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Abstract
Membrane fouling is a common and complex challenge with cell culture perfusion process in biopharmaceutical manufactur-
ing that can have detrimental effects on the process performance. In this study, we evaluated a method to calculate the hollow 
fiber membrane resistance at different time points for water and supernatant. In addition, the number of subvisible particles 
of < 200 nm. diameter suspended in the supernatant were quantified using a nano-flow cytometry method. A computational 
fluid dynamics (CFD) model was developed to evaluate the impact of feed flow rate and particle count on the transmembrane 
pressure (TMP). Then a steady-state discrete phase model was applied to incorporate particles into the model and simulate 
the particles deposition over the membrane wall. The results showed an increase in the number of particles and the mem-
brane resistance along the time course of the perfusion process. The CFD model illustrated that more particle deposition 
was observed at lower feed stream flow rates. The fraction of deposited particle was reduced by > 50% when the feed flow 
rate was increased from 35 ml/min to 300 ml/min. Our findings suggest that the total number of subvisible particles has a 
significant impact on TMP and membrane resistance and, thus, could play a major role in the mechanism of membrane foul-
ing. CFD modeling can be a useful tool to predict the behavior of a process in a specific membrane. CFD simulations could 
also be used to optimize process parameters to improve membrane cleanability, reduce particle deposition, and reduce the 
risk of membrane fouling.
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Abbreviations

Acronyms
ATF	� Alternating tangential flow filtration
BCs	� Boundary conditions
CAD	� Computer-aided design
CFPD	� Computational fluid particle dynamics
CHO	� Chinese hamster ovary
DF	� Deposition fraction
EVs	� Extracellular vesicles
FTh	� Fiber thickness
ID	� Lumen inner diameter
lm	� Lumen

LL	� Lumen length
NL	� Number of lumens
SA	� Lumen surface area
TFF	� Tangential flow filtration
TMP	� Transmembrane pressure

Symbols
F⃗BM	� Brownian motion-induced force
F⃗D	� Drag force
F⃗G	� Gravity
F⃗P	� Pressure-gradient force
F⃗vm	� Virtual mass force
gi	� Gravity in i-direction
mp	� Particle mass
PF	� Feed flow pressure
PP	� Permeate flow pressure
PR	� Retentate flow pressure
p	� Local fluid pressure
R	� Porous media resistance
S	� Momentum sink by porous media
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u⃗p	� Particle velocity
vi	� Local fluid velocity in i-direction

Greek symbols
α	� Porous media permeability
μ	� Fluid viscosity
ρ	� Fluid density

Introduction

Advances in the biopharmaceutical industry have led to the 
need for greater volumes and concentrations of mammalian 
cell culture to produce recombinant biological byproducts, 
i.e., monoclonal antibodies [1, 2]. Perfusion cell culture sys-
tems are currently of high interest because of their potential 
to intensify the process, increase facility throughput, and 
produce a consistent product quality of therapeutic proteins 
[1–8].

Several perfusion technologies have been developed for 
both the production and the seed bioreactor stages. Filtra-
tion systems based on tangential flow filtration (TFF) and 
alternating flow filtration (ATF) have been the most widely 
used in industry for their ability to support very high cell 
density perfusion cell culture processes and integrate biore-
actor and product clarification operations into a single unit 
process [9, 10]. The ATF hollow fiber‐based perfusion sys-
tem is estimated to be the most cost-effective compared to 
fed-batch and spin filter perfusion systems [11]. However, 
one major drawback that is still limiting widespread adop-
tion of hollow fiber filtration systems is membrane fouling 
and product retention [8, 12–18]. Membrane fouling is an 
irreversible process and is generally associated with the 
build‐up of cells, cell debris, and extracellular material at 
the membrane surface or within its pores [13, 19].

The perfusion process discussed in this study is based 
on a TFF process in the N−1 seed train stage. The N−1 
perfusion process goal is to exceed the cell mass that can 
be achieved in a batch or fed-batch mode using a cell reten-
tion device to continuously remove metabolic waste from 
the culture and replacing it with fresh media. A high cell 
density N−1 culture enables higher initial cell density in the 
subsequent production bioreactor stage, with the potential 
to increase volumetric productivities and shorten the overall 
production stage. This approach has been utilized in various 
forms across the industry with many documented improve-
ments in product quality, facility utilization, and batch to 
batch consistency [2, 20, 21]. In the TFF process, the cell 
culture is removed from the N−1 bioreactor using a posi-
tive displacement pump and pushed through the hollow fiber 
filters in a single flow direction. The cells or the retentate 
are returned to the bioreactor in a recirculating loop while 
the permeate is removed from the retentate tangential to the 

direction of the flow. The TFF systems rely on the flow of 
the cell culture fluid inside the hollow fibers to generate 
liquid shear to clear gel layer formation on the filter surface 
and minimize fouling [22–25]. While higher shear results in 
better cleaning and potentially less fouling, it can also nega-
tively impact cell viability [18, 26, 27]. Strategies to mitigate 
the risk of filter fouling aimed to avoid the release of mem-
brane foulants originating from cell lysis in the first place, 
either by increasing the concentration of shear protectants 
[28] or by reducing the mechanical shear stress caused by 
recirculating pumps for cell culture [18, 29, 30]. Wang et al. 
[18] suggested that particles of approximately 100 nm size 
range in the perfusion cell culture are responsible for product 
sieving and membrane fouling in TFF membranes. Pinto 
et al. [31] demonstrated a 100% sieving efficiency by sub-
stituting the microporous 0.2 µm pore-size membrane filters 
with macroporous membranes of pore size range from 1 to 
4 µm. In our N−1 development work, we observed different 
levels of membrane fouling across different programs and 
host cell lines. The goal of this work is to analyze the cell 
culture broth from various cell culture programs to under-
stand how its composition impacts the membrane resistance, 
and to identify correlations between the number and size of 
suspended particles in the subvisible size range to the risk 
of membrane fouling in these processes.

Extracellular vesicles (EVs) are produced by most cell 
types, including mammalian cell lines such as Chinese ham-
ster ovary (CHO) cells which are the most used cell line for 
producing biotherapeutics. EVs are believed to constitute a 
major fraction of all suspended particles in the cell culture 
broth. EVs range in size from nano- to macro- and are lipid 
bound vesicles that are secreted by the cell into the extracel-
lular environment to serve a variety of cell specific functions 
including cell-to-cell communication.

As interest in EVs across the industry has grown because 
of their potential use as biomarkers and therapeutic applica-
tions [32–34], investment into improved methods for analy-
sis and quantification of EVs has followed. Physical analy-
sis of EVs to measure their concentration within a sample 
and to capture the size distribution of these particles can be 
determined directly through high-resolution imaging or indi-
rectly through optical or electrical measures as reviewed by 
Hartjes et al. [35]. Scanning electron microscopy, transmis-
sion electron microscopy, atomic force microscopy, dynamic 
light scattering, nanoparticle tracking analysis, tunable resis-
tive pulse sensing, and flow cytometry are the most common 
methods used for EV size determination. In this study, we 
used the nano-flow cytometry method to determine the con-
centration and size distribution of the EV particles identified 
in our cell culture retentate fluid stream.

Fluid flow simulation in cell culture perfusion filters using 
computational fluid dynamics has been applied to ATF sys-
tems in a simplistic 2D model and has been proven successful 
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to provide evidence of the starling flow phenomenon which 
has been hypothesized but difficult to prove practically [36]. 
The model also showed a visual understanding of membrane 
utilization during different phases of ATF cycles. This work 
provided the motive for our current study to develop a more 
advanced 3D CFD model for our TFF process to understand 
how different cell culture broth compositions and process 
parameters impact the fluid flow behavior in the filtration 
process. Moreover, by incorporating the experimental data 
provided from particle size analysis into our CFD model, we 
developed a computational fluid particle dynamics (CFPD) 
model to provide a comparative visualization for particle depo-
sition on the filter membrane at different process operating 
parameters. To our knowledge, this is the first time to utilize 
CFPD model to simulate cell culture perfusion processes. The 
model we present is one step toward developing a model that 
could simulate particle deposition on membrane surface and 
predict filter fouling, and hence, guide process decisions like 
membrane selection, cell line/clone selection, and process 
parameter set points.

Governing equations

An experimentally validated one-way CFPD model was 
employed to simulate subvisible particle transport and depo-
sition in cell culture TFF process. Particles were assumed to 
be spherical with no particle–particle interaction. The com-
putational domain had two zones: a fluid zone and a porous 
zone. The governing equations for the fluid zone, porous 
zone, and particle transport are described in the following 
subsections.

Fluid flow

Based on the flow rates used in the experiments, the flow 
regime stays laminar throughout the hollow fiber filter. Con-
tinuity and Navier–Stokes equations for steady state, Newto-
nian, incompressible flow are defined as [37]:

where vi is the local fluid velocity in i-direction. The terms 
on the right hand side of the Navier–Stokes equation denote 
pressure force, viscous force, and gravitational force on an 
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element per unit volume of fluid, respectively. In this study, 
thermodynamic properties of supernatant were assumed to 
be equal to those of water with density (�) = 998.2 kg/m3 
and viscosity (�) = 1.55e−3 kg/m s. Although Eq. (2) is only 
depicted in x-direction, the equation was solved in y- and 
z-directions as well, since the computational domain is three 
dimensional. The last term S represents momentum sink by 
the porous media.

Porous media

In porous media, momentum sink is equal to transmembrane 
pressure (TMP) along the depth of the membrane. Based on 
Darcy’s law [38], TMP is proportionate to permeate velocity 
( v ) by the porous media permeability (α).

Porous media permeability is the reciprocal of its resist-
ance (R):

TMP is defined by [39]:

where PF, PR, and PP are feed flow, retentate flow, and per-
meate flow pressures, respectively. TMP value is used to cal-
culate membrane resistance. (Please refer to “Hollow fiber 
membranes” section to see how TMP is measured through 
experiments). The values of calculated resistance are pre-
sented in Table 1.

Particle transport

Particles traveling with fluid flow are subjected to different 
forces. To obtain the trajectory of particles, particle equation of 
motion (Newton’s Second Law) was solved, which is defined 
as [40, 41]:

where mp and u⃗p are particle mass and velocity. F⃗D is the 
drag force [42], F⃗L is the Saffman lift force [43], and F⃗BM 
is the Brownian motion-induced force [40]. The terms F⃗G 
and F⃗P are the particle gravity and pressure-gradient force, 
respectively, while F⃗vm is the virtual mass force [44].
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Boundary conditions

Boundary conditions (BCs) used for the simulations are 
listed in Table 1 [38]. The inner surface of the porous zone 
was considered porous (known as porous jump) with an 
infinite face permeability (1e + 20 m2) to allow particles 
to deposit while the fluid passes through the porous media 
to the permeate region.

Materials and methods

For CFPD simulation of hollow fiber filters, filter resist-
ance (R) value is needed as an input. For calculating R, 
multiple experiments were performed with both water and 
cell-free supernatant (i.e., serum-free cell culture spent 
medium) as the feed flow. In the following sections, exper-
imental and computational set-ups are elaborated.

Hollow fiber membranes

Characteristic dimensions of the hollow fiber filter for 
TFF (number of lumens (NL), lumen length (LL), lumen 

surface area (SA), lumen inner diameter (ID), and fiber 
thickness (FTh)) are presented in Table 2.

Membrane resistance measurement

Membrane resistance was measured by flowing deion-
ized water and cell-free supernatant (serum-free media) 
through the hollow fiber membrane at three rates (67, 
115, and 230 ml/min). The hollow fiber filter was con-
figured in a vertical orientation with the lower permeate 
port blocked off. Experimental setup is demonstrated in 
Fig. 1. Pressures, retentate weight, and permeate weight 
were recorded at 1-min intervals for 3 min to calculate 
transmembrane pressure (TMP) and membrane resistance 
(R) using Eqs. (3–5).

Table 1   Porous media (hollow fiber) properties and boundary conditions

a  Measured by experiments as presented in “Materials and methods” section
b  Inertial resistance is zero for laminar flows

Porous media

Viscous resistancea (1/m2) Inertial resistanceb (1/m)

Water Supernatant 0
4.18e + 14 4.32e + 15

Boundary conditions

Boundaries Discrete phase BCs type Fluid BCs type

Lumen inlet (water/supernatant) Escape Velocity inlet
Retentate region–porous media interface Trap Porous jump
Porous media–permeate region interface – Interface
Permeate region walls – No slip
Permeate and retentate flow outlets Escape Pressure outlet

Table 2   Characteristic dimensions of hollow fiber filter

Material NL LL(m) SA (m2) ID (m) FTh (m)

Polysulfone 10 0.6 1.75e−2 1e−3 [2.58e−4, 3.12e−4]

Fig. 1   Experimental setup for membrane resistance measurement
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Subvisible particle analysis

Daily samples were collected from five CHO cell culture 
processes producing different therapeutic monoclonal anti-
bodies. The samples were centrifuged to separate cells, and 
the cell culture supernatant was analyzed by the nano-flow 
cytometry (NanoFCM, Xiamen, China) for particle concen-
tration, size distribution, and surface protein marker pheno-
typing as described in literature [45–47]. For this analysis, 
two single photon counting avalanche photodiodes (APDs) 
were used for simultaneous detection of side scatter (SSC) 
and individual particles fluorescence. The instrument cali-
bration was performed for particle concentration and size 
distribution using 200 nm PE and AF488 fluorophore con-
jugated polystyrene beads and Silica Nanosphere Cocktail 
(NanoFCM Inc., S16M-Exo), respectively. Particles passing 
by the detector during a 1-min interval were recorded in 
each test, and all samples were diluted to achieve a particle 
count within a 2000–12,000/min range. The flow rate and 
side scattering intensity were converted into corresponding 
vesicle concentration and size on the NanoFCM software 
(NanoFCM Profession V1.0).

Numerical solution

An experimentally validated Euler–Lagrange CFPD [48] 
model was used to simulate particle transport/deposition in 
the TFF model.

Hollow fiber filter geometry reconstruction and mesh 
generation

The three dimensional 10-lm CAD model for the filter unit 
employed for the current study is shown in Fig. 2a, provided 
by Meissner (Camarillo, CA). After multiple simulations, it 
was observed that fluid dynamics is identical in all lumens. 
Therefore, only one of the lumens was studied in the current 
work. Fluid velocity in directions perpendicular to the main 
flow direction was assumed zero and the fluid was consid-
ered isothermal throughout the domain. Hence, there is no 
normal temperature, velocity, or acceleration gradient on 
the mid-planes along the main flow inside the lumen and 
fiber and the permeate flow. Therefore, only one quarter of 
the lumen was simulated, and symmetry boundary condition 
was employed. The computational model comprises three 
regions: feed (water or supernatant); hollow fiber (porous 
zone); and permeate. Figure 2b shows the reconstructed one 
quarter of a single lumen. The characteristic dimensions of 
the model can be seen in Table 2.

The finite volume mesh was generated using Ansys 
Meshing 2022 R2 (ANSYS Inc., Canonsburg, PA). After 
performing mesh independence test, the final mesh con-
tained 1,347,900 hexahedron-based cells (feed, hollow fiber, 
and permeate domains were meshed by 300,900, 708,000, 
and 339,000 elements, respectively). High-gradient regions 
(near-wall and near-interface regions) were covered by five 
layers of prism elements to precisely capture near-wall 
effects. Surface elements are shown in Fig. 2c and d.

Fig. 2   Hollow fiber filter 
geometry and mesh: a 10-lm 
hollow fiber filter geometry; b 
reconstructed geometry of one 
quarter of the single lumen with 
symmetry planes. Up-close 
snapshot of the structured 
mesh at c inlet region and d the 
region where filtration starts 
(the first and last 3.3 cm of the 
permeate region were sealed so 
no computational domain was 
considered for those regions)
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Single‑phase flow numerical setup

Ansys Fluent 2022 R2 was used for the fluid field analysis, 
and the flow was assumed steady state. Fluid flow was simu-
lated for three different particle-free water and supernatant 
flow rates (67, 115, and 230 ml/min). Boundary conditions 
and flow rates are reported in Table 1. Viscous resistance 
value, obtained from the experimental data, was 4.18e + 14 
1/m2 for water and 4.32e + 15 1/m2 for supernatant. The 
inertial resistance was considered zero since the flow was 
laminar [38].

Particle flow

One-way coupled Euler–Lagrange method was used for par-
ticle tracking. It was assumed that particles are spherical 
and particle–particle interaction was neglected. After fluid 
analysis finished, particles with the diameter of 70 nm were 
injected into the lumen from the inlet.

Results and discussion

Model validation

The CFD model was validated by running simulations at feed 
(water) flow rates of 67, 115, and 230 ml/min. Experimental 
resistance values obtained from water testing of 10-lm hol-
low fiber filter (n = 5) were used to run CFD simulations. In 
Fig. 3, TMP and flow distribution for water through the hol-
low fiber filter are compared. CFD model validation using 
membrane resistance values obtained from water testing of 
the membrane indicated that the model could accurately pre-
dict TMP as well as the permeate and retentate flow rates as 
all model predictions were within the experimental ranges. 
As expected, it is shown in Fig. 3a that TMP increased with 

increasing feed flowrate. However, the ratio between perme-
ate and retentate flowrates remains constant at approximately 
80% retentate to 20% permeate at all tested water flowrates 
as it could be depicted from Fig. 3b and c.

Single‑phase fluid flow

Velocity contours of flow inside the porous media (vp) and 
pressure contours inside the lumen (PF) and in the perme-
ate region (PP) at a mid-plane of the hollow fiber filter are 
demonstrated in Fig. 4. The contours show that the hollow 
fiber is not fully utilized for filtration, which is because the 
pressure gradient between PF and PP declines gradually as 
the feed moves in the axial direction. Pressure difference 
and vp in the outlet region are nearly zero. Furthermore, 
increasing the feed inlet flow rate from 67 ml/min to 230 ml/
min did not enhance the membrane utilization. This can be 
also seen in Fig. 5, which shows the permeate flow velocity 
contours on outer surface of the fiber (in permeate region) 
at the inlet, middle, and outlet areas of the filter for three 
different water flow rates. Permeate velocity has its highest 
value at inlet region for all three flowrates and it decreases 
moving toward the middle region and it becomes 0 m/s in 
the outlet region of the filter. These observations suggest that 
increasing inlet flow rates does not necessarily improve the 
filter efficiency/functionality.

These results reported in Figs. 3, 4, and 5 agree with find-
ings from Radoniqi et al. [36], where their 2D CFD model 
predicted only 50% membrane utilization for permeate flow 
for each pressure and exhaust phase of the ATF cycle. In 
their computational study, this percent was not impacted by 
changing the feed flow rate within their tested range. The 
results from our model suggest that varying the geometry or 
the number of lumens in a hollow fiber filter unit could be a 
viable option to alter velocity gradient in a TFF process and 
improve membrane efficiency.

Fig. 3   Computational model validation for water as the feed: com-
parison of values obtained by experiments and CFD simulations for 
a transmembrane pressure (TMP); b permeate flow; and c retentate 

flow. Error bars represent one standard deviation around the experi-
mental data results (n = 5)
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Supernatant flow

The CFD model was employed for simulating supernatant 

flow through the filter. Figure 6 shows TMP and flow dis-
tribution obtained by both computational simulations and 
experiments for supernatant flow. The resistance value 

Fig. 4   Mid-plane pressure (PF and PP) contour and velocity contour of the flow inside the fiber (vp) in inlet, middle, and outlet regions for feed 
(water) flux of a QF = 67 ml/min; b QF = 115 ml/min; and c QF = 230 ml/min

Fig. 5   Permeate flow velocity vectors on outer surface of the fiber (in permeate region) in inlet, middle, and outlet area of the filter for different 
water flux at a QF = 67 ml/min; b QF = 115 ml/min; and c QF = 230 ml/min
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R = 4.32e + 15 1/m2 obtained from supernatant experiments 
was used for CFD simulations (n = 2). The flow distribution 
and TMP obtained by experimental and computational tests 
are in good agreement. Similar to the results from water feed 
simulations, TMP value increases when supernatant flux 
increases (Fig. 6a). The filter’s higher resistance for super-
natant leads to a lower permeate flow and a higher retentate 
flow (Fig. 6a, b) compared to water (Fig. 3). As shown in 
Fig. 6b, less than 2 ml/min of permeate flux was reported by 
CFD analysis when QF = 67 ml/min, which is less than 3% 
of the total feed flux. This ratio remains constant when inlet 
flow rate increases up to QF = 230 ml/min. Since the experi-
ments were run at cell-free supernatant, the higher resistance 
for the supernatant flow, compared to water, resulting in low 
filtration rate could be attributed to extracellular fluid par-
ticle deposition on the inner surface of the hollow fiber and 
reducing the membrane efficiency. Therefore, particle analy-
sis in the cell culture broth is performed to identify, quantify, 
and simulate their deposition on the filter membrane.

Particle flow analysis

The validated CFD model was used to predict particle trans-
port/deposition in the hollow fiber filter. Simulating the flow 
of the total number of particles detected in the supernatant 
via subvisible particle analysis would be challenging in 
terms of computational power and time. Therefore, a parti-
cle tracking test with smaller number of particles was per-
formed to examine if particle deposition fraction (DF) is 
independent of the initial number of particles (NPC). As 
shown in Fig. 7a, for different inlet feed flowrates ranging 
from QF = 35 ml/min to QF = 300 ml/min, deposition frac-
tion magnitude plateaus for initial NPC larger than 8000. 
Reducing the initial NPC from 5,200,000 to 8000 per lumen 
dropped particle tracking time from 116 h to about 6 min 
for QF = 300 ml/min. Therefore, simulating 8000 parti-
cles/lumen is considered sufficient to predict particle DF. 
Deposition fraction of particles versus feed flux QF is plot-
ted in Fig. 7b, and it shows that increasing flow rate from 
QF = 35 ml/min to QF = 115 ml/min resulted in a sharp 

Fig. 6   Computational and experimental data of a transmembrane pressure (TMP); b permeate flow; and c retentate flow for supernatant feed. 
Error bars represents one standard deviation around the experimental data results (n = 2)

Fig. 7   Particle depositions frac-
tion (DF) for different inlet feed 
flowrates QF: a comparison of 
particle DF for different initial 
particle count suspended in feed 
flows with different QF; and b 
particle DF for different inlet 
flowrates QF
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reduction in total particle deposition from 18 to 11% while 
a further increase in flow rate up to QF = 300 ml/min only 
reduced the deposition fraction by 2%. These results could 

be attributed to the fact that higher flow rates result in a 
lower particle residence time and hence a lower risk of par-
ticle deposition and filter fouling. The correlation between 

Fig. 8   A visualization of 
deposited particles of different 
particle counts (NPC = 32,000, 
64,000, and 128,000) for feed 
flow rates of a–c QF = 67 ml/
min; d–f QF = 115 ml/min; and 
g–i QF = 230 ml/min
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flow rate and particle deposition fraction, however, is not 
linear, which suggests that to select an optimum flow rate 
for a specific process, it is important to find the right balance 
between enhanced filter cleanability at higher flow rates and 
its potential negative impact from increased shear stress on 
cells.

Visualizing deposited particles on the inner surface of 
the hollow fiber could provide a better understanding of 
filter fouling mechanisms. In Fig. 8, local deposition of 
particles is visualized for different initial NP with differ-
ent flow rates. For all three flow rates, i.e., QF = 67 ml/min 
(Fig. 7a–c), QF = 115 ml/min (Fig. 7d–f), and QF = 230 ml/
min (Fig. 7g–i), particles tend to deposit less as traveling 
from the inlet region toward to the outlet region. This could 
be explained by the higher TMP in the inlet region than in 
the outlet region leading to a larger pressure gradient that 
forces the particles toward the membrane surface at the 
beginning of the lumen. Furthermore, the particle num-
ber density of the deposited particles for higher flow rates 
(QF = 300 ml/min) is less than that for lower (QF = 67 ml/
min), which suggests that higher flowrates could provide 
better cleanability for the membranes.

Conclusion

Filter fouling in cell culture perfusion is a well-known and 
complex problem that is not completely understood. To 
our knowledge, this study is the first attempt to utilize a 
multiphase 3D CFD model to simulate fluid flow in hol-
low fiber filters and predict the pattern of subvisible particle 
deposition on the membrane wall. The study also provides 
experimental methods that can be applied to make perfu-
sion process-related decisions. For instance, measuring the 
membrane resistance, as described in this study, for various 
membrane chemistries, pore sizes, vendors, or lots can help 
in identifying filter membranes with lower resistance that 
may reduce the risk of membrane fouling and improve the 
filtration robustness of the perfusion process. Moreover, EVs 
quantification and particle size analysis techniques could be 
a powerful tool to select host cell lines or clones that are 
low EVs producers, and hence become better candidates for 
programs intended for continuous manufacturing or N−1 
perfusion. Lastly, while the CFD model provided in this 
study has its limitations for not considering particle–particle 
interaction or particle accumulation on the membrane wall 
in a transient simulation to mimic the fouling process, it pro-
vides good insights on membrane utilization and the pattern 
of particle deposition on the membrane surface. The model 
results could be used to investigate potential improvements 
in hollow fiber geometries to allow better membrane utiliza-
tion and more efficient filtration, and to guide development 
activities around optimizing process flowrates to mitigate 

risk of filter fouling. Further improvements in the model to 
incorporate a discrete element model to describe the particle 
interactions and the cake layer formation in a transient simu-
lation is possible but requires more computational power and 
further simplifications to the model.
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