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Abstract

Fuel cells have emerged as one of the dominant technologies in the energy transition,
owing to their zero-emission operation, high energy density, sustainability, and low
maintenance requirements. Despite their promise, the performance and lifespan of
fuel cells are not typically predicted through detailed theoretical calculations; rather,
they are governed by complex multiphase transport phenomena occurring within a
porous media. These phenomena include diffusion, adsorption, and the wetting char-
acteristics of porous surfaces. Conventional experimental techniques are insufficient

for capturing pore-scale effects.

This thesis focuses on modifying a diffuse-interface multiphase model to enable the
construction of a solid phase from one of the existing phases, drawing upon the concept
of the immersed boundary method (IBM). To render the solid phase stationary, a body
force term is incorporated into the momentum equation. Additionally, A novel aspect
of this multiphase IBM is that by modifying the N-phase (N>2) model, we obviate the

need to explicitly enforce boundary conditions for contact angles.

Simulations of a porous media demonstrate that the present N-phase model is capa-
ble of providing meaningful insights into pore-scale behavior across varying Capillary
numbers (Ca), and successfully captures the fingering patterns of the invading phase.
In conclusion, the N-phase model with solid modification achieves the primary objec-
tive of this thesis, namely, the effective simulation of pore-scale transport processes in

porous media.

Keywords

Multiphase flow, N-phase flow, Phase field, Immersed boundary method, Solid mod-

elling



Abstract

Bransleceller har vuxit fram som en av de dominerande teknikerna i energiomstall-
ningen, tack vare utslappsfri drift, hog energitathet, hallbarhet och lagt underhalls-
behov. Trots sin potential foérutsags branslecellers prestanda och livslangd vanligtvis
inte genom detaljerade teoretiska berdkningar; de styrs snarare av komplexa flerfas-
transportfenomen i pordsa medier. Dessa fenomen omfattar diffusion, adsorption och
vatningsegenskaper hos porosa ytor. Konventionella experimentella metoder ar otill-

rackliga for att fanga upp effekter pa porskala.

Denna avhandling fokuserar pa att modifiera en flerfasmodell med diffusa granssnitt
for att mojliggora bildandet av en fast fas utifran en av de befintliga faserna, med
utgangspunkt i metoden for nedséankta randvillkor (IBM). For att halla den fasta fasen
stationar infors en term for volymkraft i rérelsemangdsekvationen. En ny aspekt av
denna flerfas-1BM &r dessutom att modifieringen av modellen for N faser (dar N > 2)

eliminerar behovet av att explicit tillampa randvillkor for kontaktvinklar.

Simuleringar av porésa medier visar att den aktuella N-fasmodellen kan ge vardefulla
insikter om beteendet pa porskala vid varierande kapillartal (Ca) och framgangsrikt
fangar upp de fingringsmonster som uppstar hos den intrangande fasen. Sammanfat-
tningsvis uppfyller N-fasmodellen med modifiering for fasta faser avhandlingens hu-
vudsakliga mal, namligen att effektivt simulera transportprocesser pa porskala i porésa

medier.

Nyckelord

Flerfasflode, N-fasflode, Fasfalt, Immersed randmetoden, solid modellering
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Chapter 1

Introduction

Fuel cells have become a dominant technology in the energy transition and environ-
mental protection, owing to their zero-emission operation, high energy density, and
suitability for stationary power applications [14]. A typical fuel cell comprises several
components, including a membrane, a catalytic layer (CL), a gas diffusion layer (GDL),
flow channels, and bipolar plates. Consequently, the performance and durability of
fuel cells are closely linked to the complex multiphase transport phenomena occur-
ring within the porous media. Research has demonstrated that simulations neglecting
pore-scale effects—such as adsorption, diffusion, and slip behavior—yield significantly

different results compared to those that account for these phenomena [1].

Various methods exist for evaluating fuel cell performance, including in-situ tech-
niques that monitor operation during active use and material characterization ap-
proaches. While these methods provide invaluable data on overall cell performance,
they are unable to capture the aforementioned pore-scale effects or resolve the detailed
operating behavior at the microscale. This limitation motivates the development of

pore-scale numerical simulation.

Given the inaccuracies introduced by simulations that omit pore-scale multiphase flow
modeling—inaccuracies that can compromise the reliability of fuel cell performance
predictions—this thesis focuses on constructing a solid phase within multiphase flow
simulations to represent the porous media of the fuel cell. By combining a conservative
second-order phase-field model for N-phase (N > 2) flows [8] with the use of one phase

as an indicator of the solid phase [13], we test several methods. These include the
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removal of the solid-phase advection equation and the addition of a body force term to

induce regions of zero velocity.
The objectives of this thesis are as follows:

1. To implement and compare methods for representing rigid solid structures
within the N-phase flow framework.

2. To evaluate each method’s capability to preserve phase-field dynamics and en-

force the no-slip condition.

3. To validate the appropriate methods against a benchmark case with well-

established experimental and numerical results.

4. To demonstrate the applicability of the approach to fuel cell porous geometries.

1.1 Problem

Currently, fuel cell performance calculations are predominantly empirical in nature,
relying on macroscopic assumptions that all species are uniformly distributed and that
water removal from the porous structure occurs instantaneously—conditions that do
not reflect physical reality. In practice, water generated by the electrochemical reac-
tion is not immediately expelled from the system, potentially leading to pore blockage
within the porous media and a consequent reduction in the available surface areafor re-
action. Furthermore, numerous parameters, including surface tension coefficient and
contact angle, are intrinsically linked to the hydrophilic or hydrophobic properties of
the materials. Shahmardi et al. [9] demonstrated that variations in the solid—liquid
contact angle significantly influence flow behavior, including the fingering patterns of

the invading phase.

In addition, several studies have reported that surface characteristics across different
layers affect fuel cell performance. For example, a broad pore size distribution (PSD)
has been found to enhance water retention within the catalyst layers (CLs), which can

obstruct the porous surface area and thereby diminish fuel cell performance [10].

Given these challenges, it would be advantageous to determine fuel cell performance
and operational behavior through a computational fluid dynamics (CFD) solver. Such
an approach would enable the tuning of key parameters and facilitate high-accuracy

performance evaluation using numerical models alone.
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1.2 Purpose

The primary purpose of this thesis is to extend the N-phase model [8] to enable the sim-
ulation of multiphase flows involving a solid phase. Leveraging the inherent capability
of the N-phase framework to accommodate an arbitrary number of phases with distinct
fluid properties, one phase is designated as the solid phase, with its initial phase-field
distribution serving as the geometry of the rigid solid structure. Furthermore, to fa-
cilitate the simulation of complex solid geometries, the immersed boundary method
(IBM) is adopted, owing to its potential to reduce the computational cost of the simu-

lations.

1.3 Goal

This thesis aims to employ the N-phase model for the high-fidelity and stable replica-
tion of complex solid geometries, such as a porous media in fuel cells, while maintain-
ing lower computational costs relative to conventional approaches. In addition, the
model is designed to allow systematic variation of key fuel cell parameters, ultimately
enabling the optimization of cell efficiency.

1.4 Benefits, Ethics, and Sustainability

The work presented in this thesis contributes to the advancement of the energy re-
search community, particularly in the field of fuel cell research. By providing detailed
pore-scale simulations of fuel cell behavior, the results enable users to improve cell

design and performance, ultimately enhancing overall efficiency.

Furthermore, this approach has the potential to accelerate the development of a fuel
cell economy, as researchers and engineers will be able to simulate performance and
identify optimization strategies more effectively. The ability to explore fuel cell behav-
ior in greater detail and to modify designs through this digital twin approach offers a
more accessible pathway for performance enhancement. Given the global shift toward
sustainable technologies and renewable energy, the contributions of this thesis—by fa-
cilitating more efficient fuel cell optimization—may support the broader adoption of

fuel cells and improve accessibility to green energy solutions.
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1.5 Methodology

While experimental methods offer the advantages of accuracy and the inclusion of real-
world complexities, simulation was selected as the primary research approach for this
thesis. This choice was motivated by the need for amore comprehensive understanding
of fuel cell performance across multiple aspects, including water management and flow

behavior over porous media.

Furthermore, the model must be scalable, a requirement that is difficult to achieve
through experimental parameter optimization. In addition, simulation eliminates ma-
terial costs and reduces labor expenses associated with experimental work, such as the
need for technicians. The primary cost of simulation lies in computational resources
and time. However, given the complexity of pore-scale simulations, achieving accu-
rate results typically demands extremely fine meshes and substantial computational
power. To address this, the immersed boundary method (IBM) was adopted, as it en-
ables the representation of solid surfaces on a standard Cartesian grid with appropriate

resolution.

The methodology began with a literature review of various modifications compatible
with the existing model, followed by their implementation and evaluation to determine
suitability. After selecting the most appropriate modification, the current model was
compared against a public reference case to assess its accuracy. Finally, the applicabil-
ity of the model was demonstrated through porous media simulations, in line with the

primary objective of this thesis.

1.6 Outline

The theoretical background is presented in the following chapter, which provides a
detailed explanation of fuel cell operating principles and multiphase flow. In addition
to the engineering-related context, the chapter outlines the key methodologies and
approaches, with particular focus on computational fluid dynamics (CFD) methods.

The working principles and main advantages of these methods are also discussed.

Subsequent chapters address model modifications and validation. Specifically, Chap-

ter 4 describes the modifications made to the existing model, while Chapter 5 presents
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the results of flow over a stationary cylinder at Re = 40, including a comparative anal-
ysis between the simulated cases and reference data.

The thesis concludes with a summary of the model’s performance, highlighting its qual-

ity, identifying its limitations, and discussing its potential areas of application.



Chapter 2

Engineering-related contents

2.1 Engineering-related content

2.1.1 Fuel Cells

A fuel cell is an electrochemical device that converts the chemical energy of a fuel and
an oxidant directly into electrical energy [5]. It typically consists of an electrolyte layer
in contact with a porous anode and cathode. In operation, fuel is supplied to the anode
side, while the oxidant is fed to the cathode side. The electrochemical reactions proceed

according to the following equations:

Anode: H, — 2H' +2¢ (2.1)
1
Cathode: 502 +2H" +2¢ — H,0 (2.2)
1
Overall: H; + 502 — H50 + Energy (2.3)
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Figure 2.1.1: Schematic of fuel cell operation [Source: 3M United Kingdom, 3m.co.uk].

Fuel cells offer several notable advantages over conventional fossil fuel-based tech-

nologies. The primary advantages are as follows:

« High volumetric and gravimetric efficiency: Since fuel cells convert chem-
ical energy directly into electrical energy, their efficiency is not constrained by the

Carnot thermodynamic cycle.

» Low emissions: Fuel cells produce lower carbon dioxide and nitrogen oxide
emissions per unit of power generated. Additionally, noise and vibration levels

are reduced owing to the absence of moving parts.

* Modularity and flexibility: Fuel cells can be stacked in series to achieve
higher voltages. Furthermore, they are available in a wide range of sizes, from

watts to megawatts.

 Low maintenance: The modular design facilitates easier repair and replace-

ment, resulting in reduced maintenance requirements.

» Fuel flexibility: A variety of fuels can be utilized, including hydrogen, natural
gas, propane, and even landfill gas. This versatility makes fuel cells suitable for

operation across a broad range of temperatures.

Currently, several types of fuel cell technologies have been developed and are com-
mercially available, distinguished by their operating temperature range, fuel type, and
catalyst materials. The main technologies include:

» Polymeric Electrolyte Membrane Fuel Cells (PEMFC)

e Direct Methanol Fuel Cells (DMFC)
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Alkaline Fuel Cells (AFC)

Phosphoric Acid Fuel Cells (PAFC)

Molten Carbonate Fuel Cells (MCFC)

Solid Oxide Fuel Cells (SOFC)

Despite these advantages, several challenges hinder the widespread substitution of fuel
cells for conventional technologies. These include uncertainties regarding life cycle
and degradation time, high capital and operational expenditures, and safety concerns
associated with hydrogen flammability, particularly in vehicular applications. Conse-
guently, ongoing research and development efforts remain essential to improve fuel

cell performance and enhance their suitability for broader deployment.

2.1.2 Multiphase Flow

Multiphase flow refers to the simultaneous flow of multiple phases. In the context of
this thesis, the focus is on liquid—gas flow in the presence of a solid phase serving as
the porous medium. Multiphase flow phenomena are encountered across various re-
search fields, including mechanical, nuclear, chemical, and aerospace engineering [4].
The most fundamental example is two-phase flow, such as steam—water flow. Addi-
tionally, multiphase flow may involve different chemical species, known as multicom-
ponent flow, as in the case of air—water systems. A key distinction between multiphase
flow and single-phase flow is the coupling between the velocity field and the phase
field.

Numerical simulation of immiscible two-phase flows presents substantial challenges,
including the enforcement of mass, momentum, and energy conservation; accurate
handling of discontinuous material properties; robust treatment of complex interface
topologies; and precise surface tension force implementation to avoid spurious cur-
rents [7]. Among the various modeling frameworks, the one-fluid formulation has
gained prominence, wherein a single set of governing equations is solved with material

properties varying according to a phase indicator function.

Within this paradigm, Mirjalili et al. (2017) survey six primary interface-capturing
methodologies currently in active development. The Geometric Volume-of-Fluid
(GVOF) method advects a volume fraction field using geometric interface reconstruc-

tion (typically PLIC), offering intrinsic mass conservation at the cost of complex cur-

8
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vature estimation. Algebraic VOF (AVOF) methods compute fluxes without geometric
reconstruction via compressive schemes or hyperbolic-tangent (THINC) approxima-
tions, achieving lower accuracy but reduced implementation complexity. The Level-Set
(LS) method represents the interface as the zero contour of a smooth signed-distance
function, enabling accurate normal and curvature computation, yet suffers from in-
herent mass loss due to reinitialization. The Coupled Level-Set and Volume-of-Fluid
(CLSVOF) hybrid combines the mass conservation of VOF with the geometric accuracy
of LS, though at increased computational expense. Conservative Level-Set (CLS) meth-
ods replace the sharp interface with a diffuse hyperbolic-tangent profile, achieving
mass conservation while introducing an interface thickness parameter and potential
numerical dissipation. Finally, Phase-Field (PF) methods, rooted in Cahn-Hilliard or
Allen-Cahn equations, provide thermodynamically consistent diffuse-interface mod-
eling but face challenges with artificial energy dissipation and application to high-

density-ratio flows.

Mirjalili et al. (2017) conclude that while all methods have seen significant progress,
the foremost remaining challenge is the development of schemes that simultaneously
conserve mass, momentum, and kinetic energy with reasonable computational cost
and scalability for realistic turbulent two-phase flows. Based on their qualitative as-
sessment, VOF and phase-field methods are identified as the most promising classes

for future investment.



Chapter 3

Theoretical Background

3.1 Phase field model of N-phase flows

The phase-field model for N-phase flows employed in this study is that of [8]. This
model offers several advantages. First, it is conservative and symmetric with respect
to the phases, as it satisfies volume conservation, thereby ensuring that no unphysical
phase creation or disappearance occurs. Second, the boundedness of the model is
guaranteed. Third, leveraging the volume conservation and symmetry properties, only
N-1 phase-field equations need to be solved, with the remaining phase field computed
using the constraint X,¢, = 1. The governing equations and algorithm of this N-phase

model are presented below.

99,

¢p ¢q — ]
ot

+ V- (ig,) =V - [eVd, — Xep (€pa/€) Tpq

(3.1)

opu

otV (ot - SY@ i = -VP+V - [u(Vi+ V)] + Fsr (3.2)

In equation 3.2, p and i denote the density and viscosity, respectively. For the phase-

field model, these quantities are computed as:

p = Eppp¢p (33)

p= XphtpPp (3.4)

10
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—

S is the mass-momentum consistency correction flux, calculated from:

v

S =%,p,R, (3.5)

where ﬁp Is the right-hand-side term of equation 3.1. By incorporating the momentum
equation with this artificial mass flux, the kinetic energy of the system is conserved in

the absence of surface tension and viscous forces.

Fsr is the surface tension force and is computed according to:

ﬁST = Yp<q00pgRpgPp®qV Ppq (3.6)
g = —V 1, (3.7)

. Vo,
Tpg = (3.8)

M [Vl

Pp

N o 3.9
Ppq Py (3.9)

As previously noted, the model exhibits guaranteed boundedness, a property inherited
from the two-phase formulation. This is governed by the constraints given in equations
3.10 and 3.11:

v/ |tlmaz + 1
€/Ar > M T - 3.10
S e s (3.10)
At < CAx*/(Dye) (3.11)

where ~ and ¢ are free parameters controlling the strength of the right-hand-side term
and the interfacial thickness, respectively. C'is the diffusive Courant—Friedrichs—Lewy
(CFL) number, which depends on the time-integration scheme, and Dy is the number
of spatial dimensions. Owing to its volume conservation property, the N-phase model
is well-suited for designating one of the phases as the solid phase while conserving
the amount of each phase in the domain. Furthermore, it is particularly advantageous

for investigating the influence of phase-specific free parameters—such as the surface

11
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tension coefficient—on hydrophobic and hydrophilic surface behavior. These features
render the model highly appropriate for the present study.

3.2 Mesh types in Computational Fluid Dynamics

In computational fluid dynamics (CFD), meshing is a critical process, as it directly in-
fluences the quality, stability, and accuracy of the results, as well as the computational
cost of the simulation. Various mesh types are employed in CFD, and the following
subsections present their differences in terms of mesh quality, applicability, and other

relevant aspects.

Simulation quality is highly dependent on the mesh. Meshing determines several im-
portant features; for example, near-wall regions require sufficiently fine resolution to
capture the flow within the viscous sublayer, and mesh alignment can significantly
affect the results. While finer meshes generally provide higher accuracy, they also
increase computational cost and may compromise stability due to numerical restric-
tions. Consequently, different mesh types have been developed to suit specific appli-

cations.

E 5!

Figure 3.2.1: Meshing at the wing [Source: idealsimulations, idealsimulations.com]

Three main mesh types are commonly used in CFD, all of which are body-fitted meshes,

meaning they conform to the solid geometry:
e Structured mesh
e Unstructured mesh

» Hybrid mesh

3.2.1 Structured mesh

Structured meshes are characterized by a regular, grid-like arrangement of cells that

follows a clearly defined and logically ordered pattern. This inherent regularity of-

12
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fers several computational advantages, most notably the ability to identify neighboring
cells through simple index-based addressing, which facilitates efficient data access and
memory usage. Furthermore, structured meshes are particularly well-suited for simple
geometric domains, as they promote faster convergence, deliver high numerical accu-
racy, and require relatively low cell counts. However, the rigid topological constraints
imposed by their regular structure render them significantly less adaptable to complex
geometries, where the discretization process becomes exceedingly difficult and often
impractical.

3.2.2 Unstructured mesh

A fundamental limitation of structured meshing lies in its lack of geometric flexibility,
which restricts its applicability to complex computational domains. To address this
issue, unstructured meshes employ irregular cell topologies that enhance geometrical
adaptability, enabling the discretization of arbitrarily shaped configurations. How-
ever, this increased flexibility introduces significant trade-offs. In particular, unstruc-
tured meshes typically require substantially higher cell counts for equivalent resolu-
tion, leading to increased computational costs relative to structured meshes. More-
over, the numerical solvers designed for unstructured meshes are generally more ex-
pensive in terms of memory and processing requirements, and their implementation

poses greater algorithmic and programming challenges.

3.2.3 Hybrid mesh

By combining the advantages of both structured and unstructured meshes, hybrid
meshes offer the ability to handle complex geometries while maintaining relatively
high accuracy. Unstructured meshes are employed in geometrically challenging re-
gions, while structured meshes are used in simpler areas. This strategy is particularly
advantageous in engineering applications involving intricate geometries, such as tur-
bomachinery or automotive components. However, this fidelity comes at the cost of
significantly increased mesh generation effort, requiring substantial user intervention
in CAD preparation, surface meshing, and interface treatment between different cell
zones [12].

13
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3.3 Immersed Boundary Method (IBM)

The immersed boundary method (IBM) is an approach for simulating fluid—structure
interaction, originally developed by Charles Peskin in 1972. The general concept of
IBM is to simulate flow around an immersed boundary on a grid that is not aligned with
the boundary shape, in contrast to body-fitted meshes. IBM offers several advantages
over body-fitted mesh methods. First, it significantly simplifies grid generation for
complex geometries, and the computational cost is substantially reduced compared to
body-fitted meshes. Second, it facilitates the inclusion of solid body motion. However,

akey limitation is that the accuracy of the results is highly dependent on grid resolution

[2].

M i
|
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Figure 3.3.1: Immersed boundary method [3]

By incorporating the immersed boundary method into the Navier—Stokes equations,

an additional force term is introduced, and the modified equation becomes:

p(% +u-Vu) = -Vp+ uViu+ f (3.12)

where f in equation 3.13 is the additional force exerted by the structure on the fluid,

interpolated as a source term in the momentum equation:
Z

flz,t) = ) F(s,t)0(x — X (s,t))ds (3.13)

14
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The immersed boundary method is straightforward to implement; it requires only the
construction of the solid boundary and the imposition of the corresponding force. Con-
sequently, itis computationally more efficient than body-fitted meshes, as it eliminates

the need to generate a mesh that conforms to the surface complexity.

15
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Model Modification

A literature review is undertaken in this section to explore possible ideas and code
modifications aimed at redefining one of the phases as the solid phase. All proposed

approaches are summarized in the following table.

Approach Algorithm Result

Multiplyi
ultiplying cu =u"+ (RHS —u)(1— ¢;)At

v =v"+(RHS —v)(1l— ¢s)At
e w =w"+ (RHS —w)(1l — ¢5)At

High solid phase advection

intermediate- .
Phase value is conserved

step velocity with 1
- ¢s

Removing phase-

© OV = Ol + AURHS — 1) No solid phase advection

advection  equa- o
* Pyiin =050+ AURHS — ¢9)

Phase value is not conserved

tion of the solid

phase :
° ¢n+1 _4n
S7i7j7k — 872'7]'7](:
o A+l N 1 n+1
¢7;\1[7i7j7k _ 1 o Zpil Z?i7j7k7
Adding a body . .
. (pu) _ (e aypuc AHRHS w)  Low solid phase advection
force term PU)i 172,45k = (-+AqA0) _
. _ (p0)Fy 1o AURHS ) e Phase value is conserved
(00)ij 120 = (11 AqAd)
(pw)'{!j;k 12 At(RHS w)
* (pw)ijn 12 = [(ETY)

Table 4.0.1: Proposed model modifications for solid-phase handling in the multiphase
solver

The explicit Euler scheme was employed for the simulations presented in this table, ¢,

is the phase value of solid phase, A, is the drag coefficient as shown in Table 4.0.1, the

16
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computational approach for all simulations is a fourth-order Runge—Kutta (RK4) ex-
plicit scheme for time integration on a staggered grid and second-order central spatial
schemes, several modifications were implemented and evaluated. However, the pri-
mary challenges encountered were solid phase advection and violation of phase con-
servation. For example, multiplying the intermediate-step velocity by 1 — ¢, resulted in
the velocity at the solid surface (¢, = 0.5) not being equal to or near zero. The illustra-
tive example of solid phase advection issue is presented in the following figure.

0.1

0.08

Solid phase difference 0.06
0.04
0.02

0

-0.02

ouaJayp aseyd pijos

0.04 Q

-0.06

0.2 0.4 0.6 0.8 1 1.2 1.4

1-0.08

-0.1

Figure 4.0.1: Contours of the solid-phase difference (A¢,), illustrating the spatial dis-
tribution of phase-field deviation from the initial solid geometry.

Figure 4.0.1 reveals a significant phase discrepancy. Consequently, the body force im-
plementation is preferred, as it exhibits lower phase advection and better phase con-
servation. The results of this body force implementation are presented in the following

section.

4.1 Adding body force term

The concept of the body force term is derived from Huang et al. [6]. This term is
imposed as shown in equation 4.1 to enforce zero velocity in regions where ¢, > 0.

i)

S Vi = S) @) = ~VP 4+ V- [u(Vit + VO] + Fsr + - (4)
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CHAPTER 4. MODEL MODIFICATION

Fd = Ad(us — u) (42)
2
Ag=Cp o (4.3)
(1 - ¢s)3 + €eq
Pmazx Hmaz
Ca="Ry T As (4.4)

Presented below are the results obtained from enforcing the body force term in the
momentum transport equation.

0.1
0.08

0.06

Solid phase difference

0.04

0.02

-0.02

S o
R
aouaJaylp aseyd pljos

-0.06

-0.08

-0.1

Figure 4.1.1: Contours of the solid-phase difference (A¢,), showing substantial reduc-
tion in solid phase advection compared to Figure 4.0.1.
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Figure 4.1.2: Boundary-layer velocity profile with body force, illustrating the zero-
velocity region induced by the body force term.

Figure 4.1.1 demonstrates that the body-force model yields relatively low phase advec-
tion. Furthermore, the body-force model does not violate phase conservation, as the
maximum and minimum values of all phases remain within the bounds of 1 and O,
respectively. Additionally, this implementation does not require assigning solid prop-

erties such as high density or viscosity.

To further minimize solid-phase advection without adversely affecting the timestep re-
striction of the simulation, a factor was introduced into the body force term. A stronger
body force increases the influence zone characterized by low velocity, thereby reducing

solid-phase advection.

However, as observed in Figure 4.1.2, the location where v = 0 does not coincide
precisely with the cylinder edge. This discrepancy arises because the body force termis
excessively strong, such that the force still induces zero velocity for ¢, < 0.5. Moreover,
increasing the body force through an additional factor causes the zero-velocity location
to shift further from the intended boundary. Consequently, further code modifications
were pursued to improve the precision of the solid phase length. This refinement is

particularly important for cases where flow behavior is highly sensitive to the Reynolds
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CHAPTER 4. MODEL MODIFICATION

number, such as the transition from steady to unsteady, time-dependent regimes. To
address this, an effective length (R.;;) was determined to achieve the desired solid

phase geometry.

4.1.1 Imposing an additional factor on the body force term

As previously mentioned, the primary objective of this modification is to enlarge the
influenced zone of the body force by adjusting the body force term according to equa-
tion 4.5. Furthermore, Mirjalili and Mani [8] demonstrated that the timestep is not
restricted by density, implying that a higher density does not reduce the maximum al-
lowable timestep. However, if the density ratio between phases becomes excessively
high, the initial momentum change of each phase becomes too abrupt, potentially caus-
ing the simulation to diverge. To address this issue, an additional factor (F') was intro-

duced.

¢2

Ay = FCd—(1 — 6. + eq

(4.5)

The use of the additional factor alongside the body force does not implicitly stiffen the

timestep restriction, as shown in the derivation below.

pu™tt — pyn FCy¢? 1
— ; s~ pu” 4.6
1+ F0d¢§ )
p((1 ds)3+eq)

It can be observed that the multiplier is consistently less than 1, ensuring that «"*!

converges to a specific value.

The results demonstrate that solid-phase advection is reduced by 66.86% when using
F = 1000, compared to the case without the additional factor. However, this modi-
fication introduces another issue: the enlarged influenced zone causes the exact solid

surface to be mismatched with the intended location, as shown in Figure 4.1.3.
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U-Velocity U-Velocity
— T B T

r
U-Velocity
Cylinder edge (r) |
"""" Cylinder edge (-r)
g 1

r
[ U-Velocity | |
09 | Cylinder edge (r) | 7 0.9 | |
| T | F— Cylinder edge (-r)

U-Velocity
o
wu
U-Velocity
o
v

o <
~
o
~

03r

02F | | 1 02f | |
| e | |

01f — '\‘ L 1 oaf — \ \ | 1
| |/ | | /
/ \/ \/

1 L L A L L L 1 L \ L VAT L L

0.5 1 1.5 2 25 3 0.5 1 1.5 2 25 3
y-location y-location

Figure 4.1.3: Boundary-layer velocity profiles: body force only (Left), and body force
with additional factor (Right). The zero-velocity region expands with the inclusion of
the additional factor.

Consequently, for cases where the zero-velocity location is sensitive to the outcome—
such as flow over a stationary cylinder at Re = 40, which is near the transition from
the laminar steady regime to the laminar shedding regime—an effective length was
imposed to address this issue.

4.1.2 The effective length (R.;/)

In this subsection, the effective length (R, ;) is introduced to redefine the solid surface
location, ensuring the zero-velocity region aligns with the intended boundary of the
cylinder geometry. For instance, to obtain a length of 0.2, it may be necessary to set
the length to 0.15 instead. The adopted algorithm involves defining a threshold value of
o5 (¢s.1hreshoa) s the solid-phase surface, and subsequently finding the effective length
such that ¢, ,—r = ¢s1nreshoid- SiNce the exact location where the velocity becomes zero
cannot be directly identified, the workflow proceeds as follows: the simulation is first
executed to identify the ¢;...sn01q COrresponding to zero velocity; this threshold is then

used to determine the effective length (R, ;) according to equation 4.8.

Resy = R £ 2etanh (205 threshold — 1) (4.8)

The choice of the positive or negative sign depends on the computation of the signed
distance function within the tanh function. In principle, sufficiently refining the mesh
would allow the zero-velocity point to coincide with the solid surface; however, this ap-

proach would be computationally prohibitive. Consequently, employing the effective
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length offers a more efficient alternative. The combined result of the effective length

and additional factor is presented in Figure 4.1.4.
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.
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Figure 4.1.4: Boundary layer velocity with factor and effective length (R.;), showing

the relocated solid surface.
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Chapter 5

Model Evaluation

Following the selection of the most appropriate model, which consists of the body force

approach augmented with the effective length (R.;;) and additional factor (F), the

resulting formulation is presented in the following equations.

¢2
A =FCj—3——
d Cd(1—¢s)3+€d
. Pmazx HMmaz
Ca = At + Ax?

Reff — R + QEtCLTLh 1(2¢S,threshold - 1)

¢s =14+ tcmh(<Reff - @

— Xcemger)Q + (y - )/center)2 + (Z -

ZcenteT)Q) )]/2

2¢
PU)i 12,5 (LT AN
(pv), ; _ (pv)?,j 12 At(RHS —v)
p i,y 1/2 — (1 n AdAt)
ke (1+ AA0)

The proposed model was compared against the reference case of flow over a stationary

cylinder at Re = 40 [11]. The parameters used for comparison are as follows:

1. l/d : Length of recirculation zone

2. a/d : Distance from the cylinder to the center of the wake vortex

3. b/d : The gap between the centers of the wake vortices
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CHAPTER 5. MODEL EVALUATION

4. 6 : Separation angle

5.1 Domain Setup

To simulate the flow over a stationary cylinder, the computational domain must be
sufficiently large in both directions. Owing to limited computational resources, a two-
dimensional simulation was conducted with a domain size of 32D in the x-direction
and 8D in the y-direction. Inflow and outflow boundary conditions were prescribed
at the left and right boundaries, respectively. The upper and lower boundary condi-
tions are not explicitly specified in the reference [11]. Accordingly, periodic boundary
conditions were selected for the upper and lower boundaries, with a domain height of
8D, to mitigate the influence of boundary proximity on the solution. The cylinder is

positioned at the center of the domain, as illustrated in Figure 5.1.1.

Periodic

Inflow —
. 3.2(8D)
Outflow

12.8 (32D)
Periodic

Figure 5.1.1: Domain setup for flow over a stationary cylinder case (Re=40)

5.2 Simulation Results

Simulations were performed at three resolution levels: 512 x 128, 1024 x 256, and
2048 x 512. The results of these simulations are summarized in the following table
and figures.
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Cases a/d | bjd | ljd | ¢ | Pl
Coutanceau and Bouard ! | 0.76 | 0.59 | 2.13 | 53.8 -
Dennis and Chang 2 - - | 235 53.8 -
Linnick and Fasel ? 0.72 | 0.60 | 2.28 | 53.6 -
Case A? 0.75 | 0.60 | 2.33 | 54.1 -
Case B2 0.73 | 0.60 | 2.30 | 53.7 -

512 x 1283 153 | 0.81 | 3.84 | 57.09 | 0.011700

1024 x 256 3 0.86 | 0.66 | 2.45 | 51.12 | 0.000678

2048 x 51238 0.73 | 0.59 | 2.21 | 54.27 | 0.000431

Table 5.2.1: Comparisontableatt =555

As shown in Table 5.2.1, the characteristic values exhibit convergence with increasing

mesh resolution, which is consistent with the trends presented in Figure 5.2.1.

6. Mesh convergence (a/d) 08 Mesh convergence (b/d) . Mesh convergence (I/d)

—e—Body force model —e—Body force model 38+

—— Coutanceau and Bouard 08 —— Coutanceau and Bouard

—e—Body force model
—— Coutanceau and Bouard

14 Linnick and Fasel Linnick and Fasel
——Case A ——Case A 34

131
Case B 078

Dennis and Chang
—Linnick and Fasel

Case B

Iid
©

Mesh number 108 Mesh number 10° Mesh number 108

Figure 5.2.1: Mesh convergence of characteristic values

!Reference : Experimental result from [11]
2Reference : Numerical result from [11]
$Modification : Body force + R ;¢ + F
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Figure 5.2.2: Boundary-layer velocity, body force + R.;; + F, illustrating the zero
velocity at exact surface location. Boundary-layer velocity profile with body force,
effective length (R.;), and additional factor (F'), demonstrating zero velocity precisely
at the intended solid surface location.

Domain Setup
n =
. — T >
14 %«J

6.5 7 7.5 8

Figure 5.2.3: Flow field (2048 x 512), showing the recirculation zone.

With increasing mesh resolution, the recirculation length obtained at the finest mesh
level (2048 x 512) deviates by only 3.76% from the reference value of Coutanceau and

Bouard. Furthermore, as shown in Table 5.2.1, the solid-phase discrepancy associated
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CHAPTER 5. MODEL EVALUATION

with this modification is extremely low. Therefore, the present modeling approach—
comprising the body force, effective length, and additional factor—is deemed prefer-

able and is adopted accordingly.

In conclusion, to employ the model for simulating pore-scale surfaces, the current drag
coefficient C'p remains inaccurate; however, mesh refinement progressively improves
the Cp value toward the reference. Nevertheless, the model is deemed suitable for
pore-scale simulations, as it is capable of reproducing flow characteristics consistent
with the reference case. To further demonstrate the model’s suitability for the objec-
tives of this thesis, an example pertaining to pore-scale simulation will be presented,

along with a comparison against published results.
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Chapter 6

Porous Media Simulations

Following the validation of the model against the reference case, an attempt was made
to visualize the primary objective of this thesis: the replication of the porous layers of
the fuel cell. In this section, the configuration and domain setup are adopted from
Shahmardi et al. [9], which comprises an invading phase, a defending phase, and
circular solid objects. The number of solid objects is randomly distributed to fit within

the designated area of the defending phase, as illustrated in Figure 6.0.1.

o Porous media (circles), Defendlng phase (Blue), and Invading phase (Red)

PR s T T
15
©©©@ @@@ @
ol 889268 G @@o.
08 © ©°9556 o @@
| 29,09 69 @@ @ @
’ 9> ©CeP ¢ @ @ @ @ @ 8 90
. o 690605686 6 6% © ©36 %%
0 10 20 30 40 50 60 70

X

Figure 6.0.1: Domain Setup for a porous media case

Two cases were simulated by varying the Capillary number (Ca) to values of Ca = 0.1
and Ca = 0.001, as defined by equation 6.1. In the streamwise direction, an inflow
boundary condition was applied at the inlet and an outflow boundary condition at the
outlet, while a periodic boundary condition was imposed in the cross-stream direc-
tion.
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CHAPTER 6. POROUS MEDIA SIMULATIONS

re Ure
Ca = HretZret (6.1)
g
The flow development over the porous media at ¢t = 15 s is illustrated in Figure
6.0.2.

Figure 6.0.2: Flow over a porous media: Ca = 0.1 (Left), Ca = 0.001 (Right), The
fingering patterns differ significantly with varying Capillary number

According to Figure 6.0.2, the effect of varying the surface tension coefficient (o) is
clearly observable. In both cases, appropriate fingering patterns are evident. For a
45° contact angle, the lower Capillary number (Ca=0.001) results in more extensive
invasion of the porous media compared to the higher Capillary number case. It can
therefore be concluded that the present model, incorporating the body force formula-

tion, is capable of providing insightful details into fuel cell behavior.

Additionally, simulations were performed with different contact angles, specifically
45° (hydrophilic) and 135° (hydrophobic). However, only a small difference was ob-
served, as shown in Figure 6.0.3. The expected trend is that the proportion of defend-
ing phase remaining trapped within the porous media increases as the solid surface
becomes more hydrophobic, and decreases as the surface becomes more hydrophilic
(i.e., as ¢ decreases)
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CHAPTER 6. POROUS MEDIA SIMULATIONS

Flow over a porous mediat=110s Flow over a porous mediat=110s
G D m

Figure 6.0.3: 45 degree hydrophilic (Left), 135 degree hydrophobic (Right). Arelatively
small difference is observed between the two cases.

In terms of computational resources, the aforementioned simulation required only 768
CPU hours, as the model does not impose a stricter timestep restriction. By leverag-
ing the immersed boundary method (IBM) and the N-phase model [8], the present
approach achieves high accuracy and good stability, while also offering the capabil-
ity to provide meaningful insights into simulations involving complex solid geome-

tries.
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Chapter 7

Conclusions

The N-phase model has been modified to enable the simulation of multiphase flows
with an embedded solid surface, achieving relatively low solid-phase advection error.
However, due to the inherent coupling between the phase field and the velocity field,
exact zero phase advection is fundamentally unattainable. To mitigate this, an addi-
tional factor was introduced to enlarge the influential zone of the body force, thereby
creating a larger zero-velocity region and reducing phase advection. Nevertheless, this
enlargement also distorts the desired solid geometry. To address this issue, the phase
equation was adapted, and an effective length was computed to restore the solid phase

to the intended geometry.

Following the finalization of the model modifications, the model was compared against
the reference case of flow over a stationary cylinder at Re = 40 from [11]. The results
demonstrated that the model is capable of reproducing key flow characteristics with
good agreement, including recirculation length, wake vortex structure, and separation

angle.

Finally, the current model was employed to replicate the invading phase through a
porous media case, in order to examine the effects of different Capillary numbers,
specifically Ca = 0.1 and Ca = 0.001. The results indicate that the model is well-
suited for studying complex solid geometries, such as those encountered at the pore
scale in fuel cells, and is capable of providing insights into the effects of varying phase

properties.
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CHAPTER 7. CONCLUSIONS

7.1 Future Work

First, the model continues to experience phase advection issues. Although an addi-
tional factor was introduced to expand the influence zone of the body force, com-
plete elimination of solid-phase advection remains unattainable. Furthermore, in-
creasing phase properties such as density and viscosity results in a more restrictive
timestep constraint. Future efforts could therefore focus on further reducing phase

advection.

Second, a more robust approach for determining the effective length is desirable. Cur-
rently, an initial simulation step is required to identify the value of ¢, at which the
velocity becomes zero. It would be advantageous to eliminate this preliminary step to

improve computational efficiency.
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Appendix A

Pseudo-algorithm for N-phase model

with the current modification

A 2D setting with uniform, equal grid spacing in = and y is considered here for sim-
plicity. The time-step must be chosen based on numerical stability and boundedness.
To clearly highlight the spatial discretizations, the pseudo-algorithm is presented for
first-order explicit Euler time integration. Extension to higher-order time-stepping
schemes is straightforward. To simplify notation, we denote the velocity in the x and
y direction with » and v. The x component of velocity on the left face of the (i, j) — th
cell is thus wu; 1/5;. A similar format is used for the mass fluxes, by which U and V'
represent the = and y components of the mass flux, pu — S, respectively. Note that
linear interpolation is used to compute quantities such as density on the face (e.g.,

Pr ey = (P + PF 1;)/2). For time step k:
1. Compute pairwise normal vectors 7i,, at the cell centers:

ko
« Compute pairwise volume fractions at the cell centers: ¢’;qij = (bk(b%
” SHH BRgHH

e C teV t cell t AV k — ¢E¢i+1:j ‘bgq;i 13 qblrjq;i:jﬂ ‘z):;q:i;j 1
ompute V¢, at cell centers: Vg .. = ( e , Ay )
2k rOpgici
« Compute 72 = —P¢8 at the cell centers

LA T Sy
2. Compute density and viscosity at the cell centers:

kE N k
* Pij = Yp1PpPpij

kE _ N k
* Mij = i fpPi

3. Compute velocity (momentum per unit mass):
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MODIFICATION

K
uk _ (pu); 1/2;j
i 1/2,j s 1723
Kk
v’?. _ (p“)i;j 1/2
hi 1/2 P 1

4. Compute body forces (including surface tension forces):

e Compute curvature at cell centers:

Kk Kk Kk K
P S v _("pq:X;i+1:j "pasx;i 1i + "paiyizi+1 "paiysisi 1)
pg,t,g pg,t,) QACE 2Ay

e Compute the surface tension forces on the faces:

k k Kk Kk
k =3 _ 60 ¢k k Bpaii Hpaii 15 Ppaiiii Ppai 1
@i 1/2,j P<q-¥ Pq¥p,i,j ¥ q,i,5 2 Ax
k k k k
fk: -y _ 60 ¢k Ak SpgiiitEpaiig 1 Ppaiisi Ppaiiii 1
y7i7j 1/2 p<q pq Py, 7 4q,,] 2 Ay
5. Compute viscous stresses, 7F . . ¢ Tk and 7F using p? .
. v Tawigr Teya 1725 1/20 Tyysisg yri 1/2,5 1/2 Hi o

ul 1/2,; and vl 1o fields. Standard linear interpolation operators are used for
computing s 5 ; /, values.

6. Compute ¢, values (1 <p < N — 1) at time step k& + 1:

» Compute the sharpening fluxes at the cell centers:

k k
F o =_% Ppiizi Paici =k o
Y2129 qs:p (qu /6) pgq,v,g

e Compute the RHS phase field fluxes on the mesh faces:

ak _ (Sls;x;i;j""sls;x;i 1;j +€¢Ir§;i:j ‘bs;i l:j>
payi 1/25 — 7 2 Az
K K K K
ak ) — (Sp;y;i:j""sp:y:i:j 1 +6¢p:i;j ¢p:i:j 1)
paig 1/2 =~ 1 2 Ay
K K K K K K
E+1 _ ik ( Ua/25%piv1r25 T9ivarzii) (W 17259 172 M 9pici 1/2;5)
> Compute ¢, 7 = ¢, i+ (A1) o +

k 3 k k K k
( Ui;j+l/2¢p;i;j+1/2+ap;y;i;j+l/2) ( vi;j l/2d)p;i;j l/2+a‘p;y;i;j 1/2)]

Ay

» Compute ¢ using volume conservation: ¢yl =1 — % ot

7. Compute the mass fluxes on the faces. This mass flux must be used for trans-

port of any transportee that is defined on a per-unit mass basis. This includes

momentum per unit mass, or velocity:
Uf 12, = (Pu)f 1/25 Z;{J\f:lppa];,m,i 1/2,j
Vzkj 12 = (Pv)ﬁj 1/2 — E;)V:lppa];,y,i,j 1/2
pf,j'_l = Zﬁ:lpp¢k+l

Dy%,J
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8. Compute intermediate values for pu and pv. This is also known as the predictor
step. Additionally, enforce the right-hand side with the body force to ensure the
velocity inside the solid phase is zero:

Kk Kk Kk Kk Kk K Kk Kk
. Yirrs2;i Y 1725 Yiewr2;i Y a2 Yi w271V 37255 Vi 1725 Yi 3s25
_ _ 2 2 2 2
(pu)i 1/2, — ((PU>Z 1/2,j (At)(( A
u; LiqFUs i u: iU i
K i 1/2;j+1 i 1/2;j K i 1/2;j i 1725 1 K K K K
Vi 1/2;j+1/2 2 Vi 1/2;j 1/2 2 )_|_ Pi;j B Li o Txxii Toi 1
Ay Ax Az
-k . ; K B , (d)n_*_-l '_)2
xy;i 1/2;j+1/2 xy;i 1/2;5 1/2 . fk ))/(1 + FAt (pmax + umax) s;i 1/2;)
Ay zi 1/2,5 PN AL Azx? /(1 ¢2;Tll/2;j )3+eq
k Kk Kk Kk
\'A - +V.i . Vel s +V: -
K i+1;J 1/2 "i;j 1/2 K i,j 172 i 135 172
k Ui+1/2;j 1/2 2 Ui 1/2;j 1/2 2
(pv)i,j 12 = ((pv)i,j 1/2_(At)(( Az
Kk Kk Kk Kk Kk k Kk K
Vii+172tVi 172 Vii+12* Vi 172 Vi 12™Vig 32 Vi 172*Viig 3/2 pk pk koK
+ 2 2 2 2 + [H] i) 1 Tyysish Cyysisp 1
Ay Ay Ay
K . Tk . (¢n+1 )2
yx;i+1/2;j 1/2 yx;i 1/2;5 1/2 _ k' ) ))/(1 + FAt (Pmax + #max) s;i;j) 1/2
Az y,i,j 1/2 PN LU At Ay? /(1 ¢2‘:’} 1/2)3+ed

9. Compute the pressure correction that would enforce a solenoidal velocity field
k+1 k+1 k+ k+1
Yiv1s2;j Y 17235 Yiij+172 Yiij 172 .

e Compute RHS of Poisson system at the cell center:

(Wia/o (Wi 1725 (Vij+12 (ij 12
k+1 k+1 k+1 k+1
k i+1/2;) i 1/2;) i;j+1/2 i;j 1/2
(RHS);; = (1/At)( Az + A7 )
» Solve Poisson system to find 6 P;; = P*" — P\
Pivs;j Pij  Pij Pi 1 Pii+1 Pijj  Pij  Pijj 1
"(+11/2' x l'<+11/2' x l'<J'r11/2 y I'(J'rll/z y k
i+1/2; i 8] i+ ] _
Az + Ay - (RHS)ZJ

10. The corrector step:
e Update the value of pressure at time-step k£ + 1:
k+1 _ pk
B =P+ 0P
« Compute the values of pu and pv at time-step £ + 1:
0Pi:j O6Pi 1;j
(PU)?+11/2J = (pu); 1/25 — A=)
k 0Pi:j OPi:j
(pv)i,;rlwz = (pv)i,j 12 — At(JA—le)

11. Advance timet =t + At, returntostep lwithk =%k + 1
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