contours

Pressure and velocity distributions are vital to the perfor-
mance of HFMMs [45,46] as they determine the flux magni-
tude/distribution and fouling condition inside the HFMMs.
The routine methodology of investigating the flow field
within the HFMMs is treating the entire module as a porous
media with certain porosity/friction distribution or repre-
senting the whole module with single element by assuming
that all the fibers have identical properties. However, the
treatments above may fail in capturing the realistic details
of fluid distribution and fouling process, which are essen-
tial to further optimization of the HFMM structure and
intensification of membrane process. In this regard, part of
the simulation results is presented in Figs. 5-7 to show the
flow field inside HFMMs with various fiber arrangements.

Figs. 5a—c present the transient velocity and pressure
contours in three cross sections (z=0.1, 0.3, 049 m, z=0m
corresponds the axial location of inlet) at four moments
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(b) z=0.3m

Fig. 5. Transient pressure and velocity contours of the HFMM with fiber arrangement dense to sparse radially: (a) z = 0.1 m,

(b) z=0.3 m, and (c) z=0.49 m.

(t =5; 50; 500; 1,500 s) in the HFMM with fiber arrangement
dense to sparse radially. It is the same to Figs. 6 and 7, except
for the fiber arrangement. The contours in the HFMM with
uniform fiber arrangement can be seen in our previous
paper [45,46]. As shown in Figs. 5-7, the pressure increases
with time and this is applicable to the three cross section
in any HFMM in the present study. This unexpected phe-
nomenon has been explained in our previous study [33] that
it results from dynamic evolution of energy consumption
distribution between the inlet tubesheet and fiber bundle.
In Fig. 5a, lower pressure exists in the region with denser
fiber packing. It indicates that the region with high packing
density is more likely to be the “dead-zone” and less fluid
will flow through that region. In Fig. 6, similar “dead-zone”
exists but is less visible than the one in Fig. 5. This is prob-
ably due to the inverse effect of wall-flow in the periphery
of fiber bundle where packing density is low. In Fig. 7, the
non-uniformity of pressure distribution is almost invisible.
The velocity contours presented in Figs. 6 and 7 are similar in

their dependence on location and time. The average velocity
in the shell side decreases with time while the lumen aver-
age velocity increases because of the mass transfer between
the two sides in the dead-end outside-in mode. Regions with
local high velocity can be seen near the periphery of fiber
bundle and axial projections of inlet openings. The former
kind of local high velocity results from the low hydraulic
resistance in the region with low shell void fraction. The lat-
ter one results from the axial evolution of high inlet velocity
of fluid passing the tubesheet. Difference in velocity distri-
bution among the HFMMs with various fiber arrangements
can hardly be identified. Therefore, to obtain more details of
the flow field, methods with higher resolution are required.

3.2. Dynamic evolution of energy consumption distribution

The inlet manifold of an HFMM can improve the ini-
tial uniformity of feed flow and divide the entire mod-
ule into shell and lumen sides. However, it can also cause
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(a) z=0.1m

(b) z=0.3m

Fig. 6. Transient pressure and velocity contours of the HFMM with fiber arrangement sparse to dense radially: (a) z = 0.1 m,

(b) z=0.3m, and (c) z=0.49 m.

considerable energy consumption with improper structure
design. For membrane engineers, it is crucial to know the
individual percentage of energy consumed by each part of
the HFMMs so as to assess the performance of the HFMMs
in a comprehensive way. In addition, the issue of energy con-
sumption is time dependent as the fouling process, especially
in dead-end mode, evolves with time. Here we present the
proportion of energy consumption for the inlet manifold and
fiber bundle against time for the HFMMs with different fiber
arrangement in Fig. 8. n is the number of fibers inside a cer-
tain HFMM.

The overall pressure drop of the HFMM is set to 1 x 10°Pa.
Part of energy is stored or transformed as fluid flows along
the module length overcoming the gravity, which is revers-
ible. Hence, the irreversible part of energy consumed, that
is, overall energy consumption, is 9.5104 x 10*. As shown in
Fig. 8, regardless of the fiber arrangement, the part of energy
consumed by the inlet manifold decreases while the one
by the fiber bundle increases. As described in our previous

study [33], the time dependence of the energy consumption
distribution results from two factors. The energy consumed
by inlet manifold is mainly due to inertial resistance which
is proportional to the square of volumetric flow rate, while
the fiber bundle causes mainly the viscous resistance which
is proportional to the first power of volumetric flow rate.
Therefore, as the flow rate of module decreases, the energy
consumption of inlet manifold decreases faster than the one
of fiber bundle. The flow rate of four HFMMs with time
can be seen in Fig. 9. The other factor is the fouling caused
increase in the resistance coefficient for the fiber bundle. As
for the inlet manifold, the resistance coefficient is nearly con-
stant within certain range of Reynolds number.

It is noticeable that the fiber arrangement has an impact
on the energy consumption distribution between the inlet
manifold and fiber bundle. To be precise, higher propor-
tion of energy will be consumed by the fiber bundle in the
HFMM with fiber arrangement sparse to dense radially than
the other HFMMs, especially the HFMM with reverse fiber
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Fig. 7. Transient pressure and velocity contours of the HFMM with random fiber packing: (a) z=0.1m, (b) z=0.3 m, and (c) z=0.49 m.

arrangement, that is, dense to sparse radially. The result of
this impact causes diversity of volumetric flow rate among
the four HFMMs, as shown in Fig. 9. By comparing Figs. 9
with 8, it can be seen that the HFMM with higher proportion
of energy consumption by fiber bundle will have a higher vol-
umetric flow rate, corresponding to higher energy efficiency.

It indicates that the HFMM with non-ideal structure
(non-uniform fiber arrangement), which a lot of membrane
engineers has studied for various application [18,24,30,47],
does not definitely present low performance, at least it is not
the case in the present study. It can be inferred that the fiber
arrangement sparse to dense radially has offset the impact of
wall flow near the periphery of fiber bundle with relatively
lower packing density while the fiber arrangement dense
to sparse radially has strengthened the impact of wall flow.
Therefore, the fiber arrangement sparse to dense radially
has an advantage over the ideal or random fiber arrange-
ment in terms of increasing the energy efficiency.

To further analyze the cause of diversity in energy effi-
ciency for HFMMs with different fiber arrangement, as well

as to present more information of the flow field, the shell
and lumen pressure distributions inside the HFMMs have
been plotted against time, as shown in Fig. 10. For each
HFMM, three typical shell regions have been selected. In
the lumen side, as indicated in Fig. 10d, the axial distribu-
tions of lumen pressure of all the fibers at certain time nearly
follow the same profile. It means the axial distribution of
lumen pressure of certain HFMM can be represented with
the one of arbitrary singular fiber thereof, as has been done
for Figs. 10a—c. As shown in Fig. 10, the shell and lumen
pressures both decrease in the axial direction, forming the
driving force of fluid flow in each region. However, as time
passes, the shell pressure increases whereas the lumen pres-
sure decreases. This difference results from the mechanism
behind the pressure dynamic evolution in the two regions.
The increase in shell pressure is due to the resistance redis-
tribution between fiber bundle and inlet manifold whereas
the decrease in lumen pressure is due to the decline in vol-
umetric flow rate. It means that every local TMP (Ap) keeps
increasing with time. However, it appears that the filtration
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different time. (a) dense to sparse radially, (b) sparse to dense radially, (c) random, and (d) ideal (adapted from literature [33]).
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resistance increases faster than the filtration driving force, as
indicated by the continuous decline in volumetric flow rate.
Differences in pressure profiles can be seen in Fig. 10
that the pressure distribution in HFMM with fiber arrange-
ment sparse to dense radially is much more uniform than the
HFMM with fiber arrangement dense to sparse radially. In
addition, the average pressure of the former HFMM is higher
than the latter one. The differences can serve as the proof of
the aforementioned inference, that is, the impact of wall flow
near the periphery of HFMM has been offset with densely
packed fiber bundle. The energy efficiency of HFMMs will be
improved with more uniform pressure distribution.

3.3. Dynamic evolution of flux and cake distributions

The dynamic evolution of flux/cake mass and their dis-
tributions is inevitable during the filtration as the foulants
accumulation on the membrane surface makes the pro-
cess time dependent. Such phenomena have been reported
widely in literature [7,48,49]. As has been mentioned in our
previous study [33], most of the related studies are focused
on single-fiber system [7,48] with axial flux/cake distribution
along the fiber length. However, flux/cake distribution in a
HFMM has three-dimensional non-uniformity, which is also
affected by the fiber arrangement. Here we present the fiber
average flux/cake mass of all the fibers in HFMMs with dif-
ferent fiber arrangement (excluding the HFMM with uniform
fiber arrangement). By exporting and postprocessing simula-
tion data, the fiber or length average flux/cake mass at differ-
ent moments (¢ = 0 or 5; 500; 1,500 s) can be obtained, based
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on which the top 50 (highest flux/cake mass) and bottom 50
(lowest flux/cake mass) fibers have been labeled with red or
yellow triangles, respectively, as shown in Figs. 11-13.

In Fig. 11, the top-50-flux fibers are located at the periph-
ery of fiber bundle at ¢ =0 s. In that region, the shell void frac-
tion is higher than the one inside the fiber bundle. Hence,
higher shell flow rate exists near the housing wall, forming
the wall flow, and the fiber arrangement dense to sparse
radially has made the wall flow more serious. This wall flow
can be found in Figs. 5-7. High fluid velocity causes high
shell pressure due to the conversion from dynamic pressure
to static pressure; thus increasing the local flux of fibers
located at that region. In contrast, the region near the cen-
ter of module, where fibers are densely packed and no wall
flow exists, contains the bottom 50 fibers with the lowest
flux. At t =5 s, the cake distribution, especially in terms of
the top/bottom 50 fibers with extreme cake mass, is nearly
the same to the flux distribution at t =0 s. This is because the
high/low local flux results in high/low foulants accumula-
tion rate and more/less cake mass with certain duration. As
time passes, the top 50 fibers tend to migrate to the center
of fiber bundle while the bottom 50 fibers tend to migrate in
opposite direction. However, the cake distribution appears
to be almost unchanged. At = 1,500 s, the end of the filtra-
tion, the fibers with extreme flux have finished their migra-
tion while the cake distribution is still with little change.
The two different dynamic evolutions reveal the interac-
tion between the flux and cake distributions. High flux will
cause high cake mass while high cake mass will cause low
flux. At initial state of the filtration, the flux of each fiber

Cake mass at t=5s
Top50 A
Bottom 50 7
)
008 &
00 (eJoX=] )
000, Q00 \
0 0 O, 0 00O
mbo

Cake mass at t=500s

Cake mass at t=1500s
Top50 A
Bottom 50 7

Fig. 11. Flux and cake distributions against time in the HFMM with fiber arrangement dense to sparse radially.
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is high as no foulants have accumulated on the membrane
surface. The initial flux distribution has determined the ini-
tial cake distribution and any subsequent modification of
the cake distribution due to foulants accumulation is almost
ignorable as the flux keeps declining. Finally, the fixed cake
distribution causes remarkable change to the flux distribu-
tion through manipulating the filtration resistance distribu-
tion, as shown in Fig. 11.

By referring to Figs. 11-13, except for the difference in
initial flux and cake distribution due to the diversity of fiber
arrangement, the dynamic evolution modes of flux and cake
distributions among the three HFMMs are similar to each
other, which means the description above and the mecha-
nism behind it has wide application potential, regardless of
the fiber arrangement. In other words, for any type of hollow
fiber ultrafiltration/microfiltration module, the final distribu-
tion of foulants inside the module will be similar to the initial
flux distribution. As the initial flux distribution is purely a
function of geometrical parameters, one of the applications
is to help membrane researchers to establish the relationship
between module structure and fouling behavior. It can also
contribute to improving understanding of membrane foul-
ing behavior from a scientific point. In industrial applica-
tion, it will be beneficial to the design of washing strategy
to different type of HFMMs since the foulants distribution is
predicable.

3.4. Water productivity of the HFMMs with different fiber
arrangement

In Fig. 14, the reciprocal of fiber average volumetric flow
rate has been plotted against fiber average water production
for the four HFMMs with different fiber arrangement. The
deviations of results between CFD simulation and model
prediction have been presented in Fig. 14. The 15 points

V/inx107(m%)
1 1

along each line correspond 15 moments during the filtra-
tion: 100 s to 1,500 s with the interval of 100 s. As shown in
Fig. 14, the four lines are nearly linear which means the rela-
tionship between the two said parameters can be expressed
with a linear equation. This equation has been developed in
our previous study [33], which is applicable to the HFMM
with ideal structure. The mathematical expression can be
seen in Eq. (19).

ndt
W: (TMP)t[(Ai +Ae)/2Tdi /d, ;+
1.26{(02 +9*)cosh(OL)+ oy [ 2+ eLsinh(eL)]}
(T™MP) [0(c +)sinh(6L)]

0.6pc.o

(19)

d
In Eq (19), 0=i(c+x) y=—, 5=

uR, ne’d* '
+8(2)=

d, d, L are the average shell void fraction, internal and exter-
nal surface areas of fiber, internal and external diameters of
fiber, fiber length, respectively. The most attractive parame-
ter in Eq. (19) is (TMP), which makes Eq. (19) special from
common equations. First, TMP represents the part of energy
consumed by fiber bundle. Second, the subscript ¢t means
that TMP is a time-dependent parameter as dt/dV and V.
For instance, in the HFMM with random fiber arrangement,
(TMP), is 48,860 Pa at t = 100 s and 84,645 Pa at ¢ = 1,000 s.

To test if Eq. (19) is applicable to the other three HFMMs,
data analysis has been performed by substituting the
time-dependent parameters (TMP),and V/n into Eq. (19) for
each HFMM and making comparison of ndt/dV between CFD
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Fig. 14. Relation between reciprocal of the fiber average volumetric flow rate and fiber average water production obtained through

simulation and model (Eq. (19)).
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and model (Eq. (19)). As shown in Fig. 14, the maximum and
average deviations between the two results for each HFMM
have been listed in the right part of Fig. 14. It is noticeable
that the deviations are very low, proving that Eq. (19) can
smoothly describe the water productivity of HFMMs with
different fiber arrangement.

Eq. (19) can be used to assess whether a HFMM is well
designed or not. Any HFMM with the similar structure as
the ones in the present study can be analyzed in dead-end
outside-in filtration. During the experiment, by measuring
the time-dependent parameters dt/dV and V of a HFMM
and substituting them together with other geometrical
parameters of the HFMM into Eq. (19), the energy consump-
tion of fiber bundle at any time can be obtained. With the
above information, the energy consumed by inlet manifold
is obtainable and whether the HFMM is energy-efficient
can be judged. The present study on the performance of
HFMMs with different fiber arrangement, especially Fig. 14,
has demonstrated the application potential of Eq. (19) for
HFMMs with non-ideal fiber arrangement.

4. Conclusion

The novelty of present work lies in the investigation of
how fiber arrangement affects the performance of industri-
al-scale HFMMs. Different from most of the previous work
focused on HFMMs with various random fiber packing
[16,18-20,24,29,30,32], the present work has attempted to
investigate the optimized pattern of the fiber arrangement
in terms of improving the performance of HFMMs through
three-dimensional transient simulation. The HFMM with
fiber arrangement sparse to dense radially has higher
energy efficiency than the other three HFMMs since the
densely packed fibers near the housing wall weaken the
effect of wall flow. However, the flux/cake distributions
inside the four HFMMs have shown similarity in their
modes of dynamic evolution, despite the difference in fiber
arrangement among them. The model used to describe the
water productivity of HFMMs has been demonstrated to
have wide application potential for HFMMs with different
fiber arrangement.
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Symbols

A, —  Membrane external surface area, m?

A, — Membrane internal surface area, m?

c, — Mass of solid per unit volume of the feed suspen-
sion, g L™

d, —  External diameter of hollow fiber membrane, mm

d, — Internal diameter of hollow fiber membrane, mm

i —  Local flux, m®* m2s!

K(f) — Time-dependent Darcy permeability of porous
zone, m?

K, —  Permeability of membrane, m?

—~

>
<

= RO

=m0 <<

—

&

— Length of hollow fiber membrane, m

— Mass of deposits per unit area, kg m™

— Local trans-membrane pressure, Pa

—  Pressure of shell inlet, Pa

—  Pressure of lumen outlet, Pa

—  Volumetric flow rate, m® s

—  Cake resistance, m™!

—  Membrane resistance, m!

—  Total resistance, m™

—  Water production, m?

—  Specific resistance of the cake, m kg™

—  Thickness of the porous membrane, mm
—  Shell void fraction

—  Porosity of porous membrane

—  Volume fraction of solid in the feed suspension
—  Volume fraction of solid in the cake
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