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Popular Scientific Summary

In industries from water purification to food production, a major problem called "membrane
fouling" can increase energy consumption by over 50% and significantly raise operational costs.
This clogging of filters is a major challenge, especially when the particles being filtered are soft
and squishy, like tiny gels or biological cells, because they can deform and compact to create a
dense, impermeable layer.

This research explores how to design better microfilters to prevent this kind of clogging. Instead
of a simple mesh, modern microfilters can be designed with an intricate micropillar arrays. The
way these pillars are arranged, their size, the space between them, and how densely they are
packed can dramatically change how fluid flows through the filter.

Using powerful computer simulations, this study investigated how water flows through differ-
ent arrangements of these micropillars. We discovered that the filter's design has a significant
impact on its performance. For instance, larger pillars and gaps between them allow water to
flow more easily.

More importantly, we found that the filter's permeability, a measure of how easily fluid can
pass through, is not a fixed value. When we increased the pressure, the permeability went down.
This is because the complex paths the water takes around the pillars create eddies in the flow.
These eddies create low-flow zones where soft particles are more likely to settle and accumu-
late, which can lead to clogging.

By understanding how the filter's microscopic geometry creates these flow patterns, we can
start to design smarter filters and devices that guide particles through smoothly, minimizing the
dead zones where they can get trapped. This research provides a blueprint for developing the
next generation of filtration systems that are more effective and resistant to fouling.






Summary

Membrane fouling, particularly by soft, deformable particles, is a significant challenge in mi-
crofiltration (MF) processes, leading to reduced efficiency and increased operational costs. This
thesis investigates the formation of filter cake layers by numerically simulating fluid flow
through microfluidic membranes designed with random, non-overlapping cylindrical micropil-
lar arrays. The study aims to understand how geometric parameters of the porous structure,
specifically pillar diameter, minimum pore throat size, and porosity, influence the hydrody-
namic properties of the membrane. Using a custom Python-based Monte Carlo (MC) algorithm,
27 distinct 2D micropillar configurations were generated. Computational Fluid Dynamics
(CFD) simulations were then performed using COMSOL Multiphysics to solve the steady-state
Navier-Stokes equations for water flow. The permeability of each configuration was calculated
using Darcy's law, and the results were analysed as a function of pillar geometry and applied
inlet pressure (10-40 mbar). The study also includes the fabrication of corresponding physical
molds and polydimethylsiloxane (PDMS) microfluidic devices via 3D printing and soft lithog-
raphy, laying the groundwork for future experimental validation. The simulation results demon-
strate that permeability is strongly dependent on the microstructural geometry, increasing with
larger pillar diameters, pore throat sizes, and higher porosity, with an increase in porosity of
just 0.1 resulting in a more than two-fold increase in permeability. A key finding is the pressure-
dependent nature of permeability; in all configurations, permeability decreased near-linearly
with increasing inlet pressure. This deviation from classical Darcy's Law indicates the onset of
non-Darcian flow, where inertial effects become significant even at low Reynolds numbers (Re
<10).

Analysis of the velocity and pressure fields revealed that the disordered pillar arrangements
create highly tortuous flow paths, leading to channelling and the formation of eddies in the
wake of pillars. These recirculating zones increase the local residence time of particles, raising
the likelihood of their adhesion to pillar surfaces, which can initiate fouling. The study con-
cludes that the overall flow resistance and fouling potential are governed by the global pillar
network structure rather than solely by localized constrictions. Direct numerical simulation
(DNS) proves to be an essential tool for accurately predicting flow behaviour in such complex
geometries, as established theoretical models showed significant discrepancies. These findings
provide critical insights for optimizing membrane design to minimize fouling by soft particles.

Keywords: Porous Media, Permeability, Micropillar Array, Microfluidics, Membrane Fouling,
Soft Particles, Cake Filtration, CFD.
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2D Two-dimensional

CAD Computer-aided design
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1 Introduction

Filtration processes serve as an essential stage widely employed across various industrial sec-
tors including water, chemical, pharmaceutical, and food applications to separate particles and
colloids from fluids. Membrane technology plays a vital role in food processing, particularly in
protein separation within the dairy sector (Lipnizki et al., 2023). However, its effectiveness is
frequently limited by membrane fouling. This phenomenon is defined by the reduction of fil-
tration performance due to particle accumulation on membrane surfaces or within its pores,
especially during filtration of deformable or soft particles (Rudolph et al., 2019).

While the behavior of rigid particles during filtration is generally well understood, the filtration
of soft, deformable particles such as microgels, emulsions, and biological cells presents addi-
tional challenges due to their complex mechanical properties. These particles have the capabil-
ity of changing shape, reorganizing and compressing under pressure, which directly affects the
structure of the resulting filter cake (Schroén & Bouhid de Aguiar, 2023).

In cake filtration, particles gradually deposit on the filter surface to form a porous cake layer.
The physical characteristics of this cake are influenced not only by particle size but also by their
flexibility and interaction with the filter material. In the case of soft particles, deformation can
lead to the formation of denser, less permeable cakes, increasing flow resistance (Schroén &
Bouhid de Aguiar, 2024).

Cake layers can become highly compressed, leading to a significant decrease in water flux. In
severe cases, this compression can eliminate voids within the cake, effectively blocking the
flow and bringing the water flux to near zero. This phenomenon poses a substantial hydrody-
namic resistance to the overall filtration process, reducing its efficiency and increasing energy
demands (Liiken et al., 2021; Stiiwe et al., 2024). For soft particles, the conventional under-
standing that pore size dictates membrane performance is insufficient, as their deformability
can lead to irreversible compression with severe consequences (Bouhid de Aguiar et al., 2019).

Predicting particle pathways and understanding the flow path of water in porous media is cru-
cial for investigating cake layer formation due to soft particles. In porous media, streamlines
can exhibit non-trivial trajectories (De Winter et al., 2021). Streamlines are observed with ve-
locity fluctuations and indicate changes in flow direction, which can significantly impact parti-
cle transport and deposition. Particle tracking helps distinguish between reversible and irre-
versible compression events in the cake, which directly impacts the permeability and resistance
of the filter cake over time (Liiken et al., 2021).

Recent advancements in microfluidics and microfabrication techniques have facilitated the de-
velopment of microfluidic models that accurately mimic porous media, particularly through the
integration of micropillar arrays (Wang & Wang, 2017). These micropillar arrays serve as sim-
plified, yet highly representative, analogues of natural porous structures, enabling precise con-
trol over geometric parameters such as pillar diameter, spacing, and height, which are crucial
for fundamental investigations (Goswami et al., 2025). Such systems are particularly relevant
for applications like high-performance liquid chromatography, microreactors, micro-filters, and
heat pipes, where understanding and optimizing fluid flow are paramount (Gréfner et al., 2022;
Hale et al., 2014b, 2014a; Hulikal Chakrapani et al., 2022; Zhou et al., 2016).



While experimental characterization of porous media properties at small scales presents inher-
ent difficulties, numerical simulations offer a robust and accurate means to delve into pore-
scale phenomena, providing insights often unattainable through solely empirical methods (Hale
et al., 2014b; Nie et al., 2024).

This thesis specifically focuses on the numerical simulation of flow within microfluidic mem-
branes incorporating random cylindrical micropillar arrays. Disordered arrangements, while
more complex to model than regular ones, often more accurately represent the heterogeneity
found in real porous materials. The inherent complexity of random distributions significantly
impacts fluid behavior, leading to challenges in predicting macroscopic transport properties
such as permeability (Yazdchi et al., 2011, 2012). Key geometrical parameters of these mi-
cropillar arrays, including pillar size/diameter, pore throat dimensions, and overall porosity,
critically influence the flow characteristics and, consequently, the permeability (Mohammadi
& Riazi, 2022; Nie et al., 2024; Tamayol et al., 2012).

Given these intricate dynamics, a detailed understanding of flow in porous media during filtra-
tion is essential to minimize membrane fouling and the decrease in water flux due to cake for-
mation. Therefore, ongoing research in this area is critical for many applications and industries
to develop filtration systems that are capable of handling soft particles effectively.

1.1 Aim

The primary objective of this study is to investigate the hydrodynamic properties of microflu-
idic membranes featuring disordered micropillar arrays and to understand how these properties
relate to membrane fouling by soft particles. This study seeks to systematically determine the
influence of key geometric parameters, specifically pillar diameter, minimum pore throat size,
and porosity on the permeability and flow behavior within these micro-structured porous media.
Through detailed CFD simulations, the research aims to characterize the velocity and pressure
fields, identify the onset of non-Darcian flow, and analyze the formation of flow patterns, such
as channeling and eddies, that contribute to fouling initiation. Ultimately, the goal is to provide
fundamental insights that can guide the design of more efficient and fouling-resistant MF mem-
branes.



2 Background

2.1 Membrane for Food Applications

Membrane technology has gained considerable interest within the food industry, evolving from
niche process to a pivotal unit operation in diverse arrays of the food and beverage production
processes (Lipnizki & Dupuy, 2013). This widespread adoption stems from several key ad-
vantages over conventional separation methods, notably its relatively low energy consumption
and ability to selectively separate components without requiring heat or additives (Lipnizki &
Dupuy, 2013; Schroén & Bouhid de Aguiar, 2023). Consequently, membrane filtration is also
extensively utilised across various sectors, including water and wastewater treatment, and bio-
technology (Chew et al., 2020; Cirillo et al., 2023; Liiken et al., 2020; Valencia et al., 2022).

The spectrum of membrane processes employed, includes MF, ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO), each tailored to specific separation requirements based
on pore size or molecular weight cut-off (Cirillo et al., 2023; Lipnizki & Dupuy, 2013; Schroén
& Bouhid de Aguiar, 2024). For instance, UF is for protein concentration, such as in milk pre-
concentration and whey protein concentration in the dairy industry (Cirillo et al., 2023; Lipnizki
et al., 2023). Conversely, MF is commonly deployed for retaining larger components like cells,
cell debris, bacteria, and particulates, finding application in potable water production, as well
as in the wine and vinegar industries (Cirillo et al., 2023). Beyond these, emerging processes
such as vapour permeation (VP) and pervaporation (PV) are also gaining action, particularly in
biorefineries for the pre-concentration and concentration of biofuels and biochemicals (Lipnizki
etal., 2019).

Despite the demonstrable efficacy and broad applicability of membrane processes, a formidable
challenge persists: membrane fouling (Chew et al., 2020; Cirillo et al., 2023; de Aguiar &
Schroén, 2020a; Lipnizki & Dupuy, 2013). This phenomenon, characterised by the deposition
of unwanted matter on the membrane surface or within its pores, invariably leads to a reduction
in permeate flux and overall process efficiency (Ben Hassan et al., 2014; Chew et al., 2020;
Cirillo et al., 2023; Lipnizki & Dupuy, 2013; Liiken et al., 2020; Ngene et al., 2011; Valencia
et al., 2022). Fouling mechanisms are multifaceted, encompassing concentration polarisation
(CP), external cake layer formation, internal pore blocking, and adsorption of foulants (Chew
et al., 2020; Cirillo et al., 2021; de Aguiar & Schroén, 2020a; Giiell & Davis, 1996; Rudolph et
al., 2019). These issues can be reversible, allowing removal by rinsing, or irreversible, necessi-
tating more rigorous chemical cleaning (Rudolph et al., 2019). The complex nature of bio-based
feed streams, often comprising macromolecules, organic colloids, and microorganisms, further
exacerbates fouling challenges in the biotechnology, biorefinery, and food sectors (Rudolph et
al., 2019). Traditional approaches to mitigating fouling include operating below the critical or
at the sustainable flux, although this may necessitate larger membrane areas and plant sizes to
maintain productivity (Lipnizki & Dupuy, 2013). More actively, cleaning methods such as
backflushing are widely applied in industrial settings (Liiken et al., 2020).

2.2 Microfluidics

To gain a deeper understanding of these microscopic fouling phenomena and ultimately to op-
timise membrane processes, researchers are increasingly turning to microfluidic devices as
powerful analytical tools (de Aguiar & Schroén, 2020a; Linkhorst et al., 2016; Schroén et al.,
2020). These miniaturised platforms offer unparalleled capabilities for real-time observation
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and detailed analysis of filtration processes at scales ranging from nanometres to millimetres
(de Aguiar & Schroén, 2020a). Microfluidic chips allow for the direct visual characterisation
of membrane fouling and particle deposition on membrane surfaces (Ngene et al., 2010). For
instance, a microfluidic system can effectively retain filtered particles at a membrane-mimick-
ing structure, providing a visual cross-section of the developing filter cake (Liiken, 2022). This
direct observation permits the monitoring of cake thickness and particle trajectories, alongside
pressure and flux data (Ngene et al., 2010). Such detailed insights are crucial for understanding
particle-pore interactions, which are often obscured in macroscopic membrane systems (Link-
horst et al., 2016).

The design of microfluidic devices for studying porous media and filtration is highly versatile.
These devices frequently incorporate arrays of micropillars or cylinders to mimic the intricate
pore structures found in real membranes (Goswami et al., 2025; Jahanbakhsh et al., 2020; Wang
& Wang, 2017). The geometry of these pillar arrays, defined by parameters such as diameter,
height, and inter-pillar distances, significantly influences fluid flow and permeability (Hale et
al., 2014b, 2014a; Tamayol et al., 2012). Experiments often involve injecting fluids like water
or hexadecane through these pillared microstructures and measuring effective permeabilities
based on Darcy’s law, noting that these permeabilities typically remain independent of the fluid
used (Hulikal Chakrapani et al., 2022). Researchers utilise techniques such as micro-Particle
Image Velocimetry (micro-PIV) to measure velocity fields and pressure differences within po-
rous chips, enabling a more accurate understanding of permeability distribution (Jahanbakhsh
et al., 2020; Wang & Wang, 2017). Studies have shown that permeability often aligns with
classical models such as the Kozeny—Carman equation (Wang & Wang, 2017). Furthermore,
microfluidic devices facilitate the investigation of phenomena like CP, which can be minimised
by optimising feed channel height (Kaufman et al., 2012).

The fabrication of these sophisticated microfluidic devices commonly involves materials such
as polydimethylsiloxane (PDMS), silicon, and glass (Anbari et al., 2018; Debnath & Sadrzadeh,
2018; Fallahi et al., 2019; Gerami et al., 2016; Massimiani et al., 2023). PDMS is favoured due
to its transparency, flexibility, biocompatibility, and ease of fabrication through soft lithography
(Ferreira et al., 2024; Kaufman et al., 2012; Lin & Chung, 2021; Tamayol et al., 2012). How-
ever, its inherent hydrophobicity and subsequent hydrophobic recovery after surface treatments
pose challenges for self-driven capillary microchips, necessitating effective hydrophilicity
treatments such as polyethylene glycol (PEG) coating (Lin & Chung, 2021). Paper-based ana-
lytical devices (PADs) represent another significant advancement, offering affordable, user-
friendly, and equipment-free solutions for point-of-care (POC) diagnostics in various sectors,
including health, environment, food, and energy (Anushka et al., 2023). These paper-based sys-
tems often leverage capillary forces for fluid flow, eliminating the need for external pumps
(Anushka et al., 2023).

Beyond simple fluid flow, microfluidics enables the study of complex interactions relevant to
food processing. This includes the transport of soft colloids, vesicles, and deformable particles
like cells and immiscible droplets through porous media, which is pertinent to filtration in food,
water, and life sciences (Benet et al., 2017). For instance, microfluidic approaches have pro-
vided insights into early film formation in protein-stabilised emulsions, confirming that con-
vective mass transport often dominates over diffusion in such systems (Hinderink et al., 2021).
The application of microfluidic spinning technology (MST) allows for the production of micro-
fibers and nanofilms with controlled sizes and morphologies, holding potential for encapsulat-
ing sensitive components and improving food packaging (Mu et al., 2022). Moreover,
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microfluidics have been explored for optimising emulsification processes, with designs ranging
from T- and Y-junctions to flow-focusing devices, enabling the controlled formation of mono-
disperse emulsion droplets (He et al., 2020; Schroén et al., 2020). This level of control, along-
side the ability to study interfacial properties and coalescence stability at short timescales, pro-
vides invaluable data for industrial emulsification (Muijlwijk et al., 2016).

The insights gained from microfluidic investigations are critical for advancing membrane tech-
nology towards more sustainable and efficient food processing. By elucidating the fundamental
mechanisms of particle behaviour, filter cake formation, and fluid dynamics at the microscale,
these tools facilitate the design of innovative membrane architectures and processing conditions
that can minimise fouling, reduce energy consumption, and ultimately contribute to a more
sustainable circular economy in food production (de Aguiar & Schroén, 2020b; Linkhorst et
al., 2016; Schroén et al., 2020; Schroén & Bouhid de Aguiar, 2023). The integration of these
microscale findings with macroscopic process design holds the potential to transform current
industrial practices, leading to better-defined products and enhanced resource utilisation
(Schroén et al., 2020).

2.3 Fluid Flow in Porous Microstructure Media

2.3.1 Permeability in Porous Media

Fluid transport within porous media is inherently multiscale, necessitating analysis from mac-
roscopic to microscopic pore levels to accurately predict large-scale phenomena (Karimifard et
al., 2021). However, the experimental characterisation of permeability, particularly at the mi-
croscale, presents several formidable challenges. A primary difficulty arises from the porous
medium's inherent heterogeneity and potential microstructural alterations during sampling and
experimentation, such as dynamic changes in pore morphology due to mineral dissolution or
biofilm growth (Karimifard et al., 2021; Musabbir Rahman et al., 2025). Furthermore, practical
issues like pressure inconsistencies and wall effects frequently complicate microchannel flow
measurements, especially as non-uniform porosity near boundaries can substantially influence
results at higher flow rates (Karimifard et al., 2021; Rahmanian et al., 2023). Lastly, the com-
plex nature of porous media, often featuring irregularly shaped or nanoscale pores, as seen in
unconventional reservoirs, introduces significant measurement complexities where conven-
tional models like Darcy's law may no longer apply, necessitating the consideration of alterna-
tive flow mechanisms such as slippage (Cao et al., 2016; Karimifard et al., 2021; Xia et al.,
2017).

Recent scholarly endeavors have further advanced the understanding of permeability in micro-
fluidic systems. Chakrapani et al. (2023), for instance, extensively investigated the permeability
of pillar arrays within microfluidic devices, applying Brinkman’s theory to account for wall
friction effects. Their work encompassed both experimental measurements and simulations,
providing effective permeabilities for various pillar arrangements across a broad range of po-
rosities (0.58, 0.65, 0.73 and 0.87). These studies compared simulation data for square, rotated
square, and hexagonal pillar lattices with several established theoretical expressions, demon-
strating good agreement across different porosity regimes. Furthermore, the investigation ex-
tended to disordered pillar configurations, with their findings aligning with predictions from
models such as that by Yazdchi et al. (2011) for irregular pillar arrays. For a comprehensive
overview of theoretical permeabilities pertinent to irregular configurations in two-dimensional
(2D) systems, Table 2.1, adopted from Chakrapani et al. (2023), provides a structured summary.



Concurrently, Nie et al. (2023) contributed significantly to the characterization of permeability
in structured porous media through combined experimental and numerical approaches utilizing
microfluidic models. Their research primarily focused on comparing observed permeabilities
with predictions from the Kozeny-Carman (KC) equation, noting that the classic KC equation
only roughly agrees with experimental results when porosity is between 0.50 and 0.60, and fails
outside this range. They observed that permeability decreases with increasing Reynolds number
beyond a threshold of Re=1, and generally increases with micropillar diameter. Additionally,
Nie et al. (2023) found that a triangular pillar arrangement yielded lower permeability and
higher tortuosity compared to a square arrangement, and they proposed a tortuosity model for
quasi-2D microfluidic models.

Table 2.1. Theoretical permeabilities of irregular distributions in 2D. Adopted from
(Chakrapani 2023).

Author(s) Abbrev. Permeability
(Koch & Ladd, KL vz &*
1997) TRt for e < 0.6
2.76
gexp (11.1¢)
(Yazdchi et al., YSL 0.2d2%x(y2)y2>/2,
2011)

with y, = 0.26¢%67°° — 0.47 and y(y,) = 1 — 0.5e 372

2.3.2 Numerical Simulation Methods in Porous Media Analysis

To address these limitations, numerical simulation has emerged as a valuable approach for es-
timating permeability and examining both fluid dynamics and the underlying pore architecture
in three dimensions. A prerequisite for simulating flow directly within 3D porous geometries is
an accurate morphological representation of the medium under investigation.

In recent years, the flow behaviour of non-Newtonian fluids has gained increasing attention due
to their relevance in various scientific and industrial fields such as geoscience, biomedicine,
and enhanced oil recovery (Johnston et al., 2004; Choi, 2009; Suleimanov et al., 2011; Mader
et al., 2013). Nanofluids, containing particles on the nanometer scale, have demonstrated im-
proved oil recovery efficiency (Wasan and Nikolov, 2003; Huang et al., 2013). Similarly, the
rheological behaviour of magmas, and hence their eruption dynamics, is governed by the vol-
ume and distribution of bubbles and crystals (Mader et al., 2013; Cassidy et al., 2018). In sys-
tems where suspended particles are significantly smaller than the domain size, the bulk behav-
iour is typically described by an effective rheology, which often deviates from Newtonian as-
sumptions. The precise physical mechanisms underlying the non-Newtonian behavior in
6



magma remain uncertain (Deubelbeiss et al., 2011). Such behaviour is generally linked to in-
teractions among suspended particles and between particles and fluid. This underscores the ne-
cessity of developing numerical models capable of representing non-Newtonian fluid flow
through porous networks.

2.3.3 Flow Regimes in Porous Media

Flow behaviour in porous media is frequently described by the Reynolds number, which com-
pares inertial and viscous forces. Due to the tiny pore sizes, flow in porous media generally
occurs at very low Reynolds numbers, exhibiting laminar characteristics. For example, typical
Reynolds numbers range from extremely low values in magmatic systems (Glazner, 2014) to
slightly higher values in groundwater flow.

Under these low-Reynolds conditions, the incompressible Navier—Stokes equations simplify to
the Stokes equations, which neglect gravitational effects. When the internal structure of the
porous medium is known, these equations enable direct simulation of laminar flow within it.
However, such detailed modelling becomes computationally unfeasible at larger scales.

For Newtonian fluids, an effective permeability is often introduced, linking flow rate, pressure
gradient, and viscosity via Darcy’s law (Andri et al., 2013b; Saxena et al., 2017; Bosl et al.,
1998). This relation forms the fundamental basis for upscaling flow behaviour in homogeneous
porous systems.

Darcy’s empirical law remains the standard tool to describe laminar, single-phase flow in ho-
mogeneous porous media (Costa et al., 1999). However, it neglects inertial forces, which be-
come relevant at higher Reynolds numbers. To address this, Forchheimer introduced a modified
expression that incorporates nonlinear inertial effects (Macini, Mesini, and Viola, 2011).

2.3.4 Porosity—Permeability Relationships and Advances in Pore-Scale Modeling

While permeability may be derived through experimental methods across various scales, ad-
vances in computational modelling have enabled predictions of large-scale subsurface flow us-
ing pore-scale permeability data as input. Consequently, accurate determination of pore-scale
permeability is essential.

One commonly employed method links porosity with permeability. Nevertheless, defining this
relationship precisely has proven challenging and has been the subject of extensive study
(Kozeny, 1927; Carman, 1937, 1956; Mavko and Nur, 1997). Although porosity is a significant
factor, permeability also strongly depends on the geometrical complexity of the pore space.
Hence, traditional porosity-permeability models remain limited in accuracy.

The emergence of pore-scale modelling techniques, supported by imaging methods such as X-
ray computed tomography, has allowed researchers to examine fluid flow at the microstructural
level. These simulations yield detailed spatial distributions of velocity and pressure under im-
posed pressure gradients, enabling more refined estimates of permeability.

The simulation of immiscible fluid interactions at the pore scale has evolved significantly
alongside improvements in imaging and computational tools. Modern pore-scale modelling
aims to resolve complex multiphase flow within porous materials, particularly at the level where
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fluid interfaces interact. A variety of numerical approaches have been developed for this pur-
pose, including pore-network models (PNM), lattice—Boltzmann methods (LBM), and particle-
based techniques like dissipative particle dynamics (DPD) and smoothed particle hydrodynam-
ics (SPH). Other frameworks include DNS, mesh-free Lagrangian approaches, and grid-based
CFD with capabilities for interface tracking and dynamic contact angle modelling (Liu et al.,
2013).

These modelling approaches generally fall into two categories: direct methods that solve gov-
erning equations (e.g., Navier—Stokes or Boltzmann) within detailed pore geometries, and sim-
plified PNM that approximate the medium as a system of connected pore bodies and throats
using rules such as Poiseuille’s law (Graveleau et al., 2017). PNM techniques provide compu-
tationally efficient tools for analysing multiphase transport and have been widely used to extract
flow and pressure distributions at the microscale (Hassanizadeh, 2002). For instance, Hughes
and Blunt (2000) used such models to examine how contact angle and flow rate influence im-
bibition behaviour.

Despite their utility, PNM approaches are limited by the geometric and physical assumptions
they require. Direct or grid-based simulations offer greater numerical accuracy, particularly in
scenarios with large density and viscosity contrasts, making them the preferred method when
high-fidelity fluid behaviour is needed.

Recent work has focused on extending Darcy’s law through various theoretical frameworks,
including effective medium theory (Sahimi and Yortsos, 1990), pore network models (Shah and
Yortsos, 1995), and numerical simulations at the pore scale (Aharonov and Rothman, 1993;
Vakilha and Manzari, 2008).

Given the challenges associated with experimental measurements of permeability, especially in
complex micro/nanoporous media, numerical approaches based on geometrical and structural
models—such as the Kozeny—Carman equation and its variants—have become increasingly
important. These models relate permeability to measurable parameters like porosity, tortuosity,
and specific surface area. Although widely used, the Kozeny—Carman model often falls short
when applied to irregular or highly tortuous geometries. Consequently, numerous studies have
sought to refine or generalize it by incorporating additional structural characteristics (Chen et
al., 2015; Xiao et al., 2012; Khabbazi et al., 2016; Costa, 2006).

The accurate estimation of fluid flow through porous structures demands a multifaceted ap-
proach that integrates empirical data, theoretical models, and advanced simulation techniques.
Continued efforts to refine porosity-permeability relationships, particularly for non-Newtonian
fluids and complex geometries, are crucial for improving our understanding of transport pro-
cesses in natural and engineered porous systems.



3 Materials and Methods

3.1 2D Pillar Generation

2D non-overlapping disordered circular pillar array configurations were generated using a cus-
tom-developed computational approach via Python, Visual Studio Code v1.101.2 (Microsoft,
USA) was used for code scripting, editing and executing. The pillar array configurations were
developed within a rectangular computational domain measuring 21 mm in length and 7 mm in
width (see Figure 3.1). Periodic boundary conditions were imposed along the y-axis to replicate
a repeating geometry in the transverse direction, while the boundaries of the x-axis remained
fixed, reflecting the physical constraints of inlet and outlet present in typical microfluidic ap-
plications.

Initially, a random placement (RP) algorithm was explored for distributing the circular pillars
within the preset domain in which circular pillars were inserted one at a time at randomly se-
lected coordinates within the domain. Any proposed location that resulted in overlap with an
existing pillar was rejected, and the algorithm continued until no further placements could be
made. While this approach offered straightforward means of generating non-overlapping struc-
tures, it proved inadequate for achieving the desired porosities. As the packing density in-
creased, the system tended toward a jammed state, which agrees with (Yazdchi et al., 2012).
This limitation became particularly evident when targeting lower porosity values (below ap-
proximately 0.6 in our case), where the RP approach failed to converge reliably. Consequently,
a more robust approach was necessary to ensure the precise and random arrangement of pillars
according to the specified design parameters.

To address the limitations of the initial approach, a MC algorithm was adopted to enable greater
control over both randomness and porosity. The MC simulation was initiated by populating the
rectangular domain with a uniformly spaced grid of circular pillars. Excess pillars were ran-
domly removed until the number remaining corresponded to the target porosity for a given pillar
size and pore throat. Subsequently, the core of the MC approach involved an iterative process
of randomly perturbing the spatial position of each of the remaining pillars. For each configu-
ration, the simulation was executed for a total of 10° perturbation steps to achieve sufficient
spatial decorrelation and ensure a thoroughly randomized and statistically decorrelated arrange-
ment. During each step, the displacement of a randomly selected pillar was accepted only if the
proposed move preserved the non-overlapping condition and maintained the minimum spacing
between pillars, enforcing the defined pore throat size.

Pillars were represented as circular disks with core diameters of either 250 um, 300 um, or
350 um, depending on the configuration. The space between neighboring pillars, referred to as
the pore throat, was established by adding a spacing value (either 50, 60, or 70 pm) to the core
diameter, a similar approach as Hulikal Chakrapani et al. (2022). This effective outer diameter
governed the overlap-checking condition within the simulation. Each configuration was thus
uniquely defined by a triplet of parameters: pillar diameter, minimum pore throat, and porosity.
For instance, a configuration labelled as (300, 60, 0.6) would correspond to a pillar diameter of
300 pm, a minimum pore throat of 60 um, and a porosity of 0.6.

A total of 27 distinct configurations were generated by systematically combining three pillar
diameters, three spacing values, and three target porosities (0.5, 0.55, and 0.6). For each case,
the actual porosity was calculated by subtracting the total projected area of the pillars from the
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domain area, then dividing by the domain area. The MC method successfully achieved porosi-
ties within £0.1% of the target for most configurations. However, a few combinations, specifi-
cally (250 um, 60 pum), (250 pm, 70 pm), and (300 um, 70 um), could not reach the lowest
target porosity of 0.5. These cases instead stabilized at porosities slightly above 0.5 and dis-
played a more ordered, grid-like arrangement, suggesting spatial constraints limited their ability
to form truly disordered structures at high packing densities.
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Figure 3.1. Numerical representation of a 2D microfluidic membrane with disordered micropil-
lar configuration, designed using Python and generated using MC simulation. White circles
representing micropillars. Flow pathways are shown in grey (extended view) and yellow (mag-
nified view), indicating the minimum pore throat and micropillar diameter.

3.2 Numerical Simulation

In this study, the generated 2D pillar configurations were investigated using CFD to examine
how variations in pillar diameter, pillar throat, porosity, and membrane geometry influence
fluid transport behavior. All simulations were conducted using the commercially available soft-
ware platform COMSOL Multiphysics v6.3 (COMSOL Inc., Sweden). The simulations focused
on modeling the behavior of water flow within the membrane structure, particularly around the
embedded pillars.

To simulate the fluid dynamics, a single-phase laminar flow physics interface (spf) was used to
solve the steady-state Navier—Stokes equations for an incompressible fluid. The governing
equations, vector equation conservation of momentum and the continuity equation for mass
conservation are presented below as Equations (3.1) and (3.2), respectively:
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p(u-VYu=V-[-pl +K|+F (Eq. 3.1)

pV-u =0 (Eq.3.2)

where p denotes the fluid density (assumed to be 1000 kg/m?* for water), u represents the ve-
locity factor (m/s) for the 2D simulation in the free flow domain, p is the pressure (Pa), F is the
volume force vector (N/m?), I is the identity matrix, and K is the viscous stress tensor (Pa)
defined in Equation (3.3) as:

K =u(Vu+ (Vu)T) (Eq. 3.3)

where u is the dynamic viscosity of water (0.001 Pa-s), and T is the absolute temperature (K).

The Reynolds number was found to be between 1 and 10 for the different pillar configurations
which is consistent with the applicability of Darcy’s law that holds for an upper limit Reynolds
number value between 1-10 (Wang et al., 2019). A constant pressure boundary condition was
applied to the inlet and the outlet of the domain. An inlet pressure of 10 mbar was set, while the
outlet pressure was set to 0. A no-slip boundary condition was applied to the pillar surfaces and
walls of the membrane. To study the effect of changing the inlet pressure on the membrane
permeability, a parametric sweep was applied with inlet pressures of 10, 20, 30, and 40 mbar.

For all studied pillar configurations, the computational domain was discretized using a physics-
controlled mesh with finer element sizes which resulted in approximately 220,000 to 250,000
mesh elements, including both domain and boundary elements. Following the simulations, pres-
sure distribution and velocity profiles of the water flow through the membrane structure were
evaluated and visualized.

The permeability of the porous membrane was determined using Darcy’s law as shown in Equa-
tion (3.4)

_Qul _uppl (Eq. 3.4)
A AP AP

k

where k is the effective permeability of the membrane (m?), Q denotes the volumetric flow rate
through the membrane (m>/s), L is the length of the membrane (m), AP is the pressure drop
between the inlet and the outlet domains, 4 is the membrane cross-sectional area (m?), and u,,
is the Darcy velocity (m/s).
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In addition, the intrinsic permeability of the membrane domain (k;) was estimated using the KC
Equation (3.5):

d? &3 (Eq. 3.5)

k= Ts0 = o)

where d denotes the pillar diameter and € represents the porosity of the membrane structure.

3.3 3D-printed Mold Preparation

The Python-based 2D pillar configurations were saved in Drawing Exchange Format (.dxf),
which are then imported and incorporated into the overall 3D mold design. All molds were
designed using computer-aided design (CAD) software, specifically SolidWorks 2025 SP2.0
(Dassault Systémes, France), as illustrated in Figure 3.2a. To promote homogeneous flow con-
ditions within the microfluidic device, a filleted-top triangular inlet geometry was incorporated
into the chip design. The overall chip height was set to 400 um as a fixed structural parameter.
The 3D designs were saved in stereolithography (SLA) format (.stl) and directly imported into
the 3D printer software PreForm 3.49.0 (Formlabs, USA) for 3D printing preparation. A Form
3+ SLA 3D printer (Formlabs, USA) was used to fabricate the mold parts. The digital models
were processed using the PreForm software, which segmented them into successive thin layers
for printing. Fabrication was carried out through a layer-by-layer photopolymerization of Clear
Resin v4 (Formlabs, USA) using a focused laser source.

Following completion of the printing cycle, the molds were retained on the build platform to
allow any excess resin to settle. Subsequently, they were immersed in into a 100% isopropanol
solution using the Form Wash FH-WA-01 (Formlabs, USA) and washed for 20 minutes to re-
move uncured resin. Once cleaned, the molds were carefully detached from the build platform
and air blow gun was used to ensure complete evaporation of residual isopropanol. Subse-
quently, the printed molds underwent a post-curing process using the Form Cure FH-CU-01
(Formlabs, USA), where the temperature was gradually increased from room temperature
(23°C) to 60 °C. Once the desired temperature was reached, the molds were cured under
405 nm UV light for 15 minutes. This post-curing procedure is essential, as it enhances the
physical and mechanical performance of the printed molds by reinforcing material properties
post-fabrication. After post-curing, molds were visually inspected under a microscope to assess
the quality of fine structural features, including the fidelity of the micropillars. Molds were
uniformly sprayed with Citadel paint spray (Citadel Miniatures, UK) (see Figure 3.2b-d). This
step was carried out to facilitate demolding during the subsequent soft lithography process by
preventing the adhesion of PDMS to the mold surfaces during the replication.

12



(@

(b) d

Figure 3.2. 3D-printed mold design and fabrication. CAD model of the mold with a pillar size
of 350 um and porosity of 0.6. (b-d) Top-view of the 3D-printed molds after post-curing and
spray-coating with a pillar size of 300 um and porosities of 0.5, 0.55, and 0.6, respectively. All
designs have a 60 um pore throat and 400 um height.

3.4 PDMS Microfluidic Membrane Fabrication

PDMS microfluidic membranes shown schematically in Figure 3.3 were fabricated using RTV
615 A, a silicone base casting resin, and RTV 615 B, a curing agent (Permacol B.V., Nether-
lands). Two different PDMS blends were prepared to serve distinct functional layers in the
microfluidic chip: one rich in curing agent (referred to as B-rich) and the other rich in base
polymer (referred to as A-rich). For the B-rich solution, RTV 615 A and RTV 615 B were added
in a 4:1 weight ratio. The components were stirred in a disposable paper cup until a uniform
mixture was achieved. To remove any air bubbles introduced during mixing, the solution was
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degassed in a vacuum desiccator for approximately 30 minutes. Following this, the degassed
mixture was poured into a mold designed to form the microfluidic pillar array features (see
Figure 3.4b). In parallel, the A-rich PDMS solution was prepared by mixing RTV 615 A and B
in a 30:1 ratio. As with the B-rich mixture, thorough mixing was followed by vacuum degassing
for 30 minutes. This blend was poured into a separate mold to create the base layer of the chip
(Figure 3.4a).

Once both molds had been filled, they underwent a secondary degassing process lasting ap-
proximately one hour to further remove trapped air. After degassing, the molds were transferred
into a preheated oven set at 80 °C. The samples were thermally cured for 45 minutes, with the
first 5 minutes allowed for temperature stabilization and the remaining 40 minutes for full
polymerization. Upon removal from the oven, the mold containing the microfluidic features
was cooled in a refrigerator for 10 minutes to aid demolding. The structured PDMS layer was
then gently peeled from the mold and aligned onto the pre-cured base layer. This assembly was
placed back in the oven at 80 °C and left to cure overnight, allowing for irreversible bonding
through thermal crosslinking. After the overnight bonding process, the fully assembled chip
was removed from the oven and stored in a refrigerator for an additional 2 to 3 hours to promote
mechanical stability. Finally, the fabricated microfluidic membrane was carefully cut from the
mold using a sharp blade for subsequent experiments as shown in Figure 3.4c and d.

Flow direction

Inlet Outlet

Figure 3.3. A 3D schematic of the microfluidic device. Blue arrows indicate the overall flow
direction from the inlet to the outlet, passing through the porous medium composed of a disor-
dered micropillar array (orange).
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Figure 3.4. Top-view of the PDMS microfluidic chip fabrication process. (a) Base mold con-
taining the A-rich PDMS solution. (b) Feature mold containing the B-rich PDMS solution. (c,
d) Final, bonded PDMS microfluidic chips after demolding with a pillar size of 300um, a pore
throat of 60um, and a height of 400um, with porosities of 0.5 (c) and 0.55 (d).
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4 Results and Discussion

This section presents and discusses the numerically simulated hydrodynamic properties of the
disordered micropillar arrays. The analysis is structured to first outline the influence of pillar
size, pore throat size, and porosity on the intrinsic permeability. Subsequently, it examines the
effect of operational pressure, revealing significant deviations from classical Darcian flow.
These findings are then critically evaluated against established theoretical models, and their
implications for the broader research objective of understanding soft particle filtration are ex-
plored.

4.1 Effect of Pillar Size on Permeability

The effect of pillar size on permeability was systematically explored through numerical simu-
lations using disordered arrays of circular micropillars with diameters of 250, 300, and 350 pm.
The analysis was conducted across three porosities of 0.5, 0.55, and 0.6 and under inlet pres-
sures of 10, 20, 30, and 40 mbar, while maintaining a minimum pore throat of 50 um. The
results for each porosity scenario are presented in Figures 4.1, 4.2, and 4.3.

At a fixed porosity of 0.50, Figure 4.1 illustrates a clear relationship between pillar diameter,
pressure, and permeability. A steady decline in permeability was observed for all pillar sizes
with increasing inlet pressure from 10 to 40 mbar. The 250 pm pillars configuration exhibited
the lowest permeability, which reduced by approximately 4.9% as pressure increased from 10
to 40 mbar. Meanwhile, the 300 pm pillar configuration displayed more substantial decreases
0f'9.2%. Notably, the 350 um pillar configuration consistently yielded higher permeability than
those with smaller diameters, regardless of pressure. However, the 350 um pillar configuration
underwent a 11.2% decline over the same pressure range. While the absolute permeability was
higher for larger pillar configurations, they also exhibited greater relative loss, indicating
that increasing the pillar diameter leads to less hydrodynamic resistance and promotes efficient
flow pathways.

This trend is reinforced as porosity increased to 0.55 (Figure 4.2), as a similar trend was ob-
served, but with slightly more pronounced decreases. The permeability of the 250 um pillars
dropped by 10.1%, whereas the 300 um and 350 pm pillars showed reductions of 12.8% and
18.1%, respectively. This indicates that while a more porous medium supports higher initial
permeability, it may also be more susceptible to pressure-induced reductions.

At the highest porosity of 0.60 (Figure 4.3), the relative change in permeability became even
more evident. The 250 pm pillars showed a 15.8% drop, the 300 um pillars decreased by 23.1%,
and the 350 um pillars exhibited the largest reduction of approximately 26% from 10 to 40
mbar. These results show that as porosity increases, the structure becomes more vulnerable to
pressure-related flow degradation, particularly in systems with larger pillar sizes.

Larger pillars consistently offer higher permeability under all conditions due to reduced flow
obstruction. However, systems with higher porosity and larger pillars exhibit a more significant
percentage decline in permeability with increasing pressure due to increased sensitivity of flow
pathways to pressure gradients. This indicates a trade-off between achieving high permeability
and maintaining flow stability under pressure. Additionally, increased porosity led to higher
permeability values, as expected, due to the greater fraction of void space available for fluid
flow.
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These results highlight that optimizing both pillar diameter and porosity both enhance permea-
bility across all pressures studied and is essential for improving flow performance in microflu-
idic filtration systems. These findings underscore the importance of carefully designing pillar
architectures in microfluidic filtration applications particularly in processes susceptible to cake
layer compaction from soft particles where maintaining stable permeability is essential.
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Figure 4.1. Comparison of permeabilities obtained from numerical simulation against static
inlet pressure for different pillar size of disordered configurations of circular micropillars at a
minimum pore throat of 50 um and 0.5 porosity.
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Figure 4.2. Comparison of permeabilities obtained from numerical simulation against static
inlet pressure for different pillar size of disordered configurations of circular micropillars at a
minimum pore throat of 50 um and 0.55 porosity.
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Figure 4.3. Comparison of permeabilities obtained from numerical simulation against static
inlet pressure for different pillar size of disordered configurations of circular micropillars at a
minimum pore throat of 50 um and 0.6 porosity.
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4.2 Effect of Pore Throat Size on Permeability

The effect of pore throat size on permeability was investigated considering pore throat sizes of
50, 60, and 70 um. Simulations were carried out at a fixed pillar diameter of 350 um and under
inlet pressures of 10, 20, 30, and 40 mbar. The findings corresponding to porosity values of
0.50, 0.55, and 0.60 are illustrated in Figures 4.1, 4.2, and 4.3, respectively.

While porosity largely determines the overall scale of permeability, the pore throat, which is
defined as the spacing between pillars, plays a critical role in regulating local hydraulic re-
sistance. The data clearly demonstrate that for a given porosity, permeability is highly sensitive
to the pore throat size. As illustrated in Figures 4.4, 4.5, and 4.6, the data series for pore throats
of 50, 60, and 70 um consistently show that a larger minimum pore throat size results in higher
permeability. This trend is evident across all porosity values. For example, in Figure 4.5 at 0.55
porosity, increasing the pore throat size from 50 um to 70 um at 10 mbar raises the permeability
from 5.1x1071m? to 5.8x107' m?, representing an approximate 15% increase. These pore
throats act as primary constriction points where velocity peaks and viscous dissipation are most
intense. Therefore, widening the pore throat alleviates local flow resistance and enhances over-
all permeability.
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Figure 4.4. Comparison of permeabilities obtained from numerical simulation against static
inlet pressure for different pore throat sizes of disordered configurations of circular micropil-
lars at a pillar diameter of 350 um and 0.5 porosity.
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Figure 4.5. Comparison of permeabilities obtained from numerical simulation against static
inlet pressure for different pore throat sizes of disordered configurations of circular micropil-
lars at a pillar diameter of 350 um and 0.55 porosity
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Figure 4.6. Comparison of permeabilities obtained from numerical simulation against static
inlet pressure for different pore throat sizes of disordered configurations of circular micropil-
lars at a pillar diameter of 350 um and 0.6 porosity.
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4.3 Effect of Porosity on Permeability

A comparative analysis across Figures 4.4, 4.5, and 4.6, demonstrates that increasing the void
fraction of the medium leads to a substantial enhancement in permeability. For a fixed pillar
diameter of 350 um and a constant pore throat of 70 um, the permeability at an applied pressure
of 10 mbar increases from approximately 3.9x1071m? at porosity of 0.5 (Figure 4.4) to
5.8x1071 m? at porosity of 0.55 (Figure 4.5), and further to 8.3x107!° m? at porosity of 0.6
(Figure 4.6). This represents a more than two-fold increase in permeability over a porosity range
of just 0.1. This observation aligns with the established principle that increased void space fa-
cilitates more open and less resistant flow channels, thereby lowering overall hydraulic re-
sistance. A similar non-linear dependence of permeability on porosity has also been reported in
previous numerical studies of microstructured porous media (Nie et al., 2024).

To contextualize these simulation findings, the computed permeability was compared with pre-
dictions from three prominent theoretical and semi-empirical models. These include the KC
equation, the model by Koch and Ladd (KL), and a model introduced by Yazdchi et al. (YSL).
The comparison, shown in Figure 4.7 for a pillar diameter of 300 um and a pore throat of 60
um, reveals notable quantitative discrepancies, highlighting the challenges associated with ac-
curately modelling and predicting flow behavior in geometries of such complexity.

All three theoretical models succeed to predict the qualitative trend of increasing permeability
with increasing porosity. Nevertheless, their predictive quantitative accuracy shows considera-
ble variation. The KC equation, although providing a reasonable order-of-magnitude estimate,
tends to predict lower permeability values compared to the simulated permeabilities. This is not
surprising, as the KC model was originally formulated for packed beds of granular particles and
its derivation relies on assumptions of creeping flow and a simplified geometric representation
that often does not adequately reflect the structural characteristics of complex porous systems
such as disordered pillar arrays.

The model introduced by (Yazdchi et al., 2011). (YSL), which is often presented as a modifi-
cation of the KC equation that better accounts for tortuosity in fibrous media, shows the closest
agreement with the simulation results. This improved accuracy suggests that a more refined
treatment of the tortuous flow paths, which are a dominant feature of the pillar arrays, is critical
for accurate permeability prediction.

Most strikingly, the (Koch & Ladd, 1997) model overpredicts the permeability, exceeding sim-
ulation results by more than an order of magnitude. This model was originally developed for
specific geometric configurations and flow regimes, primarily focusing on periodic square ar-
rays and random arrays of aligned cylinders and extending the analysis beyond creeping flow
to include inertial effects (Koch & Ladd, 1997). The vast discrepancy observed in this study
indicates that the specific formulation of the KL model applied here does not accurately repre-
sent the flow behaviour within densely packed, disordered pillar configurations. In such sys-
tems, the resistance to flow is primarily influenced by complex hydrodynamic interactions aris-
ing from the close proximity of the pillars. This comparison highlights the fact that, although
theoretical models can provide valuable physical insight, their predictive accuracy is limited by
their underlying assumptions. Therefore, DNS remains an essential tool for accurately charac-
terizing and analyzing flow behavior in media with complex microstructural features.
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Figure 4.7. Comparison of permeabilities obtained from numerical with theoretical and semi-
empirical models for a pillar diameter of 300 pm and a pore throat of 60 um.

4.4 Pressure-Dependent Permeability: Evidence of Non-Darcian Flow

A notable and consistent trend observed across all simulated configurations is the near-linear
decrease in calculated permeability as the applied pressure drop across the microfluidic device
increases from 10 mbar to 40 mbar. This behaviour marks a significant deviation from the clas-
sical Darcy's Law. The later states that permeability is an intrinsic property of a porous medium,
independent of the pressure gradient or flow rate. This law is fundamental to the study of porous
media but is strictly valid only under conditions of slow, viscous dominated (creeping) flow
regime, where the Reynolds number is low.

The observed negative slope in the permeability-pressure plots indicates that the hydraulic re-
sistance increases as the fluid flow rate, driven by pressure, increases. This trend indicates the
onset of inertial effects, even though the Reynolds numbers remain relatively low. In such con-
ditions, inertial forces, while still small compared to viscous forces, become non-negligible,
leading to deviations from linear pressure—flow behavior. Darcy's law assumes a perfectly lin-
ear relationship between flow rate (Q) and pressure drop (AP). However, when the actual pres-
sure required to maintain a given flow rate is higher than predicted by this linear model, the
permeability decreases with increasing pressure. This effect is a well-known hallmark of non-
Darcian flow. Such behavior implies that the flow regime is transitioning toward one where
fluid inertia contributes meaningfully to energy losses, even if laminar conditions are still dom-
inant, a phenomenon often modelled with extensions to Darcy's law like the Brinkman or Forch-
heimer equations. These equations introduce inertial corrections or effective viscosity terms,
allowing for better characterization of flow in complex microstructured geometries like mi-
cropillar arrays. This phenomenon has also been examined in the literature, including studies
on the permeability of disordered pillar arrays in microfluidic devices, such as the work by
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Chakrapani (2023), which applied Brinkman's theory to capture the effects of wall friction and
non-Darcian behavior.

Although the overall flow in microfluidic devices is typically laminar, the disordered micropil-
lars arrangement introduces significant geometric complexity, resulting in highly tortuous and
non-linear streamlines. Rather than progressing along straight paths, the fluid is forced to nav-
igate a network of frequent expansions and contractions between pillars, continuously altering
its direction and velocity. This intricate flow topology increases local shear gradients and en-
ergy dissipation, which can significantly influence transport properties such as permeability and
pressure drop.

The underlying cause of the observed non-Darcian flow behavior is rooted in the fundamental
principles of fluid dynamics described by the Navier-Stokes equations. Darcy's Law is a sim-
plification of these equations, valid only when the inertial term, p(u - V)u, is negligible. This
term represents the convective acceleration of the fluid. In the case of the pillar arrays examined
in this study, as fluid accelerates through the narrow pore throats and subsequently decelerates
in the more open regions between pillars, making the inertial effects becomes significant. Such
variations in velocity demand an input of energy, which is supplied by the pressure gradient
driving the flow. This dissipation of kinetic energy is a loss mechanism that is entirely separate
from the viscous friction accounted for in Darcy's Law.

4.5 Flow Field Analysis: Velocity Distribution and Streamline Patterns

To further reveal the influence of the pillar arrangement on the permeability and internal fluid
dynamics, the velocity fields and corresponding streamlines were simulated for three distinct
porous media configurations of different pillar diameters and pore throats. Figure 4.8 presents
a comparative visualization of these simulations, conducted at a constant inlet pressure of 40
mbar. Each configuration is defined by its pillar diameter, minimum pore throat, and porosity,
respectively. The analysis focuses on understanding how these geometric parameters govern
the flow paths and velocity magnitudes, which are precursors to predicting permeability and
potential fouling behavior.
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Figure 4.8. Velocity distributions (left) and streamline patterns (right) for pillar arrangements:
(a) 300, 60, 0.6, (b) 350, 60, 0.6, and (c) 350, 50, 0.6. The colour legend represents the velocity
magnitude (in m/s) of the horizontal velocity field at an inlet pressure of 40 mbar.

A comparison between configurations (a) and (b) highlights the effect of the pillar diameter on
flow behaviour. Interestingly, the structure with larger pillars, (b), produced a higher maximum
local velocity of 0.856m/s compared to 0.74m/s in configuration (a). This finding suggests that
while the porosity and minimum pore throat are held constant, the larger pillars in (b) induce
more significant flow heterogeneity. The fluid is routed into a few preferential channels where
velocity is increased, which consequently expands the low-velocity, near-stagnant zones. In
contrast, the flow in (a) appears less heterogeneously distributed than (b), characterized by a
lower velocity range across the domain.

The effect of the minimum pore throat size is assessed by comparing configurations (b) and (c).
As anticipated, reducing the minimum pore throat from 60um to 50um resulted in the highest
maximum local velocity of all three arrangements, reaching 0.863m/s in configuration (c). This
acceleration arises from the principle of mass continuity (conservation of mass), which neces-
sitates increased fluid velocity at narrower constrictions to maintain a constant volumetric flow
rate. The streamlines shown in the magnified view of Figure 4.8c exhibit more compression
through these bottlenecks, which is indicative of more tortuous and accelerated flow paths.

A crucial observation across all three arrangements is the furcate nature of the flow. The disor-
dered pillar placement creates complex, branching streamlines that increase the effective path
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length for fluid seepage, a key contributor to overall hydrodynamic resistance. This disordered
structure promotes the formation of preferential flow paths, a phenomenon often termed "chan-
nelling," which is evident in all configurations.

From these velocity profiles, direct implications for permeability can be drawn. The results
reveal that arrangements with more defined preferential channels are not necessarily less per-
meable. In fact, configuration (b) exhibited the highest permeability. Surprisingly, configura-
tion (a), with its more evenly distributed flow, was the most resistant to flow, possessing a
permeability that was only about 88% of that measured for configuration (b). Meanwhile, con-
figuration (c), whose narrow pore throats created the highest-velocity streams, presented a
greater overall resistance to flow than (b), with a permeability that was approximately 97% of
that measured for configuration (b). This finding underscores that the overall permeability is
dictated by the global structure of the pillar network rather than solely by the maximum velocity
in localized constrictions or the uniformity of the flow. Therefore, a system with well-defined
but not excessively constrictive channels, like (b), is more permeable than both a system with
less heterogeneous flow (a) and one with more significant constrictions (c).

From a design perspective, this analysis provides valuable insight into the optimisation of mi-
crofluidic membranes for filtration applications aimed at minimising soft particle accumulation.
Reducing stagnation zones while ensuring consistent, well-connected flow channels is critical
to maintaining high permeability and preventing excessive cake layer formation. Moreover,
achieving an optimal trade-off between structural randomness, channelling, and pore throat size
may offer a viable method for optimising both permeability and fouling resistance in filtration
systems.

4.6 Pressure Analysis: Effect of Pillar Geometry on Pressure Drop and Flow

Investigation of the pressure distribution across the three pillar arrangements provides insight
into the geometric factors governing hydraulic resistance. The hydraulic resistance of each pil-
lar arrangement was evaluated by measuring the pressure drop across the chip at a normal in-
flow velocity of 0.1. As depicted in Figure 4.9, all configurations exhibit a characteristic pres-
sure gradient, with pressure decreasing linearly along the direction of flow from the inlet (left)
to the outlet (right). A quantitative comparison revealed that configuration (a), which features
a pillar diameter of 300 um and a minimum pore throat of 60 pm, generated the largest pressure
drop of 41 mbar. In contrast, configurations (c) and (b) yielded a lower pressure drop of about
35.9 and 34 mbar, respectively.
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Figure 4.9. Pressure distribution (left) and pressure drop streamline (right) for pillar arrange-
ments. (a) 300, 60, 0.6, (b) 350, 60, 0.6, and (c) 350, 50, 0.6. The colour legend represents the

pressure values (in Pa).

This comparison highlights that the pillar size is the dominant parameter controlling the overall
flow resistance. The reduction of the pillar diameter from 350 pm in configuration (b) to 300
um in configuration (a) is directly responsible for the significant increase in pressure drop. On
the other hand, the increase in the minimum pore throat size from 50 pm (c) to 60 um (b), while
keeping the pillar size constant, had a minor or negligible impact on the overall pressure drop.

Further analysis of the flow kinematics, illustrated by the streamline in Figure 4.9b, revealed
the underlying mechanism behind the observed pressure loss and its implications for membrane
fouling. As the fluid accelerates through the narrow constrictions between pillars, flow separa-
tion occurs in the downstream region of the pillars. This leads to the formation of stable, recir-
culating eddies or vortices in the low-velocity zones behind pillars. These eddies are not part of
the main, through-flowing fluid but are sustained by energy transferred from it via shear forces.
This process represents an additional energy dissipation mechanism, known as form drag,
which contributes to the total pressure drop (Koch & Ladd, 1997; Nield, 1991). The presence
of these inertial effects explains why the relationship between flow velocity and pressure gra-
dient in such geometries is often non-linear, as the size and intensity of these energy-dissipating
eddies typically increase with flow velocity.

Beyond hydraulic resistance, these eddies also act as hydrodynamic traps, entraining suspended
particles and significantly increasing their local residence time. This prolonged exposure raises
the likelihood that soft or deformable particles will adhere to pillar surfaces or aggregate,
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thereby initiating fouling and cake layer formation. The presence and behaviour of these vorti-
ces are strongly influenced by the geometry of the pillar arrangement, and their size and inten-
sity typically increase with flow velocity. This explains the non-linear relationship between
flow rate and pressure gradient observed in such geometries.

Therefore, optimal membrane design should not focus solely on minimizing the clean-fluid
pressure drop but also aim to reduce the size and stability of these recirculating zones. By en-
gineering a more uniform and streamlined flow field, the design can discourage particle accu-
mulation, minimize fouling, and enhance the long-term operational performance of the filtration
system.
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5 Conclusion

This study successfully characterized the hydrodynamic behavior of microfluidic membranes
with disordered micropillar arrays, providing fundamental insights into the factors governing
fluid flow in such microstructures. The permeability of the micropillar arrays is strongly influ-
enced by their geometric design, with increases in pillar diameter, pore throat size, and porosity
all leading to higher baseline permeability and lower hydraulic resistance. However, the most
significant finding of this work is the clear evidence of non-Darcian flow. Across all simulated
configurations, the calculated permeability exhibited a near-linear decrease with increasing ap-
plied pressure, dropping by as much as 26% in some cases, a key deviation from classical Dar-
cy's Law. This phenomenon is attributed to the growing influence of inertial forces, which be-
come non-negligible as fluid accelerates and decelerates through the tortuous paths of the pillar
array. Analysis of the simulated flow fields revealed that these inertial effects result in signifi-
cant flow heterogeneity, including preferential channelling and the formation of stable, recir-
culating eddies. These eddies contribute to energy dissipation through form drag and increase
the local residence time of particles, which raises the likelihood of their adhesion to pillar sur-
faces. It was further determined that the overall permeability is dictated by the global structure
of the pillar network rather than solely by localized constrictions. Finally, a comparison with
established theoretical models revealed significant quantitative discrepancies, underscoring
their limitations and validating the necessity of DNS for precise characterization. In summary,
this research demonstrates that optimizing membrane performance requires a holistic design
approach that considers the entire microstructural architecture to minimize detrimental inertial
effects and enhance long-term operational stability.
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6 Future Studies

To build upon the findings of this thesis, several areas are recommended for future investiga-
tion. A direct experimental comparison is necessary to validate the numerical results. This
should involve conducting pure water flux experiments with the already fabricated devices and
implementing micro-PIV to measure the actual velocity fields. To more accurately simulate the
filtration of soft particles, the current CFD model should be extended to include a Fluid-Struc-
ture Interaction (FSI) module, allowing for the modelling of deformable particles and their
compression under hydrodynamic forces. The combination of FSI simulations with uPIV vali-
dation would represent a particularly powerful approach. Finally, a detailed study focusing on
the observed non-Darcian flow is warranted. This could involve applying Brinkman's theory to
the simulation results to better model the effective viscosity and capture the transition from
Darcy to non-Darcian flow, allowing for the prediction of filtration performance and permea-
bility in microfilters through modelled equations, in particular for disordered pillar arrays in
microfluidic membranes.
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