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Atmosphäre und den außergwöhnlichen Teamgeist zu erleben. Ohne die gegenseitige Un-
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Abstract

Operating vehicles with polymer electrolyte membrane (PEM) fuel cells is a promising

technology for reducing traffic-related greenhouse gas emissions. In a PEM fuel cell,

hydrogen and oxygen react producing water, electric energy, and heat. Oxygen is

consumed on the cathode side of the cell, while the excess water must be removed

to prevent the so-called flooding (blockage of the transport paths). A sophisticated

water management is crucial for improved operating conditions of a PEM fuel cell.

Therefore, it is necessary to understand the transport mechanisms of water throughout

the cell constituents, where an intelligent use and drainage of the water buffer can be

used to enhance the performance of the fuel cell. Pore-scale modeling of gas diffusion

layers (GDLs) and the gas distributor has been established as a favorable technique to

investigate the ongoing processes.

A particular challenge is the investigation of the interface between the GDL and the gas

distributor. Here, multi-phase flow in the porous material of the GDL is combined with

the free flow in the gas distributor resulting in strong interaction. Different interface

processes occur based on the pore-local structural properties, such as surface wettability

and interaction with the gas flow in the gas distributor. At the interface between

hydrophobic porous GDL and the hydrophilic side walls of the gas distributor, the

fluids interact with the differently wetting surfaces. This results in complex pore-

scale transport processes in the pores located at the interface. In the channels of

the gas distributor, drops emerging from the porous domain at the interface have a

strong influence on the exchange of mass, momentum, and energy between the two flow

regimes. Additionally, we also consider transport processes of the gas phase between

the GDL and the gas distributor, where no water breakthrough occurs.

Models A dynamic pore-network model is applied to capture the pore-scale flow and

transport processes in the GDL beyond capillary equilibrium states. This model lo-
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cally resolves pore-scale processes on a simplified but equivalent porous geometry which

makes it efficient compared to direct numerical simulations.

We distinguish between the uncoupled pore-network model, which represents the GDL

only but captures the interaction with the flow through the gas distributor in a sim-

plified way by newly-developed boundary conditions, and the coupled models. The

coupled models combine the pore-network representing the GDL with models describ-

ing the flow in the gas distributor. Here, two approaches are investigated: A free flow

model solving the (Navier-)Stokes equations and a REV-based formulation. At the

interface, conservation of mass, momentum, and energy is fulfilled, and the particular

interface processes in the PEM fuel cell cathode are included by distinct pore-scale

coupling conditions, which have been developed in this work.

The boundary and coupling conditions at the interface (interface conditions) are de-

scribed and discussed in detail to capture the relevant processes and ensure thermody-

namic consistency.

We take the open-source porous media simulator DuMux for the implementation of the

interface conditions and the coupled models by using its multi-model coupling facilities.

To create a pore-network adequately representing a realistic fibrous GDL structure, the

open-source pore-network extractor PoreSpy is used.

Results First, the pore-network properties to represent flow through a fibrous GDL

structure are evaluated. It has been found that cubic pore bodies and connecting

throats with a cross-sectional shape of an equilateral triangle are well suited to repre-

sent the complex porous structure with simplified geometric shapes. Additionally, the

influence of contact angle distributions is investigated.

Single-phase (gas) transport simulations are performed on a pore-network representing

a GDL sample to evaluate the influence of some properties of the gas distributor, such

as channel width and pressure distribution. Pressure differences between the channels

of the gas distributor control the resulting concentrations at the reaction layer, while

the channel width is only of minor influence in the single-phase case when the total

supply of reactant gases is sufficient.

The uncoupled pore-network model allows to investigate the influence of the different

interface configurations and to evaluate their general behavior. The different interface

conditions are applied separately to pore-networks of different complexity ranging from

single interaction pores to the application on realistic GDL sample structures. Finally,
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the interface conditions are combined to be applied on a small GDL unit cell example.

In particular, the droplet formation, growth, and detachment have a major influence

on the exchange processes at the interface between GDL and gas distributor.

Therefore, we focus on droplet related interface processes in the coupled models and,

for simplicity, perform isothermal simulations only. Nevertheless, the two-phase multi-

component flow in the pore-network coupled with single-phase multi-component free

flow (PNM-FF) allows for investigating the interaction between the two domains in-

cluding evaporation processes and vapor transfer across the interface. We analyze how

ambient temperature and relative humidity influence the droplet formation, growth and

detachment, and the evaporation from the droplet surface. This model is well suited

to investigate the transfer and transport of water vapor from the porous GDL and

droplets on the surface to the gas flow in the gas distributor but it does not track the

detached droplets in the free-flow domain. The vapor transport is of particular interest

for dry conditions in the gas channel, when low liquid water content is expected in the

gas distributor as it occurs near the gas inlet of a fuel cell.

At humid conditions, if only small amounts of the water are transferred as vapor while

film flow in the gas distributor is relevant, a two-phase pore-network model coupled

with a two-phase REV model (PNM-REV) is the better choice. Here, the high humid-

ity in the gas phase results in low evaporation rates but liquid water transfer between

the GDL and the gas distributor becomes relevant. The developed PNM-REV cou-

pling model captures droplet formation, growth, and detachment at the interface and

the transport of detached droplet in the REV domain using a film-flow formulation.

This behavior occurs near the gas outlet in a fuel cell.
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Zusammenfassung

Mit Polymer-Elektrolyt-Membran (PEM) Brennstoffzellen betriebene Fahrzeuge sind

eine vielversprechende Technik zur Verringerung der durch den Verkehr verursachten

Treibhausgasemissionen. In einer PEM-Brennstoffzelle reagieren Wasserstoff und Sauer-

stoff und erzeugen Wasser, elektrische Energie und Wärme. Der Sauerstoff wird auf der

Kathodenseite der Zelle verbraucht, während das überschüssige Wasser entfernt werden

muss, um das so genannte Flooding (Verstopfung der Transportwege) zu verhindern.

Ein ausgeklügeltes Wassermanagement ist entscheidend für verbesserte Betriebsbedin-

gungen einer PEM-Brennstoffzelle. Daher ist es notwendig, die Mechanismen des Was-

sertransports durch die Zellbestandteile zu verstehen, wobei eine intelligente Nutzung

und Entwässerung des Wasserpuffers zur Verbesserung der Leistung der Brennstoffzelle

beitragen kann. Die porenskalige Modellierung von Gasdiffusionsschichten (GDLs) und

Gasverteilern hat sich als günstige Methodik zur Untersuchung der ablaufenden Pro-

zesse etabliert.

Eine besondere Herausforderung ist die Untersuchung der Grenzfläche zwischen der

GDL und dem Gasverteiler. Hier wird die Mehrphasenströmung im porösen Material

der GDL mit der freien Strömung im Gasverteiler kombiniert, was zu starken Wechsel-

wirkungen führt. In Abhängigkeit von den porenlokalen Struktureigenschaften, wie der

Oberflächenbenetzbarkeit und der Wechselwirkung mit der Gasströmung im Gasver-

teiler, treten unterschiedliche Grenzflächenprozesse auf. An der Grenzfläche zwischen

hydrophober, poröser GDL und den hydrophilen Seitenwänden des Gasverteilers in-

teragieren die Fluide mit den unterschiedlich benetzenden Oberflächen. Daraus resul-

tieren komplexe, porenskalige Transportprozesse in den Poren an der Grenzfläche. In

den Kanälen des Gasverteilers haben Tropfen, die aus dem porösen Bereich an der

Grenzfläche austreten, einen starken Einfluss auf den Austausch von Masse, Impuls

und Energie zwischen den beiden Strömungsregimen. Zusätzlich betrachten wir auch

Transportprozesse der Gasphase zwischen der GDL und dem Gasverteiler, bei denen

kein Wasserdurchbruch auftritt.
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Modelle Ein dynamisches Porennetzwerkmodell wird angewandt, um die porenskali-

gen Strömungs- und Transportprozesse in der GDL jenseits von Kapillargleichgewichts-

zuständen zu erfassen. Dieses Modell löst die porenskaligen Prozesse lokal auf einer ver-

einfachten, aber äquivalenten porösen Geometrie auf, was es im Vergleich zu direkten

numerischen Simulationen effizient macht.

Wir unterscheiden zwischen dem ungekoppelten Porennetzwerkmodell, das nur die GDL

abbildet, aber die Wechselwirkung mit der Strömung durch den Gasverteiler in ver-

einfachter Weise durch neu entwickelte Randbedingungen erfasst, und den gekoppel-

ten Modellen. Die gekoppelten Modelle kombinieren das Porennetzwerk, das die GDL

darstellt, mit Modellen, die die Strömung im Gasverteiler beschreiben. Hier werden

zwei Ansätze untersucht: Ein Modell für freie Strömungen, das die (Navier-)Stokes-

Gleichungen löst, und eine REV-basierte Formulierung. An der Grenzfläche wird die

Massen-, Impuls- und Energieerhaltung erfüllt, und die speziellen Grenzflächenprozesse

in der PEM-Brennstoffzellenkathode werden durch spezielle Kopplungsbedingungen auf

der Porenskala berücksichtigt, die in dieser Dissertation entwickelt worden sind.

Die Rand- und Kopplungsbedingungen an der Grenzfläche (Interface Conditions) wer-

den detailliert beschrieben und diskutiert, um die relevanten Prozesse zu erfassen und

die thermodynamische Konsistenz zu gewährleisten.

Wir verwenden den Open-Source-Simulator für poröse Medien DuMux für die Imple-

mentierung der Grenzflächenbedingungen und der gekoppelten Modelle, indem wir seine

Multimodell-Kopplungsmöglichkeiten nutzen.

Um ein Porennetzwerk zu erstellen, das eine realistische faserige GDL-Struktur adäquat

repräsentiert, wird der Open-Source-Tool zur Porennetzwerk-Extraktion PoreSpy ver-

wendet.

Ergebnisse Zunächst werden die Porennetzwerkeigenschaften zur Darstellung der

Strömung durch eine faserige GDL-Struktur bewertet. Es hat sich gezeigt, dass ku-

bische Porenkörper und verbindende Porenhälse mit der Querschnittsform eines gleich-

seitigen Dreiecks gut geeignet sind, um die komplexe poröse Struktur mit vereinfachten

geometrischen Formen darzustellen. Zusätzlich wird der Einfluss von Kontaktwinkel-

verteilungen untersucht.

Einphasige (Gasphasen-) Transportsimulationen werden an einem Porennetzwerk

durchgeführt, das einen GDL-Ausschnitt darstellt, um den Einfluss einiger Eigenschaf-

ten des Gasverteilers wie Kanalbreite und Druckverteilung zu bewerten. Druckunter-

XXIV



schiede zwischen den Kanälen des Gasverteilers steuern die resultierenden Konzen-

trationen an der Reaktionsschicht, während die Kanalbreite im einphasigen Fall nur

einen geringen Einfluss hat, wenn die Gesamtversorgung mit Reaktionsgasen ausrei-

chend ist. Das entkoppelte Porennetzwerkmodell erlaubt es, den Einfluss der verschie-

denen Grenzflächenkonfigurationen zu untersuchen und ihr allgemeines Verhalten zu

bewerten. Die verschiedenen Grenzflächenbedingungen werden separat auf Porennetz-

werke unterschiedlicher Komplexität angewandt, von einzelnen Interaktionsporen bis

hin zur Anwendung auf realistische GDL-Strukturen. Schließlich werden die Grenz-

flächenbedingungen zur Anwendung auf eine kleine GDL-Einheitszelle kombiniert. Ins-

besondere die Bildung, das Wachstum und die Ablösung von Tröpfchen hat einen großen

Einfluss auf die Austauschprozesse an der Grenzfläche zwischen GDL und Gasverteiler.

Daher konzentrieren wir uns in den gekoppelten Modellen auf die tröpfchenbezogenen

Grenzflächenprozesse. Dabei beschränken wir uns auf isotherme Simulationen. Die zwei-

phasige Mehrkomponentenströmung im Porennetzwerk gekoppelt mit der einphasigen

freien Mehrkomponentenströmung (PNM-FF) ermöglicht es jedoch, die Wechselwir-

kung zwischen den beiden Bereichen zu untersuchen, einschließlich der Verdampfungs-

prozesse und des Dampftransfers über die Grenzfläche. Wir analysieren, wie die Umge-

bungstemperatur und die relative Luftfeuchtigkeit die Bildung, das Wachstum und die

Ablösung von Tröpfchen sowie die Verdunstung von der Tröpfchenoberfläche beeinflus-

sen. Dieses Modell eignet sich gut zur Untersuchung des Transfers und des Transports

von Wasserdampf von der porösen GDL und den Tröpfchen auf der Oberfläche in die

Gasströmung im Gasverteiler, aber es berücksichtigt nicht die abgelösten Tröpfchen im

freien Strömungsbereich. Der Dampftransport ist besonders interessant bei trockenen

Bedingungen im Gaskanal, wenn ein geringer Flüssigwassergehalt im Gasverteiler zu

erwarten ist, wie er in der Nähe des Gaseinlasses einer Brennstoffzelle auftritt.

Bei feuchten Bedingungen, wenn nur geringe Mengen des Wassers als Dampf übertragen

werden, aber die Filmströmung im Gasverteiler relevant ist, ist ein zweiphasiges Po-

rennetzwerkmodell gekoppelt mit einem zweiphasigen REV-Modell (PNM-REV) die

bessere Wahl. Hier führt die hohe Feuchtigkeit in der Gasphase zu geringen Verdamp-

fungsraten, aber der Flüssigwassertransfer zwischen GDL und Gasverteiler wird re-

levant. Das entwickelte PNM-REV-Kopplungsmodell erfasst die Tropfenbildung, das

Wachstum und die Ablösung an der Grenzfläche sowie den Transport der abgelösten

Tropfen in der REV-Domäne mithilfe einer Filmströmungsformulierung. Dieses Verhal-

ten tritt in der Nähe des Gasauslasses in einer Brennstoffzelle auf.
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1 Introduction

1.1 Motivation

Reducing greenhouse gas emissions is the primary objective of global climate policy. A

significant amount of CO2-emissions is caused by traffic. Therefore, alternative power-

train technologies competitive to conventional combustion engines have a high potential

and gained more and more attention in the last decade.

Fuel cells operating on hydrogen generate zero emissions [8, 9]. The only exhaust is

unused air and water. This is attractive not only for mobility solutions but also for

many stationary applications such as auxiliary power units. However, hydrogen is not

a readily available fuel and during the synthesis some emissions are generated. Also if

methanol is used in a fuel cell instead of hydrogen, some emissions, including carbon

dioxide, are released. However, in general, these emissions are lower than those of

comparable conventional energy conversion technologies like combustion engines [9, 10].

Fuel-cell types Several different types of fuel cells have been developed in the last

decades. They vary in their ranges of operating temperature, start-up times, used fuels,

efficiency, and possible power supply. Dependent on the desired application, different

fuel-cell properties are important and determine the optimal choice of the fuel-cell type.

Two types have been commercially established in recent years. Solid oxide fuel cells

(SOFCs) operate at high temperatures between 800◦C and 1000◦C. SOFC composi-

tions allow the operation with hydrogen and methanol at high efficiency but they need

long start up times to heat up before they can run on full power. This type of fuel cell is

usually used for stationary applications where variations in power generation rarely oc-

cur spontaneously. For automotive applications, other requirements are needed. Here,

fast changes in power generation and quick start-up times are required, combined with
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an adequate efficiency. Therefore, PEM fuel cells are applied in the mobility sector.

PEM stands for Polymer Electrolyte Membrane or Proton Exchange Membrane [11].

PEM fuel cells use a proton-conductive polymer membrane as electrolyte. They operate

at lower temperatures (60− 100◦C), have a lower efficiency and require pure hydrogen

as fuel but offer quick start-up times and a flexible energy supply under partial load.

Efficiency of PEM fuel cells / hydrogen fuel cells In a PEM fuel cell, hydrogen

and oxygen react to water in a two-stage reaction. Hydrogen is fed on the anode side

of the membrane and splits into its primary constituents, protons and electrons during

the anode reaction. Protons travel through the proton-conductive membrane, while the

electrons travel through electrically conductive electrodes, through current collectors,

and through the outside electric circuit, where they perform useful work, and return to

the cathode side of the membrane. At the cathode catalyst, the electrons meet with the

protons that crossed the membrane and with oxygen that is fed on that cathode side of

the membrane. During this cathode reaction, water is generated in the electrochemical

reaction [11].

anode : H2 ⇋ 2H+ + 2e−

cathode : 2H2O ⇋ O2 + 4H+ + 4e−

overall : H2 + 1/2O2 ⇋ H2O

The net result of this two-stage reaction is a current of electrons through an external

circuit and, therefore, direct electrical current. The maximum amount of electrical

energy generated in a PEM fuel cell corresponds to the Gibbs free energy, ∆G, of the

reactions described above.

The maximum theoretical efficiency of PEM fuel cells results from the ratio of the Gibbs

free energy and the enthalpy of the reaction η = ∆G
∆H

. The Gibbs free energy equation

is given by:

∆G = ∆H − T∆S ,

with the entropy of reaction ∆S = (sf )H2O
− (sf )H2

− 1/2 (sf )O2
and the temperature

T . The enthalpy of the reaction ∆H is the sum of the enthalpy of formation hf of the

reactants and the products of the reaction ( ∆H = (hf )H2O
−(hf )H2

−1/2 (hf )O2
). The
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Figure 1.1: Composition of a PEM fuel cell stack: Left: PEM fuel cell stack with roughly
400 cells; center: part of the fuel cell stack with 9 single cells, connected with
bipolar plates ; right: detailed view of one cell, showing the different layers and
components of one fuel cell.

enthalpy and entropy of formation, hf and sf , are temperature dependent values which

can be found in thermodymanic data tables [12]. The resulting maximum efficiency of

a hydrogen fuel cell is η ≈ 83%.

However, the practical efficiency of a PEM fuel cell is between 40 and 60% [8, 9, 11].

The losses are caused, among others, by activation losses due to the kinetics of the

electrochemical reactions, ohmic losses due to internal electrical and ionic resistance,

and mass transport losses, which result from crossover of reactants and difficulties in

getting the reactants to reaction sites [9]. A well-known reason for the latter one is

the so-called flooding, when liquid water accumulates in the cathode gas diffusion layer

(GDL) and transport paths for oxygen are blocked, which results in a lower reaction rate

in the catalyst layer. To improve the efficiency of a fuel cell, the choice of appropriate

materials and corresponding operating conditions is crucial.

Components of PEM fuel cells Often, the term fuel cell is used for the complete

power-supply unit. However, to be exact, this unit has to be called ’fuel-cell stack’,

while only one single unit in this stack is correctly called ’fuel cell’. In Figure 1.1, the

composition of a fuel-cell stack is shown. On the left, an exemplary fuel cell stack,

which delivers a power of approximately 120 kW is presented. This fuel-cell stack con-

sists of roughly 400 single cells. In the center of the figure, a section of nine cells is

pictured exemplary. The cells are connected at the bipolar plates (grey). A typical

fuel cell is schematically represented in explosion view by the layered structure on the
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right side in Figure 1.1. Here, an electrolyte (blue) is placed between an anode and

a cathode backing layer, consisting of the micro-porous layer (MPL) (black) and gas

diffusion backbone (GDB) (red fibrous structure). The combination of MPL and GDB

form the gas diffusion layer (GDL). In the literature, often the GDL denotes the fi-

brous structure only which is, to be precise, only valid for MPL-free GDLs. A thin

catalyst layer (green) is placed between the anode or cathode MPL, respectively, and

the electrolyte, referred to as the anode or cathode catalyst layer (ACL or CCL). The

anode-electrolyte-cathode assembly (MEA - membrane electrolyte assembly) is clamped

between two bipolar plates (grey), which house the flow channels for fuel and oxidant

feed.

The membrane (electrolyte) is a thin (< 50µm) proton-conductive polymer membrane

(typically a perfluorocarbon-sulfonic acid (PFSA) ionomer) [9, 11]. A well-known man-

ufacturer of the membrane is Nafion, and this name is often found in the literature for

membrane materials. The key properties of the fuel-cell membrane are protonic con-

ductivity, water transport, low gas permeation, and physical properties such as strength

and dimensional stability. All of these properties are directly related to the membrane

water content [11].

In the catalyst layers, the electrochemical reactions take place. More precisely, the

electrochemical reactions take place on the catalyst surface. Since there are three kinds

of species that participate in the electrochemical reactions, namely gases, electrons,

and protons, the reactions can take place on a portion of the catalyst surface where all

three species have access to [11]. The most common catalyst in PEM fuel cells for both

oxygen-reduction and hydrogen-oxidation reactions is platinum. Since it is the catalyst

surface area that matters, not the weight, it is important to have small platinum par-

ticles (4 nm or smaller) with large surface area finely dispersed on the surface [11]. A

combination of membrane and catalyst layers is called the catalyst coated membrane

(CCM).

The micro-porous layer (MPL) is usually fabricated by intermixing PTFE with carbon

grains [13]. This yields a thin layer located between CL and GDL with pore sizes smaller

than 17µm (resulting from measured break through pressures). It is found that the

presence of MPLs drastically reduces the GDL water saturation at water breakthrough

from ca. 25% to ca. 5% [14, 15], and it is therefore expected that MPLs improve the

fuel-cell performance.

The GDB is a fibrous carbon structure coated with PTFE to get hydrophobic surface

properties. It must be sufficiently porous to allow flow of both reactant gases and prod-
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uct water, but also electrically and thermally conductive through-plane and in-plane

[11]. Even though, interfacial or contact resistance is typically more important than

bulk conductivity [16]. Additionally, fabrication restrictions for economic reasons oc-

cur since the manufacturing process must be suitable for mass production. Therefore

usually carbon fiber based materials such as carbon-fiber papers and woven carbon

fabrics or cloths are used in commercial applications [16]. The GDL shall establish a

homogeneous distribution of the reactants on the CL coming from the gas distributor

channels to ensure optimal usage of the catalyst surface for the reactions.

The gas distributor channels are part of the bipolar collector or separator plates, which

have several functions in a fuel-cell stack. They connect cells electrically in series, col-

lect produced current, and house the gas channels to distribute the fuel and oxidant

along the whole cell. As well, they facilitate water management by removing the excess

water from the cell [17]. For an efficient water removal, usually hydrophilic surfaces are

chosen which must be corrosion resistant in the fuel-cell environment; yet they must

not be made out of ’exotic’ and expensive materials. Common materials are coated

metals or graphite, which also provide mechanical support for the cells in a PEM fuel

cell stack. Various designs for the gas-channel orientation were proposed by researchers

including pins, straight channels, serpentine channels, interdigitated channels, and open

porous gas distributors. A detailed review of gas-distributor configurations was given

by Manso et al. [18]. In this work, straight channels are considered since they are still

the most commonly used technique. We focus on the fluid transport and the properties

necessary for a potent water management.

Water management in cathodes of PEM fuel cells Water management plays a

critical role in PEM fuel-cell performance. The membrane needs high water content

to conduct protons effectively, whereas excessive water would block gas pathways and

cover catalyst sites, resulting in reactant starvation and cell degradation. As previously

described, PEM fuel-cell cathodes consist of several layers with different properties. In

this section, insights into water movement through the cathode layers is given. We

start in the center of the cell, at the membrane, and follow the excess water through

the components on the cathode side.

The proton conductivity of the polymer electrolyte membrane highly depends on its

water content. Liquid water is necessary to transport the protons along the polymer

chains from the anode to the cathode side. The reactant-gas supplies (H2 and O2
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stream) are often humidified to prevent dry-out of the membrane. Diffusion and po-

tential gradients are the driving force of water transport in this layer, while pressure

gradients play a minor role [19].

In CCL, water is produced during the reaction and it exists in liquid and vapor form

[20] as well as in the form of sorbed water in the ionomer of the membrane. Contrary

to conditions in the membrane, excessive liquid water formation is not beneficial in the

catalyst layer. The reaction’s penetration depth is significantly reduced in completely

flooded CCLs, which results in inactivity of major parts of the catalyst [20]. These

are conflicting requirements for optimal water management. In addition to the cathode

reaction, the transformation from liquid water to water vapor is one important function

of the CCL, since vapor is easier to be transported out of the cell. A favorable side

effect is the resulting evaporative cooling, which converts some of the waste heat of the

reaction to latent heat. Nevertheless, not all of the liquid water is transferred to vapor.

Actually, the minimum portion of liquid water transferred to the neighboring layers is

linked to the produced current density. A detailed explanation is given by Eikerling et

al. [20]. It is proposed that for a current density around 2A/cm2, the minimum relative

portion of water flux, which is transferred to the GDL in liquid form, is between 0.6

and 0.8. Therefore, liquid water transport plays an important role in the neighboring

hydrophobic coated GDL (MPL and GDB). The function of MPL is to enhance elec-

trical and thermal contact between the CL and the GDB, which has a much coarser

structure than the CL and would therefore have a less continuous surface. The MPL

is a fine porous grain structure with a hydrophobic surface made from carbon grains.

Its mechanical strength protects the CCM from the rather stiff fibers of the GDB. The

small grain size results in a capillary barrier to liquid water leaving the CCL prevent-

ing the MEA from dry out. It is still not well understood how the liquid water passes

through the MPL, but it is assumed that water passes through the fine porous layer

through larger cracks [21]. The MPL structure is very sensitive and cracks are very

likely to occur during the fabrication of the cells. In the GDL, liquid water transport

is mainly driven by pressure gradients and capillary forces. Due to the importance of

the GDL in PEM fuel cells, a vast amount of papers regarding GDL studies have been

published in the literature over the past two decades. For a comprehensive review on

the GDL for PEM fuel cells, it is referred to Cindrella et al. [22]. In this work, we

focus on (MPL-free) carbon paper GDLs or GDBs. It is often found in literature that

the most promising improvements on PEM fuel cell performance can be achieved by

optimizing the GDL to enhance its mass transfer ability, such as reactants transport
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to the catalyst layers and liquid water removal out of the MEA. Especially, excessive

water accumulation leads to so-called flooding of the GDL. Dependent on the operating

conditions, a significant amount of the water might be present in liquid form in the

GDL. The liquid water then blocks the paths of the oxygen to reach the catalyst layer.

The resulting lack of oxygen in the cathode catalyst layer reduces the cell performance.

Therefore, the produced water needs to be removed in an efficient way.

This shows, how crucial an appropriate water management in the PEM fuel cell is.

However, to alter the water management, the relevant processes in the porous layers

and at the shared interfaces need to be understood, inhering the interface between the

MPL and GDB, the principal effects in the GDL (liquid and vapor water transport,

evaporation and condensation, local wettability changes, effects of pore shapes), the

interface driven process at the interface to the gas distributor including wettability

change, droplet growth and detachment, and local blockage of pores.

Focus on the water transport processes at the interface between GDL and gas

distributor In the past few years, tremendous efforts have been contributed to the

understanding of liquid water transport in PEM fuel cells in particular in GDL and

gas distributor. In Figure 1.2, the water transport through these two components is

visualized presenting the different occurring configurations at the interface between

GDL and gas distributor. A detailed and physically based representation, which al-

lows to include many physical processes, is the direct numerical simulation (DNS)

[23]. However, in general, two-phase DNS models are not mass conservative at phase

interfaces [24]. Additionally, it comes with high computational costs, such that the

calculation of representative spatial and temporal dimensions is expensive, not to men-

tion the effort involved in generating the grids in the complex, porous structures. On

the other hand, volume-averaged methods, such as representative elementary volume

(REV) methods, lack precision for thin porous materials like GDLs [25], even for single-

phase flow through GDL representations [26]. For two-phase fluid flow, the problem is

further amplified since local patterns cannot be mapped [27]. A promising technique

are pore-network models (PNM), which capture pore-scale effects with a reasonable

computational effort. Most of the PNMs for GDL modeling found in the literature are

stationary or quasi-stationary approaches [28, 29, 30, 31, 32, 33, 34, 35, 36, 37] or use

simplified, regular GDL or GDB structures [38, 21]. For these models, it is assumed that

the boundary conditions vary slow enough such that the flow pattern can equilibrate
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Figure 1.2: Three-dimensional visualization of the liquid water transport from MPL-free GDL
to gas distributor including drop formation in the gas channel, mixed-wet interac-
tions between hydrophobic GDL and hydrophilic channel wall and local blockage
at channel surface in direct contact with GDL in land parts.

in every time step. But these models are not capable to capture the highly dynamic

conditions at the interface between GDL and gas distributor. A particular challenge is

the wettability change between the two layers. Different interface configuration can be

distinguished, depending on whether water is in contact with the hydrophilic surface

of the gas distributor. In this case, the liquid water might interact with the gas flow

such that it can be detached from the hydrophobic GDL or it might be trapped by

hydrophilic solid structures. Otherwise, if no contact with hydrophilic surfaces occurs

at the interface, we consider flow through hydrophobic porous materials and the for-

mation of drops at the interface between free gas flow and porous GDL. It is observed

that the flow behavior at the interface has a high influence on the water distribution in

the GDL and, accordingly, on the performance of the fuel cell. Therefore, it is crucial

to understand the ongoing processes at the interface to improve the efficiency of PEM

fuel cells.

In the following, we only consider MPL-free GDLs, such that the term GDL is equiv-

alent to GDB.

In this work, we focus on incorporating the highly dynamic interface conditions at

the interface between GDL and gas distributor into a dynamic pore network model

that represents flow through realistic MPL-free GDL structures (see Figure 1.3). The
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Figure 1.3: Two-dimensional visualization of water transport processes from GDL to gas dis-
tributor. The hydrophobic, porous GDL is represented by a pore-network model,
which is coupled with the CCL layer and the gas distributor including the different
occurring interface configurations.

developed model captures efficiently the two-phase transport in-between the porous,

hydrophobic GDL and the hydrophilic gas distributor on the cathode side of a PEM

fuel cell.

1.2 Structure of the thesis

In the next chapter, some fundamentals and the modeling concept are explained.

Among others, the basic functionality of a PEM fuel cell is explained and an intro-

duction to pore-network modeling and the pore-network generation is given. Of major

importance is the description of the interface between the GDL and the gas distrib-

utor. In Chapter 3, the conceptual models used for the single domains of interest

are presented, followed by the conceptual models for the different occurring interface

phenomena between GDL and gas distributor in Chapter 4. In Chapter 5 and 6, we

introduce two different coupling approaches to model the interaction of fluid flow in

MPL-free GDLs and gas distributors. We distinguish between a coupling approach of

a pore-network with a free flow domain (Chapter 5) and one of a pore-network with

a REV domain (Chapter 6). The numerical results of the single-domain investigations

and coupled models are presented in Chapter 7, 8 and 9, respectively. In Chapter 7,

some structural and flow characteristics of the MPL-free GDL are evaluated and single

phase investigations are performed on a GDL-gas distributor setup. Chapter 8 presents

the simulation results of the uncoupled interface conditions, which are occurring at the

interface between GDL and gas distributor. The results of simulations of the coupled

domain models are shown in Chapter 9. In the last chapter, the results and potentials

are discussed and we conclude with some further perspectives.
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In this chapter, the fundamental terms and assumptions are explained, which are rel-

evant for the developed model of the PEM fuel-cell-cathode interfaces. We consider

three phases, one solid phase and two fluid phases, a gas phase and a liquid one.

The developed model distinguishes two domains separated by an interface, namely the

pore-network model representing the MPL-free GDL, and either a free flow or an REV

domain for the gas distributor.

The used terms and definitions are explained in Section 2.1. Due to the complex

and heterogeneous materials and processes, the fuel-cell layers are considered on the

pore-scale. The pore-scale properties are introduced in Section 2.6. We focus on the

properties relevant for the water management in a PEM fuel cell. Therefore, the gov-

erning principles of the flow on the cathode side of a PEM fuel cell are presented in

Section 2.9.

2.1 Terms and definitions

Fluids are substances that continuously deform under shear stress. This deformation

means the fluid flows. The properties of the fluids and the fluids’ behavior are deter-

mined by the behavior on the molecular scale. Nevertheless, modeling fluid flow on the

molecular scale is computationally very expensive such that we consider the behavior in

an averaged sense to obtain continuous, differentiable functions. With this continuum

approach, fluids can be described as phases consisting of components following Gibbs

phase rule [1].
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Phases

A phase α is a region of space or a thermodynamic system, throughout which all physical

properties of a material are essentially uniform and which is physically separated from

other phases by an interface. In this thesis, we distinguish between three different

phases (gaseous, liquid, solid). A phase might disappear or reappear in the system due

to transitions like evaporation, condensation, dissolution, or degassing. Through the

same processes, different phases interact and exchange mass, momentum, and energy.

The gas phase is always homogeneous since gaseous components are mixed on the

molecular scale. In contrast to that, mixtures of liquids are often immiscible or partly

miscible so that these mixtures are denoted as heterogeneous or multiphasic mixtures

[1].

A phase is called compressible, if its density can change in the system. In this thesis,

the liquid phase is assumed as an incompressible phase while the gaseous phase is

compressible.

The third phase in the considered systems of this work, the solid matrix of a porous

medium, is assumed to be rigid and immobile. The void space of the porous material

can be filled with gas and/or liquid fluids.

In the scope of this thesis, we consider two mobile phases, namely liquid and gas,

α ∈ l, g, and one immobile solid phase.

2.1.1 Components

A component κ comprises a set of molecules of either single chemical elements (e.g.

hydrogen) or molecular compounds (e.g. water or carbondioxide). Often a set of

different molecules is cumulated to one linked component, if the behavior of the single

substances is not of interest.

Each component is quantified in each phase by its mass fraction Xκ
α or mole fraction

xκ
α. The sum of these fractions within one phase sums to one

∑

κ

Xκ
α =

∑

κ

xκ
α = 1 .
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Mass and mole fractions can be converted using the molar mass of the components Mκ:

Xκ
α =

xκ
αM

κ

∑

κ x
κ
αM

. (2.1)

We distinguish two components in this work, water and air, κ ∈ w, a. Both components

can be present in both phases. Water vapor can mix with air in the gas phase and air

can be dissolved in water in the liquid phase.

2.1.2 Scales

Transport processes in PEM fuel cells occur on different spatial and temporal scales.

Spatial scales Considering a fluid on the molecular scale, the movement and behavior

of individual molecules as well as intermolecular interactions are described. The con-

tinuum scale results from averaging over a sufficiently large number of molecules. Here,

average-based quantities, such as density, viscosity, and surface tension are defined (see

Section 2.2).

For the solid phase of the porous medium, we distinguish between the pore scale and

the REV scale: On the pore scale, the detailed geometrical description of the local solid

and void space within a porous medium are defined (see Section 2.6). If we consider

a sufficiently large volume of the porous medium, i.e. the representative elementary

volume (REV), its properties may be averaged which gives REV-scale quantities like

porosity or permeability [2] (see Section 2.5). Dependent on the quantity of interest,

the size of an REV has to be chosen.

An REV must be chosen large enough to smooth out any fluctuating pore-scale prop-

erties, while a maximum size should not be exceeded in order to capture REV-scale

heterogeneity. In Figure 2.1, the spatial scales are visualized. In this work, we are in-

terested in pore-local effects and take the influence of local variations of the void space

in the porous material into account. Therefore, in the following, the pore scale will be

the main scale to analyze flow in the porous material.

Temporal scales Flow process in porous media occur on very different time scales.

While pore-scale displacement and transport processes, such as Haines jumps [39], may
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Figure 2.1: From pore-scale to REV-scale by averaging quantities of interest in representative
volumes following [2, 1].

occur on temporal scales of the order of milliseconds, phenomena captured on the REV

scale are usually much slower, ranging from seconds to years, dependent on the spatial

scale of interest. In the field of fuel-cell modeling, considering the water management,

computation times ranging from milliseconds to minutes are of interest.

2.2 Fluid properties

In the following some fluid properties are introduced.

2.2.1 Density and viscosity

The phase density and phase viscosity are in general temperature- and pressure-dependent

properties. The density ρ of a phase α denotes the ratio of its mass to the volume it

occupies:

ρα =
mα

Vα

. (2.2)

The dynamic phase viscosity µα describes the resistance of a fluid to deformation [1].
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2.2.2 Contact angle and wettability

Wettability describes the tendency of a fluid to spread on a solid surface to get into a

favorable energy state. The wetting phase refers to the phase, which prefers to coat the

solid surface, while the non-wetting phase tries to minimize the contact area with the

solid. The contact angle is measured at the line where all three phases are in contact

and accounts for the local balance of forces described by the Young equation

σns = σws + cos θσnw , (2.3)

with the interfacial tensions σns, σws and σnw between the wetting phase, the non-

wetting phase, and the solid phase denoted by the superscripts w, n and s, respectively.

By convention, the contact angle is measured from the denser phase, such that for a

system with air and water, the following terms are established: The contact angle is

larger than 90 degrees on a hydrophobic surface and smaller than 90 degrees on a

hydrophilic surface.

At the interface between a porous domain and a free flow domain, the capillary forces,

surface tension and interfacial tension, cause the invading fluid phase (e.g. liquid in gas

phase) to form a droplet on the material surface. A droplet resting on a solid surface and

surrounded by a gas forms a characteristic contact angle θ. On a hydrophilic surface

(θ < 90◦), a water droplet tends to spread on the surface, while on a hydrophobic

surface (θ > 90◦), a shorter triple-phase contact line is build (see Figure 2.2). The

Figure 2.2: Shape of a water droplet on a hydrophilic (left), on a hydrophobic surface (middle)
and super-hydrophobic surface (right).

contact angle measured at a resting droplet on a smooth surface is the equilibrium

contact angle or static contact angle. If external forces, like a gas stream, are acting

on the droplet, which cause a deformation, the contact angle varies before the three-

phase contact line starts moving. Once a critical contact angle is reached, the contact

line starts moving. In upstream direction, where the contact angle of the droplet is

decreasing due to the deformation, the critical angle is called receding contact angle.

In downstream direction of the gas flow, the critical contact angle which needs to be
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overcome before the contact line gets in motion is called advancing contact angle. The

deformed droplets and the contact angles are visualized in Figure 2.3.

θ1 > θr

θ2 < θa
θ1 = θr

θ2 = θa

Figure 2.3: Deformed shape of a water droplet on a hydrophobic surface in a gas stream
resulting in a drag force on the drop surface. θr denotes the receding contact
angle and θa the advancing contact angle. The angles θ1 and θ2 are the actual
contact angles in upstream and downstream direction, respectively.

2.2.3 Surface tension and capillary pressure

Fluids tend to minimize their surface area with respect to the volume, which results in

a curved interface between two immiscible fluids. This curved interface, e.g. between a

gas and a liquid, causes capillary effects. Considering water in a hydrophilic capillary

tube, a rise in the water level is observed (left in Figure 2.4). The water is wetting the

walls, increasing the area between wall and liquid. As a result, the surface of the liquid

curves inside the capillary tube. A similar behavior results from water in a hydrophobic

tube, but in this case, the curvature of the interface is opposite, resulting in a decrease

of the water level in the tube (right in Figure 2.4). Due to the interfacial tension, the

pressure on the concave side of the interface is higher than the one on the convex one.

Under equilibrium, the Laplace equation relates the capillary pressure to the curvature

radii

pc = σ

(
1

r1
+

1

r2

)

, (2.4)

with the radii of the curved interface r1 and r2, respectively, and the surface tension σ.

The term surface tension describes the interfacial tension of a solid or liquid phase with
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Figure 2.4: Capillary action of water in a hydrophilic tube (left) and in a hydrophobic tube
(right).

its pure gas phase. A derivation of the Laplace equation can be found e.g. in [40]. The

total curvature of the interface is given by κ =
(

1
r1
+ 1

r2

)

. For spherical geometries,

the two radii are equal. Considering a cylindrical tube as presented in Figure 2.4, the

curvature κ is related to the tube radius rtube by the equilibrium contact angle θ at the

three-phase contact line at the wall (rtube/2 = κ cos θ).

Following e.g. Hassanizadeh et al. [41], under equilibrium conditions, a balance of

interfacial forces results in

pc = pn − pw , (2.5)

with the phase pressures of the non-wetting phase n and the wetting phase w, respec-

tively.

In this work, we distinguish between the pore-local capillary pressure which describes

the phase-pressure difference of the non-wetting phase n and the wetting phase w across

a fluid-fluid interface and the global capillary pressure which is applied across a com-

plete domain. It describes the phase pressure difference between in- and outlet for

fluids in the computation domain. The pore-local capillary pressure is denoted with a

small letter pc, and for the global capillary pressure, a capital letter is used Pc.

2.3 Thermodynamics basics

In the following, some thermodynamic essentials and relations are described.
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Thermodynamic equilibrium The thermodynamic equilibrium is the combination of

mechanical, thermal, and chemical equilibrium [1]. The mechanical equilibrium at the

interface between two phases implies that all mechanical forces acting at the interface

are balanced. Note that, in multi-phase flow in porous media, pressure jumps due

to capillary forces occur due to the above discussed surface tension. The thermal

equilibrium is achieved when two phases in thermal contact with each other cease to

have a net exchange of energy. It follows that if two phases are in thermal equilibrium,

their temperatures are locally the same (also at the interface). This means that the

thermal equilibrium is fulfilled if the influence of convection is negligible compared to

conduction. The chemical equilibrium implies that the phases in the system have the

same chemical potentials. The number of present phases is not relevant. Hence the

mole fractions in a multi-phase multi-component system are constant if pressure and

temperature are constant.

Local equilibrium refers to equilibrium conditions in a volume of fluid-filled porous

material that is representing the smallest entity in the model concept (pores on the

pore-scale, REV on the REV-scale) [1].

Local thermodynamic equilibrium is usually satisfied, if the processes are sufficiently

slow compared to fluid displacement processes. The processes of interest happen at

a larger time scale than the equilibration processes. In this work, we assume local

thermodynamic equilibrium is always satisfied.

Phase composition and phase change A gas is a structural phase of matter in

which the thermal mobility of molecules or atoms is strong enough to permit their free

motion, significantly exceeding the cohesive force. This means, gases do not have a free

surface. A gas is assumed to be ideal, if its components are not subject to inter-particle

interactions. Ideal gases obeys the ideal gas law, a simplified equation of state,

pV = nRT , (2.6)

with the pressure p, the volume V , the number of moles n, the ideal gas constant

R =8.314 J/(molK) and the temperature T .

Here, we use the ideal gas law as a simple relation between the different state variables.

The ideal gas law is valid in the considered fuel-cell application since the occurring

pressure is far below the critical pressure but close to atmospheric conditions.
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When locally several phases (e.g. a gas and a liquid) coexist in chemical equilibrium,

their compositions can be calculated using molar quantities. In an ideal gas mixture,

the partial pressure of a component κ is proportional to its mole fraction xκ
g

pκg = xκ
gpg , (2.7)

with the gas phase pressure pg.

According to Dalton’s law, the sum of all partial pressures gives the phase pressure

∑

κ

pκg = pg . (2.8)

Since we assume the phases to be in chemical equilibrium, the partial pressure of water,

the main component in the liquid phase, equals the saturated vapor pressure. For a

system of water and air, it holds

pwg = pwsat , (2.9)

and the mole fractions of the components water (w) and air (a) can be determined in

the gas phase using Eqs. (2.7) and (2.8)

xw
g =

pwsat
pg

and xa
g = 1− xw

g . (2.10)

The composition in the liquid phase can be determined using Henry’s law or Raoult’s

law, dependent on whether the component κ is the major (solvent) or minor (solute)

component within the liquid phase. Henry’s law states that the amount of dissolved

gas in liquid (xa
l ) is proportional to its partial pressure in the gas phase (pag) divided by

the Henry coefficient Ha
gl. Therefore, the mole fractions in the liquid phase are given

by

xa
l =

pag
Ha

gl

and xw
l = 1− xa

l . (2.11)

Raoult’s law combines Eq. (2.7) with Eq. (2.9) to get the solvent’s (component with

higher concentration) partial pressure

pwg = xw
l p

w
sat . (2.12)
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2.4 Flow regimes

Fluid flow can be characterized using the dimensionless Reynolds number:

Re =
vdchar
ν

, (2.13)

with the velocity v, the characteristic length dchar and the kinematic viscosity of the

fluid ν.

Considering flow with very low velocities (Re < 1), inertial forces can be neglected and

one talks about creeping flow. For natural processes in porous media, this is usually

a valid assumption. Also the flow regime in gas diffusion layers of PEM fuel cells is

usually in this regime.

In the gas distributor, flow velocities are much higher. Here, we consider laminar flow.

In this case, inertial effects are relevant.

For very high flow velocities (Re > 2300) in the gas channels of the PEM fuel cell, one

might reach a transition to the turbulent flow regime. In this case, one observes a high

amount of mixing and transfer of kinetic energy from larger to smaller eddies, where it

dissipates into heat. However, in this work, only laminar flow in the gas channels and

creeping flow in the MPL-free GDL is considered.

2.5 REV scale properties

Porosity A porous medium is a material which includes void spaces (pores) and solid

matrix (e.g., fibers or grains). The porosity is the ratio of void space, Vvoid, to the

overall volume of the REV, Vtotal, including both, the void space and the solid matrix

Φ =
Vvoid

Vtotal

. (2.14)

Saturation The saturation is a measure of how much volume of the void space Vvoid

is filled by a given fluid phase α

Sα :=
Vα

Vvoid

. (2.15)
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By definition, the sum of all saturations Sα equals one

∑

α

Sα := 1 . (2.16)

If the void spaces or pores are connected with each other, fluids may flow from one

pore to another and the porous medium is called permeable.

Permeability Flow in porous media is highly influenced by the solid matrix. It is

impeded by constrictions and the resulting small dimensions of available flow channels

between grains or fibers. On the REV-scale, this limitation is taken into account with

the help of the permeability K. Its value has to be determined experimentally for a

specific porous material and might vary in the different spatial directions such that the

permeability becomes a tensor K. If only one phase is considered, on the REV-scale,

flow velocity in a porous medium is proportional to its permeability.

Relative permeability Not only the solid matrix, but also the presence of another fluid

influences the REV flow velocity in a porous medium. In pores filled with two fluids,

the wetting phase is in contact with the solid walls while the non-wetting phase flows in

the center of a pore. This effect is taken into account on the REV-scale by the relative

permeability kr. The relative permeability of Phase 1 kr1 describes the resistance of

the other phase(s) to Phase 1. Constitutive relations for the relative permeabilities

krw(Sw) and krn(Sw) describe the factors relating permeability to wetting phase and

non-wetting phase saturation, Sw and Sn, respectively.

2.6 Pore-scale properties

In this section, different pore-scale properties are presented.

2.6.1 Idealized geometries and shape factor

The void space geometries of a porous material are usually very complex. Choosing

more simple shapes that preserve the relevant geometrical properties is a common
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practice to reduce the complexity of pore-scale fluid flow modeling [42]. The governing

flow behaviors are conserved as good as possible.

Detailed investigations on different idealized pore and throat geometries are published

by Joekar-Niasar and Hassanizadeh [43] and Joekar-Niasar et al. [44]. For a brief

overview on their findings, it is referred to Weishaupt [45]. The widely used concept

of shape factor proposed by Manson and Morrow [46], which can be seen as a sort of

hydraulic diameter, is used to identify similarities in the cross-sectional shapes of the

throats. It is defined as the ratio of the area A and the perimeter squared P 2,

G =
A

P 2
. (2.17)

The shape factor might have a similar or even the same value for different more or less

complex structures. A similar shape factor refers to a similar hydraulic diameter and

therefore similar flow resistance properties. In Figure 2.5, different complex shapes are

analyzed by their shape factor and compared to simple geometric shapes with a similar

shape factor. A circle has a shape factor G = 1/4π and an almost round but more

G ≈ 1
4π

G ≈ 1
16

G ≈
√
3
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Figure 2.5: Visualization of different pore geometries mapped to simpler, idealized pore shapes
using the shape factor G. The idealized geometries have the same or at least a
similar shape factor and the same inscribed radius r as the original, more complex
form. The perimeter and area might differ between the original and the simplified
representation. (cf. [40] and [45])

complex shape has a similar shape factor and can therefore be transferred to the easier

to compute round shape for the flow analysis without causing large inaccuracies.
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In this work, using a pore-network model approach, we use idealized and geometrical

simplified shapes for the pore bodies and throats. The representation of the pore

bodies and throats allows an accurate computation of the flow resistances but also the

occurrence of corner flow is taken into account in an adequate way. The corner flow

in the pores and throats allows the presence of more than one phase in the elements.

A wetting phase flux might occur in the corners of the throats and the local capillary

pressure-saturation relation in the pore bodies is highly influenced by the wetting fluid

in the corner.

2.7 Displacement and transport processes on the pore

scale

It is of particular interest in the modeling of fuel cells to improve the material property

choices and the flow behavior, and to predict the associated macroscopic properties.

Therefore, it is necessary to understand the displacement and transport processes rel-

evant in multi-phase flow systems. This is crucial for the design and the prediction of

performance parameters of PEM fuel cells. Different modeling techniques have been

developed to simulate flow on the pore scale [47].

2.7.1 Displacement processes in the gas diffusion layer on the pore

scale

Lenormand et al. [48] classified the two-phase drainage flow into three regimes:

❼ stable displacement,

❼ capillary fingering,

❼ and viscous fingering.

For the classification, we use the capillary number Ca = µnvn
σ

and the viscosity ratio

M = µn

µw
. Here, vn is the characteristic velocity of the invading fluid. The capillary

number is the ratio between viscous forces which act at the pore scale in the injected

fluid and capillary forces [48]. The viscosity ratio is the ratio between the dynamic fluid
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viscosities µ of the two fluids involved in the displacement process. When the capillary

number Ca is small due to slow displacement rate, the non-wetting fluids preferentially

invade the larger pores, where the capillary pressure, which is necessary to overcome

the narrowing is the lowest in the system. This results in forming long and meandering

paths, called capillary fingering. When the viscosity ratio M is small, the non-wetting

log(Ca)

log(M)0-4 4

4

-4

-8

-8 8

8

capillary
fingering

stable
displacement

viscous
fingering

Figure 2.6: Fluid displacement patterns dependent on the capillary number (Ca) and the
viscosity ratio (M) following Lenormand et al. [48]. The blue dot marks the
conditions occurring in the diffusive layers of PEM fuel cells.

fluids preferentially flow through the pores of lower viscous resistances, resulting in

rather straight paths (viscous fingering). When both Ca and M are large, the non-

wetting fluids penetrate into porous media forming an approximately flat invasion front,

which is called stable displacement. The different flow regimes can be identified by the

capillary number and are dependent on the viscosity ratio. Their occurrence is visu-

alized in Figure 2.6. PEM fuel cells are generally operated at current densities below

3A/cm2. Under these operating conditions, the flow rate of liquid water through the

hydrophobic MPL-free GDL corresponds to a capillary number Ca of approximately

10−8 to 10−9 [49]. Taking into account that the ratio of viscosity between water and

air is of an order of 10, the two-phase flow in MPL-free GDLs belongs to the capillary

fingering regime according to Lenormand et al. [48].
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2.8 Modeling techniques for flow on the pore scale

The pore-scale models can be categorized into discretized and network models. In dis-

cretized models, multi-phase flow is simulated directly in the pore-space structure.

Discretized models include Lagrangian particle-based methods, which do not require a

meshing, such as moving-particle semi-implicit (MPS) [50] and smoothed-particle hy-

drodynamics (SPH) [51]. Additionally, mesh-based methods, like finite-element [52],

finite-volume [53, 54] or Lattice Boltzmann [55, 56, 57, 58], have been developed. These

models use a direct representation of the void space, which might be extracted from

ct-images. However, studying multi-phase flow with these techniques rises several prob-

lems. The mesh-free methods usually allow only small differences in the densities and

viscosities of the considered fluids [59]. Therefore, it is difficult to represent the fluid

properties of air, vapor, and liquid water in a proper way. For the finite-element and

finite-volume methods a dynamic capturing of the local fluid-fluid interfaces is neces-

sary. This can be quite complex and computationally expensive, like the volume of fluid

(VoF) approach [42] or phase-field methods [60, 61]. Mesh-based methods in general

require a lot of computational effort since the equations have to be solved in every cell

and a fine mesh is necessary to represent the flow in the void spaces of the porous

medium [62, 42]. Therefore, only a few pores can be considered in each simulation.

Also, in general, due to the discretization, VoF simulations require accurate algorithms

for advecting the volume fraction function to preserve conservation of mass and avoid

interface smearing due to numerical diffusion [24]. Also several assumptions are neces-

sary to perform a discretized model simulation on the PEM fuel cell materials [63].

An alternative for capturing the gap between few-pore direct models and large REV

scale models has been introduced in the 1950s by Fatt [64]. Since then, the pore-

network modeling has evolved enormously [65, 40]. The pore-network model is well

suited for capillary-driven flow regimes (regime of capillary fingering). It is able to

capture the relevant ongoing drainage and imbibition displacement processes on the

pore scale in the fibrous GDL. Due to the variation of geometric pore shapes, also the

effect of corner flow and local capillary pressure-saturation relations can be taken into

account. Pore-network models can be divided into quasi-static and dynamic models.

The majority of the previously-developed network models are quasi-static in which the

pore-scale displacements take place based on their threshold capillary pressure. In this

work, a dynamic pore-network model is applied and adapted to capture the dynamic
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flow processes in the MPL-free GDL. A detailed description of the developed model is

given in Section 3.1.

2.9 Polymer electrolyte membrane (PEM) fuel cell

functionality

Fuel cells are electro-chemical conversion devices, which convert the chemical energy of

a fuel and an oxidizing agent into electrical energy through a pair of redox reactions.

Different to batteries, which are electro-chemical storage devices, fuel cells require a

continuous source of fuel and oxidizing agent to preserve the reaction and, therefore,

the electric energy production.

Inside a fuel-cell unit, various transport processes can be considered to distribute the

educts to the reactions in the catalyst layers (CL) and products away from them. These

fluid-transport processes are coupled with the chemical reactions. To understand the

complex interactions and improve the performance of fuel cells, coupled simulation

approaches are used.

In a PEM fuel cell, hydrogen and oxygen react to water producing electric energy and

heat:

2H2 +O2 ⇆ 2H2O . (2.18)

The name-giving part of this fuel-cell type is the electrolyte which is usually a solid

polymer membrane made of a PFSA ionomer produced by Nafion. The cell consists of

several different layers. The basic structure is presented in Figure 2.7.

On the anode side, humidified hydrogen (H2) is injected into the cell and distributes

through a channel-land structure as shown in Figure 2.7. A gas-diffusion backend

(GDB) and micro-porous layer (MPL) (combined to a GDL) are used to spread the

hydrogen gas homogeneously on the catalyst layer (CL), where the anode-side reaction

takes place. The hydrogen molecules are split into protons and electrons. The reac-

tive processes are described in more detail in Section 2.9.2. The protons pass through

the proton conductive polymer electrolyte membrane (PEM), while the electrons are

channeled in the electric circuit to the consumer (e.g. the motor of a car). On the
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Figure 2.7: Explosion view of a PEM fuel cell presenting the layered structure of the cathode
and anode side of the cell

cathode side, humidified air is directed into the cell via the gas distributor. In Fig-

ure 2.7, a simple channel-land structure is shown. However, here also other structures

and materials can be used to improve the cell performance. This challenge is discussed

in Section 2.9.1. The gas distributor is in contact with a GDL to distribute the oxygen

molecules (O2) homogeneously on the cathode catalyst layer. In the catalyst layer,

the oxygen reacts with the protons producing water, electric energy, and heat. The

exhaust water needs to be removed from the reaction layer mainly through the cathode

porous layers. In this thesis, we focus on the processes in GDL and gas distributor.

The materials and structural properties of these components are described below.

2.9.1 Materials and structures of GDB (or MPL-free GDL) and

gas distributor

The gas-diffusion backend (GDB) is a coated carbon-fiber paper and part of the gas

diffusion layer (GDL). The hydrophilic carbon fibers are coated, e.g. by PTFE (Polyte-

trafluoroethylene) to create a hydrophobic surface with a contact angle between water
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and air between 100◦ and 150◦ [16]. The fibers have a diameter of 8 to 14µm [16].

Combined with a small amount of binder (here 1 to 4% is used), the coated fibers form

a paper-like structure as shown in Figure 2.8.

Figure 2.8: Gas diffusion layer (GDL) generated using the software GeoDict➤ [66] with a
porosity of 80% including fibers and coating (dimensions 1000× 1000× 180[µm]),
fiber material: dark grey, binder material: light grey

For the numerical analysis, a digitally generated representation is used. The structure

was generated using the material properties given in [67] using the Math2Market soft-

ware GeoDict➤ [66] . The resulting material has a high porosity of approximately 80%

with a pore-inscribed radius between 10 and 150µm.

For the cathode gas distributor, different structures can be found in industrial appli-

cations. The classic case, a channel-land structure is shown in Figure 2.7. However,

in recent years, open porous gas distributor structures have been investigated to be

used for gas distributors in PEM fuel cells [68, 69]. The cells of MIRAI fuel cell vehicle

launched in 2014 use an expanded metal gas distributor for the air supply rather than

the classic channel structure [70]. An advantage is the expected reduction of pressure

fluctuations resulting from water accumulation in the channels or pores. Nevertheless,

channel structures offer the advantage of an easy handling during the production and

the flow conditions are better understood. In Figure 2.9, a channel structure and an

open porous gas distributor are visualized exemplary.

Usually, the gas distributor is fabricated from metal with a hydrophilic surface to re-

move the liquid water efficiently from the GDL. However, this also supports the accumu-

lation of liquid water in the GDL at land parts of the gas distributor (see Figure 2.10).

This accumulation blocks the gas paths for the oxygen supply to the catalyst layer
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Figure 2.9: Channel structure (left) and open porous structure (right) of gas distributor. Both
in contact with the GDL.

reducing the produced energy [71]. Therefore, a hydrophobic coating can be applied

on the gas distributor surface at these land parts, while the channels stay hydrophilic.

The hydrophilic surface of the gas distributor in the channels supports the liquid water

out-take by the mixed-wet interaction with the hydrophobic GDL (right in Figure 2.10).

Figure 2.10: Different interface configurations including liquid-water accumulation in the
”land” region, where there is a direct contact between the cooling and the GDL,
drop formation in the channels and mixed-wet interaction between hydrophobic
GDL and hydrophilic gas distributor.

2.9.2 Electro-chemistry in the catalyst layer

At the anode side, hydrogen is split up to protons and electrons in the catalyst layer and

on the cathode side, oxygen is reduced by the protons passing through the membrane

from the anode side. The reaction equation Eq. (2.18) splits up to the anode and
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cathode reaction:

H2 ⇆ 2H+ + 2e− φ0
anode = 0V ,

2H2O ⇆ O2 + 4H+ + 4e− φ0
cathode = 1.23V .

The energy production of a PEM fuel cell is determined by the chemical potential

between hydrogen and oxygen as well as the availability of these reactants in the cell.

To characterize a fuel cell, the polarization curve is a standard tool. It indicates the

voltage as a function of the current density. Since the kinetics of the oxygen reduction

reaction at the cathode side are much slower than the hydrogen oxidation at the anode

side, the polarization curve behavior is dominated by the cathode reaction conditions

[72].

At zero current, the fuel cell electrodes provide the thermodynamic open circuit voltage:

Ucell = UOCV . Connection of a load induces the current I in the system and reduces

the cell voltage Ucell. The value of UOCV is given by the Nernst equation [73]. At open-

circuit conditions, the electrochemical reactions are at equilibrium. The equilibrium

potential φ0 (also called normal potential) describes the affinity of the elements to form

ions in aqueous solutions at normal conditions (T = 298.15K and p = 1bar) [74]. The

cell voltage is the difference of the electric potentials of the cathode and the anode. At

equilibrium conditions, this gives the theoretical open-circuit voltage of the unloaded

fuel cell:

UOCV = ∆φ0 = φ0
cathode − φ0

anode = 1.23V − 0.00V = 1.23V . (2.19)

At equilibrium conditions, the electrochemical reaction rates of the forward and back

reaction are equal and no net mass transfer results. Closing the external current circuit

yields a spontaneous reaction of hydrogen and oxygen producing water, electric energy

and heat. The transfer of mass of the reactant gases and the draw of electric current

from the system causes a drop in the cell voltage. The over-potential ηi defines the

shift from the equilibrium state of the corresponding reaction i

ηi = φS − φE − φ0
i . (2.20)

Where φS is the potential within the cathode or anode and φE is the potential at the

electrolyte. The difference between these potentials is known as the Galvani potential
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Figure 2.11: Exemplary polarization curve of a PEM fuel cell

(∆φinterface,S = φS − φE) [74]. By definition, the over-potential ηi becomes positive,

when the forward reaction is dominant and the corresponding reactant is oxidized.

This process is called anodic reaction, where the electrons and protons are released.

If the cathodic back reaction is dominant, the reactant is reduced and protons and

electrons are consumed, the over-potential is negative (ηi < 0V ), accordingly. The

polarization curve (deviation from equilibrium potential) is shown in Figure 2.11.

The shape of the polarization curve depends on the structure of the fuel cell components

and the operating conditions (temperature, pressure, humidification and reactant gas

concentration). However, it can be divided into three parts between the open-circuit

voltage at i = 0 and the maximum cell current ilim, where the cell voltage drops to

zero.

The so-called activation over-potential leads to a significant voltage loss at small current

densities [74]. The charge transfer between the reactant gases and the electrode or

electrolyte occurs at a finite rate. Once the activation over-potential is fully developed

and the fuel cell mainly acts as an ohmic resistor, the voltage loss is dominated by the

ohmic resistance of the membrane. In this region, the shape of the polarization curve

is almost linear. At high current densities, the mass transfer at the catalyst surface

becomes fast enough to produce a concentration gradient within the catalyst layer due
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to the limited mass transport of the reactant gases. This results in a significant decrease

of the reactant gas concentration within the catalyst layer which causes a drop of the

cell voltage. Additionally, the removal of the produced water is too slow which blocks

the paths for the reactant gases. This phenomenon shall be prevented.

When the catalyst layer is completely starved from the reactant gas, the cell voltage

drops to zero. If the maximum current density, ilim, can be increased by preventing

starvation of the catalyst layer, the performance of the cell can be improved.

The depletion and production rates depend on the local current density. For low current

densities and an overpotential close to the equilibrium state (left part in Figure 2.11),

the Butler-Volmer equation describes how the electrical current through the electrode

depends on the voltage difference between the electrodes. The electrode current density

i is given by

i = iref0

{

exp

[
αazFηi
RT

]

− exp

[

−αczFηi
RT

]}

. (2.21)

where iref0 represents the exchange current density at a reference state, αc and αa are

the cathodic and anodic charge transfer factors, respectively, z the number of trans-

ferred electrons per molecule of reactant and F is the Faraday constant. For higher

overpotentials (center part in Figure 2.11), the Butler-Volmer equation simplifies to the

empirically derived Tafel equation. For the cathode, the following expression has been

derived by Woehr et al. [75] including the effect of catalyst activation due to platinum

loading and water coverage [76]:

i = iref0 fv exp

[

−∆G ̸=
0

R

(
1

T
− 1

Tref

)]

(1− Sw)
pO2

pO2

ref

exp

[−αzF

RT
ηi

]

. (2.22)

Where fv is a surface increasing factor, which describes the relation between the cat-

alytically active and the geometrical surface area of the electrode, ∆G ̸=
0 is the free

activation enthalpy. The factor (1−Sw) accounts for the covering effect of the catalyst

sites by the liquid phase, with the average water saturation at the interface Sw.

The equations above describe the relation between current density and overpotential,

which results in the polarization curve in Figure 2.11. Since the current density de-

scribes the transfer of electrons, the current density and the reaction rates in the cell

are directly related. Therefore, we can calculate the water production dependent on the

current density. The molar component flux produced during the reaction in a reference



2.9 Polymer electrolyte membrane (PEM) fuel cell functionality 33

cell area Arc is then given by

ṅreact
H2O

=
i · Arc

zH2

· 1
F

. (2.23)

This production rate can now be used for fluid transport investigations, which take the

effects of electochemical processes into account.





3 Conceptual and numerical models

for the single domains

This chapter explains the mathematical models and the numerical discretization schemes

used for the individual domains representing a MPL-free GDL or GDB and a gas dis-

tributor channel, respectively. It is followed by a description of the interface conditions

required for the coupling of the sub-models. As presented in Figure 3.1, we distinguish

between two different model setups. In both models, the MPL-free GDL or GDB is

represented by a pore-network model to capture local displacement processes. For the

channel domain, either a commonly named free-flow model or a so-called REV-based

model is used. For the REV based model, the flow properties and phase presence are

averaged over an REV. The free-flow model is directly resolving the flow and compo-

nent transfer in the channel domain. The single domains for MPL-free GDL or GDB

(ΩPNM) and gas-distributor channel (ΩREV or ΩFF) are coupled at the common interface

ΓREV or ΓFF, and a distinct boundary condition is applied at the opposite site of the

GDB (ΓMPL) to represent the influence of CCL and MPL.

The conceptual models and number of fluid phases considered in each domain are:

❼ MPL-free GDL or GDB: pore-network model (PNM) with non-isothermal two-

phase multi-component flow (2pncni)

❼ Channel Option 1: (Navier-)Stokes (FF) with non-isothermal multi-component

single-phase flow (1pncni)

❼ Channel Option 2: Darcy (REV) model with non-isothermal two-phase flow

(2pni)

Component transport and non-isothermal flow can be considered optionally in the

domain formulations. The focus of this research is on the interface processes driven
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Figure 3.1: Sketch of MPL-free GDL or GDB and gas distributor channel for the coupled
models. The considered sub-domains are ΩPNM for the MPL-free GDL or GDB
representation and ΩREV and ΩFF for the channel representation dependent on
the considered operating conditions, respectively. The domains are coupled at the
interface ΓREV and ΓFF, respectively and a special boundary condition is applied
at ΓMPL to represent the influence of CCL and MPL.

by wettability changes and droplet formation. Therefore, the non-isothermal model is

described but the calculations are performed under isothermal conditions. The models

are implemented in such a way that the influence of gravity can be either incorporated

or neglected. The dimensions of the pore spaces and the considered droplets are tiny

such that the influence of gravity can be neglected, here [77]. Furthermore, we always

consider laminar flow regimes in all domains with creeping flow in the GDL model

(ΩPNM).

Modeling flow through the GDL The fibrous GDL is a key component concerning

the water management in PEM fuel cells. It plays an important role in removing

excessive water from the CCL to the gas distributor. Much effort has been invested in

gaining insights into pore-scale processes of liquid water transport in the GDL. Many

numerical pore-scale studies of the GDL have been performed over the past few years

(a.o.) [34, 78, 31, 32, 33, 35, 3, 79, 80, 7, 81, 82]. Nevertheless, water dynamics in the

GDL are still not well understood. According to Lee et al. [83], invasion-percolation

with capillary fingering is the dominant transport mechanism for transport of two

fluid phases in GDLs for common operating conditions of PEM fuel cells. Several

distinctive features of liquid-water transport in the GDL make its pore-scale modeling

extremely difficult. First, a small flow rate of liquid water, with a capillary number value

between 10−8 and 10−9 [49], results in computationally expensive modeling. Second,
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the complexity of the pore structure of the GDL and dynamic displacement processes

give rise to the difficulty in developing an efficient and robust pore-scale model. In

this work, we develop the model further that has been presented by Weishaupt et al.

[45, 84, 85]. The new model captures the MPL-free GDL or GDB-specific properties

and represents the two-phase and multi-component transport on the pore scale in this

fibrous porous material.

Modeling flow in the gas distributor The gas distributor provides a structure to

transport and distribute the reactants and products through the cell. We distinguish

between the occurrence of single-phase and two-phase flow dependent on the operating

conditions. In the single-phase case, only the gas phase is present in the channel.

This means, water is transported out of the cell in vapor form, and we analyze the

composition of the gas flux. In this case, not enough water is produced to generate

a relevant film flow at the channel walls. If more liquid water is produced or the

temperature is lower, a relevant amount of liquid water might be present in the gas

distributor. This needs to be represented in the model by taking a liquid film flow into

account for the water transport.

In particular, the accumulation of excess water has a detrimental impact on the cell

performance. The so-called flooding of the gas distributor, when liquid water blocks a

gas flow passage, results in inhomogeneous reactant distributions in the cell and pressure

losses along the flow paths. An adequate modeling of liquid-water accumulation and

clogging of the gas-distributor structure is difficult due to the highly dynamic flow

phenomena and the high sensitivity to cell operating conditions.

Analyzing and modeling two-phase flow in a channel is a challenge. The pressure

drop along a channel highly depends on the flow pattern and the liquid-phase presence

[86]. Pressure-drop fluctuations result from different flow configurations in the channel.

The flow pattern and resulting pressure fluctuations from drops, slugs or film-flow

variations are presented and categorized by the group of Kandlikar in the publication

of Grimm et al. [86]. Models have been developed to determine the global pressure drop

including some fluctuations. An overview is given by Anderson et al. [87] and Lu et

al. [88]. However, further investigations are necessary to apply to relevant parts of the

gas-distributor channels. The influence of channel-surface wettability, cross-sectional

shape, and orientation of the channels (with respect to gravity) is discussed in [88].

Mortazavi et al. [89] published an overview of modeling methods for pressure drop in
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a two-phase channel-flow setup.

In this work, two different approaches are investigated. We distinguish between a single-

phase multi-component Navier-Stokes formulation for the gas flow and a two-phase

REV approach to include the effect of liquid-water film flow on the flow processes in

the gas distributor.

3.1 Pore-network model

The applied pore-network model uses the main assumption that the porous medium

can be considered as a network of pore spaces (pore bodies) which are connected with

each other by constrictions (pore throats). Hereby, it is assumed that the main volume

of the pore space is located in the larger pore bodies and the main resistance to the

flow in the porous medium is due to the narrowing between the pore spaces. With

these assumptions, the pore spaces can be approximated by simple geometric shapes

(spheres, cubes, etc.) and combined to a network of pore bodies and pore throats.

The pore-network implemented in the open source project DuMux [90] is based on the

following principles:

❼ The whole volume of the void space of the considered porous medium is dis-

tributed on the pore bodies.

❼ For the pore throats, a negligible volume is assumed but only they offer resistance

to the flow.

❼ With this approach, it is not necessary to capture interfaces in the throats.

❼ The pressure gradients within the pores are neglected, since the resistance of a

pore body is much lower than the one of the throats. This gives the possibility

to assign only one pressure value per pore body (per phase).
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3.1.1 Governing equations for single-phase flow

For pure single-phase flow without component transport, the mass balance equation is

given for each pore body i by

Vi
∂

∂t
ρi +

∑

j

(ρQ)ij = Viqi , (3.1)

with the pore body volume Vi and the mass flux through throat ij, (ρQ)ij, which is

based on the fluid phase density ρ of the upstream pore body i or j (upwinding). A

source or sink term can be applied to the pore body which is denoted as qi.

For compositional single-phase systems, a molar balance equation is formulated for each

component κ on each pore body i:

Vi
∂ (xκρmol)i

∂t
+
∑

j

(xκρmolQ)ij +
∑

j

(
Jκ,pnm
diff,molA

)

ij
= Viq

κ
i , (3.2)

with the molar density ρmol and mole fraction xκ.

The transport term (xκρmolQ)ij is again evaluated by upwinding using the density in

the upstream pore body. The discrete molar diffusive flux through a pore throat ij is

given by Fick’s law

Jκ,pnm
diff,mol =

1

Mκ

ρi + ρj
2

Dκ
i +Dκ

j

2

Xκ
i −Xκ

j

lij
. (3.3)

Where Dκ
i is the molecular diffusion coefficient of component κ in the pore body i and

Xκ
i is the respective mass fraction. The throat length is lij.

Common pore-network models use a one-dimensional form of the stationary Stokes

equation under the assumption of fully developed stationary, creeping flow (Re < 1)

to describe the flow through the pore throats. The momentum balance equation for

single-phase flow follows as

vij =
1

Aij

Qij =
1

Aij

kij (pi − pj) , (3.4)

with the cross-sectional area of the pore throat Aij. This means, the average velocity

vij of the fluid through throat ij is proportional to the pressure difference (pi − pj)

between the connected pores i and j. kij is a conductance term dependent on the
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throat geometry and the fluid viscosity. Considering non-isothermal systems, an energy

balance needs to be formulated

Vi
∂ (ρiui)

∂t
+
∑

j

(ρhQ)ij +
∑

j

[

Aij

∑

κ

(
Jκ,pnm
diff,molh

κ
)

ij

]

+
∑

j

λi + λj

2

Ti − Tj

lij
Aij = Viq

e
i ,

(3.5)

with the convective heat transport (ρhQ)ij evaluated by upwinding of the fluid density

ρ, the specific enthalpy h and volume flux Q. Ti and Tj denote the pore-local tempera-

tures, and λi and λi are the heat conductivities in the pore bodies i and j. A heat sink

or source term might be defined on pore body i by qei . The molecular diffusive energy

transfer is taken into account by Jκ,pnm
diff,molh

κ. This term is zero for non-compositional

systems.

3.1.2 Governing equations for two-phase flow

For two-phase flow, the continuity equation for a pore body i for each phase α is given

by

Vi
∂

∂t
ραi s

α
i +

∑

j

(ραQα)ij = Viq
α
i , (3.6)

with the pore-local saturation sα, the phase densities ρα and a source term for each

phase qα. The volume of the pore body is again denoted by Vi.

For compositional systems, we formulate a molar balance for each component κ in phase

α on each pore body i:

Vi

∂
∑

α (x
κραmols

α)i
∂t

+
∑

α

∑

j

(xκραmolQ
α)ij

+
∑

α

∑

j

(
Jκ,pnm
diff,molA

)

ij
= Viq

κ
i ,

(3.7)

with the molar density of each phase ραmol and the mole fraction of the component κ,

xκ. The discrete molar diffusive fluxes through a pore throat ij are again given by
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Fick’s law

Jκ,pnm
diff,mol,α =

1

Mκ

ραi + ραj
2

Dκ
α,i +Dκ

α,j

2

Xκ
α,i −Xκ

α,j

lij
. (3.8)

Where Dκ
α,i is the molecular diffusion coefficient of component κ in phase α in the pore

body i and Xκ
α,i is the respective mass fraction.

The momentum balance for each phase α is then given as

vαij =
1

Aα
ij

Qα
ij =

1

Aα
ij

kα
ij

(
pαi − pαj

)
(3.9)

with the velocity of the phase vα, the cross-sectional area of phase α within throat ij,

Aα
ij, the volume flux of each phase through the throat ij, Qα

ij, the conductance term kα
ij

for each phase α, and the phase pressures in the connected pore bodies i and j, pαi and

pαj , respectively. The energy balance for multi-phase multi-component systems under

the assumption of a local thermal equilibrium is given by

Vi

∂
∑

α (ρ
α
molu

αsα)i
∂t

+
∑

α

∑

j

(ραmolh
αQα)ij

+
∑

α

∑

j

(
Jκ,pnm
diff,mol,αh

κ,αAα
)

ij

+
∑

α

∑

j

λα
i + λα

j

2

Ti − Tj

lij
Aα

ij = Viq
e
i .

(3.10)

For compositional systems, the molecular diffusive energy transport is taken into ac-

count by
(
Jκ,pnm
diff,mol,αh

κ,αAα
)

ij
. For immiscible fluids, this term is zero. The specific

enthalpies of the phases depend on their composition

hα =
∑

κ

Xα,κhα,κ , (3.11)

with the specific enthalpy of a phase α purely consisting of component κ [1].

The above formulated balance equations allow the description of a dynamic (non-

isothermal) multi-phase multi-component system as it is found in the MPL-free GDL

or GDB and at the interface to the gas distributor.

The balance equations are implemented in a discrete form in the pore-network model.

However, before we proceed with the discretized form of the equations for the imple-
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mentation, some constitutive relations are presented to close the system of equations

for a pore-network with cubic pore bodies and connecting throats with a circular or

polygonal cross-sectional area.

Constitutive relations The capillary pressure pc links the two phase pressures in each

pore body i by a function of saturation sw (here: wetting phase saturation) [91]

pci = pni − pwi = f(sw) , (3.12)

with the non-wetting phase pressure pn and the wetting phase pressure pw. The local

capillary pressure-saturation relation can be determined geometrically using simple

pore shapes or approximated from experimental data.

For this work, an adaptation of the analytic derivation presented in [91] is used for a

cubic pore body. We include a contact angle θ > 0 (measured from the wetting phase)

in following the formulation by multiplying the original equation with cos θ and get

pci(s
w) =

2σ cos θ

Ri (1− exp (−6.83sw))
. (3.13)

For the analysis in fuel cell applications, the dependence on the wetting angle is of

special interest. Therefore, in Figure 3.2, the capillary pressure-saturation relation for

cubic pores with an inscribed radius Ri = 10−4m (representing a large pore in GDL)

and a surface tension between the phases, of σ = 0.0725N/m (gaseous air and liquid

water) is shown for different wetting angles.

Discretization of the pore-network model Considering one pore body i, the volume

balance is formulated for each phase α

Vi
∆sαi ρi
∆t

= −
Ni∑

j=1

ρiQ
α
ij , (3.14)

with Ni pore throats connected to the considered pore body. The volume flux of each

phase through each of those pore throats is denoted by Qij. The discrete change of

saturation of phase α with each time step is given by
∆sαi
∆t

and Vi is the pore body
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Figure 3.2: Capillary pressure-saturation relation for a pore inscribed radius Ri = 0.0001m,
cubic throats and different the wetting angles. The fluids are gaseous air and
liquid water with a surface tension σ = 0.0725N/m.

volume.

For the flow in the pore throats, a Poiseuille-type flow is assumed [91], which can be

described by

Qα
ij = −kα

ij∆ijp
α , (3.15)

with the fluid conductance of the pore throat for each phase kα
ij which depends on the

fluid configuration and the throat shape.

When only the wetting phase is present locally in the throat (local single-phase flow),

several semi-analytic approaches can be found in the literature to describe the throat

conductivity dependent on the shape of its cross-sectional area. An overview on the

available approaches is given in [45]. Patzek and Silin [92] extended the work from

Oren et al. [93] to a generalized formulation for different cross-sectional shapes. They

propose a scaling of the throat transmissibility with the previously discussed shape

factor G (see Section 2.6.1)

kw
ij =

cA2
ijG

µwlij
, (3.16)

kn
ij = 0 , (3.17)

with the dynamic fluid viscosity of the wetting phase µw, the length of the throat lij, and

the throat cross-sectional area Aij. Here, c is a proportionality constant dependent on
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the cross-sectional area shape. For circles it takes the value 0.5, for squares c = 0.5623

and for equilateral triangles c = 0.6. The latter value also holds as a close approximation

for isosceles triangles. The throat conductivity for the non-wetting phase is zero in the

single-phase case. For the case that both phases are present in the throat, the wetting

phase is displaced to the corners as shown in Figure 3.3.

However, the wetting phase in the corner vanishes, if the contact angle θ (measured in

the wetting phase) or, the corner half angle α do not fulfill the following condition [40]

θ + α <
π

2
. (3.18)

Figure 3.3: Exemplary fluid configuration in a throat with square cross-section if both phases
are present. The wetting phase is located in the edges while the non-wetting phase
forms the bulk phase.

Once the throat is invaded by the non-wetting phase, in an angular throat two phases

are present. The non-wetting phase occupies the central bulk while the wetting phase

is reduced to the corners and forms wetting layers. The flow in all fluid domains can be

treated individually. There are several approaches to model the flow in the wetting layer

which highly depends on the contact angle and geometry of the throat cross section.

Usually, the surface roughness is not taken into account explicitly. These approaches

are typically geometrically derived or motivated. An expression for the wetting layer

conductance is given by Ransohoff and Radke [94],

kw
ij =

r2AM

µwlij

ncorner∑

n=1

Aw,n

βn

, (3.19)
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with the dynamic viscosity of the wetting phase µw, the throat length lij, the cross-

sectional area of the wetting layer in the corner n Aw,n and the dimensionless resistance

factor βn. Where rAM = σ/pc is the radius of curvature of the arc menisci (AM) an

ncorner the number of corners of the throat shape. The resistance factor βn can be

determined numerically by solving the stationary Stokes equation for a single wetting

layer. It depends on the corner geometry and the phase configuration (corner angle

and capillary pressure). However, we use an analytic approximation proposed by Zhou

et al. [95]

βn =
12 sin2(αn) (1− B)2

(1− sin(αn))
2 B2

· (ϕ1 − Bϕ2) (ϕ3 + f2Bϕ2 − (1− f1B) rij)
2

(
ϕ1 − Bϕ2 − (1− B) r2ij

)3

with

B =
(π

2
− αn

)

tan(αn)

ϕ1 = cos2(αn + θ) + cos(αn + θ) sin(αn + θ) tan(αn)

ϕ2 = 1− θ

π/2− αn

ϕ3 =
cos(αn + θ)

cos(αn)

where αn is the half corner angle of corner n and θ is the contact angle in corner n

(measured from the wetting phase). The factors f1 and f2 correspond to the inter-

face conditions between the phases. Dependent on the fluid viscosity ratio, a no-slip

(f2 = 1), a no-stress (f2 = 0), or an intermediate condition (0 < f2 < 1) may be as-

signed. For a water-air-solid setup, a no-stress condition can be applied while a no-slip

condition would be more appropriate in a water-oil-solid setup [40]. For the interface

between the solid and the wetting phase, a no-slip condition is assumed and thus f1 = 1

[45].

For the flow of the non-wetting phase also different formulations can be found in the

literature. Weishaupt [45] gives again a great overview on the different methods. How-

ever, he states that the accuracy of the pore-network model is generally less sensitive

to the approximation of the bulk non-wetting phase conductance compared to the one

of the wetting layers in the corners.
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In this thesis, we use the following expression proposed by Blunt [40]

kn
ij =

cA2
n,ijG

µnlij
, (3.20)

with the non-wetting phase dynamic viscosity µn, the actual cross-sectional area of the

non-wetting phase An,ij and the shape factor G and constant c analogous to Eq. (3.16).

If a throat is completely filled with the wetting phase, for the invasion by the non-

wetting phase a capillary pressure threshold needs to be overcome. In this work, the

approach presented in [93] and [40] is used (converted to radians)

pentryc =
σ cos θ(1 + 2

√
πG)

rij
Fd(θ,G) (3.21)

with

Fd(θ,G) =
1 +

√

1 + 4GD/ cos2 θ

1 + 2
√
πG

,

G =
Aij

P 2
ij

,

D = π − 3θ + 3 sin θ cos θ − cos2 θ

4G
.

The wetting angle (again measured in the wetting phase) is denoted as θ, G is the shape

factor, Aij is the cross-sectional area and Pij is the perimeter of the throat between

pore i and j.

This threshold pressure formulation is derived based on virtual work calculation of the

meniscus movement in a pore throat. The work of the displacement must be balanced

by the change in free surface energy. The non-wetting phase displaces the wetting phase

from the central part of the pore throat such that the wetting phase stays present in

each corner (arc menisci) after the invasion. In the absence of gravity, the arc menisci

curvature equals the curvature of the main terminal meniscus of the invading non-

wetting phase [93].

In Figure 3.4, the function of the capillary entry pressure for a throat with cross-

sectional area of the shape of an equilateral triangle, an inscribed radius Aij = 25 ·
10−10m and a surface tension between the phases σ = 0.0725N/m is shown dependent

on the wetting angle.

Considering several components, a continuity equation for each component κ in a pore
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Figure 3.4: Capillary entry pressure for a throat radius rij = 25µm and throats with a cross-
section with the shape of an equilateral triangle dependent on the wetting angle

body i is applied

Vi
∆Xκ

∆t
= −

Ni∑

j=1

[

XκQij −Dκ∆ijX
κ

lij
aij

]

+ Viq
κ
i = 0 , (3.22)

with the diffusion coefficientDκ, the difference of mass fraction between two pore bodies

∆ijX
κ, the length and cross-sectional area of the throat lij and aij, respectively, and a

volume source term for the components qκi .

For now, if there are two phases present, we assume thermodynamic equilibrium such

that the respective mole fractions for water vapor in gas and dissolved air are calculated

using Henry’s and Raoult’s law.

For the energy balance, we use Fourrier’s law

qTij = λij
∆ijT

lij
, (3.23)

with the heat flux between two pore bodies qTij, the heat conduction coefficient λij and

the temperature difference between two pores ∆ijT .
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3.1.3 Numerical model

Dependent on the presence of multiple phases (liquid and gas) and the consideration

of phase changes or component transport, either a single-phase multi-component, a

two-phase, or a two-phase multi-component model is applied. The choice of primary

variables depends on the desired model. In Table 3.1, the set of primary variables

and balance equations for the different kinds of pore-network models considered in this

work is summarized. However, if one of the phases vanishes, e.g., due to evaporation,

numerical problems arise as the two-phase system degenerates and the pore-local sat-

uration s and mole fraction x of the vanished phase lose their physical meaning. Class

et al. [96] propose a solution strategy by switching the local set of primary variables

such that they remain physically meaningful. A detailed description of the primary

variable switching technique is given in [45]. In Table 3.1, Case A denotes the state, if

both phases are present, and Case B, if one phase vanishes.

Table 3.1: Set of primary variables for the different types of pore-network models

model type primary variables

Single-phase multi-component (1pnc) p, xκ2 , ..., xκn

Two-phase (2p) pn, sw
Two-phase multi-component (2pnc) A: pn, sw, x

κ3
w , ..., xκn

w

B: pn, x
κ2
w , ..., xκn

w

The pore-network model is discretized using a box method [1, 97]. The used finite vol-

ume scheme is node centered, i.e., a control volume is associated to each grid node on

which the balance equations are formulated. Each control volume is divided into sub-

control volumes. The fluxes are evaluated over the faces between the sub-control vol-

umes. This makes the scheme locally mass conservative. In the context of pore-network

modeling, the grid vertices correspond to the pore bodies while the one-dimensional grid

elements represent the pore throats. In Figure 3.5, an example network with six pore

bodies and five pore throats is shown. Each pore body corresponds to a control vol-

ume which is split into ncoord sub-control volumes, with ncoord being the coordination

number. Pore i is connected to four other pores and therefore features four sub-control

volumes. The vertical line at the center of the throat ij is the sub-control volume face

over which the flux between pore i and pore j is evaluated. Nevertheless, only one

value for the primary variables (e.g. pressure pi and saturation si) is assigned to a pore

body.
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Figure 3.5: Application of the Box scheme for pore-network modeling. The fluid pressures p
are located at the centers of the pore bodies. Each pore body corresponds to a
control volume, subdivided into ncoord sub-control volumes [45].

3.1.4 Pore-network generation

To analyze the representation of real structures used in a PEM fuel cell, the pore-

networks can be extracted from µct-scans and digital reconstructions (using the soft-

ware GeoDict➤ [98]) of the materials. For the pore-network generation, the open source

software PoreSpy [3, 99, 100] is used. It is possible to use an image stack as input and

the software creates a representing network of spherical pore bodies and connecting

throats. For the application to the MPL-free GDL or GDB structure, the extracted

information is transferred and adapted to non-spherical pore shapes. The algorithm

developed for PoreSpy first creates an Euclidean distance map from the binary images.

A Gaussian filter is used to smooth the images and reduce noisy inaccuracies. Then,

the peaks of the distance map are found by applying a maximum filter. Erroneous

peaks, like peaks on saddles or plateaus and peaks that are too near to each other,

are eliminated. The ”true” peaks are then handed as markers to the marker-based

watershed algorithm which is the core function of the algorithm. This function gen-

erates the segmentation of the pore regions. Based on this information (pore volume,

pore coordinates, throat conductivities, throat length, throat diameter, etc.), a pore-

network can be generated which represents the considered structure of the pore-scale.

This allows a detailed investigation without using a computationally very demanding

direct numerical simulation.
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a) fibrous GDL structure b) image stack of GDL scan

c) regions found by PoreSpy[3] d) pore-network representing GDL

Figure 3.6: Pore-network extraction process using PoreSpy[3].a) GDL structure that shall be
represented by a pore-network; b) image stack (slices) of the structure, e.g. ct-
scan images; c) the PoreSpy algorithm identifies large void spaces (regions) as
pore bodies and finds connections between them; d) pore-network is generated
representing the original GDL structure on the pore scale but in a simplified
form.

In Figure 3.6, the process of pore-network generation is visualized in four steps. We start

with the original structure, a fibrous GDL, that shall be represented as a pore-network

to analyze the flow through the structure (a). The input for the network extraction

algorithm is an image stack of the material (e.g., ct-scans)(b). The algorithm extracts

the void space of the porous materials and defines regions (which represent the pore

bodies) and common interfaces between them (which represent the pore throats)(c).

Finally, a pore-network is created that represents the pore-scale properties of the origi-

nal GDL material. The pore bodies are located in the larger void spaces and connected

by throats (d). Here, the pore bodies are scaled and colored according to their size.
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3.2 Gas distributor channel model

Dependent on the operating conditions, different amounts of liquid water might be

present in the gas distributor. At high gas-flow velocities but low relative humidity

in the channel, occurring liquid water (e.g. due to droplet formation) is transported

downstream by the gas flow quickly. However, at low relative humidity evaporation

processes need to be taken into account. At lower gas-flow velocities and high relative

humidity, the liquid water might form films at the hydrophilic gas-distributor walls.

Therefore, two-phase flow is observed in the gas distributor channels. We distinguish

two modeling approaches: for the first case with low to zero liquid water presence in the

gas channels, a free-flow Navier-Stokes model (FF in Figure 3.1) is applied as described

in the following section. This model is only valid for single-phase flow, if the liquid-

phase flow can be neglected in the channel. If this assumption can not be justified since

enough water is present in the channel such that a relevant liquid film might form, we

use an REV-type framework with a distinct relative-permeability formulation following

Ackermann et al. [101] (REV in Figure 3.1). This model is presented in Section 3.2.2.

3.2.1 Free-flow model

If only the gas phase is present in the channel or if the influence of liquid phase presence

on the free flow can be neglected, a single-phase Navier-Stokes formulation can be used

to describe the flow in the gas distributor channels.

Figure 3.7: Single-phase flow-model concept to describe flow in the gas-distributor channel.
This model concept is denoted as the free-flow (FF) model. We use the (Navier-)
Stokes equations to describe the gas-flow behavior.

We assume laminar flow (Re < 2300) such that turbulent effects can be neglected. For

creeping flow (Re < 1), we use the Stokes formulation which neglects inertial effects.

In this section, the phase subscript is omitted since we only consider the gas phase. In
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Figure 3.7, the parabolic flow profile of the gas flow in the channel is visualized for the

free-flow (FF) domain.

We assume that the components mix according to binary diffusion which is described

by Fick’s first law. The gas, which consists of air and water vapor, is assumed to be a

compressible ideal gas.

Momentum balance The general transient and compressible form of the momentum

balance equation for a single Newtonian fluid phase is given by

∂ (ρv)

∂t
+∇ ·

(
ρvvT

)
= ∇ ·

[

µ
(
∇v +∇vT

)
− 2

3
µ (∇ · v) I

]

−∇p+ ρg + f , (3.24)

with the density ρ, the dynamic viscosity µ, the fluid-velocity vector v and the phase

pressure p.

The first two terms result from the total derivative D(ρv)
Dt

and represent the storage term

and the convective flux term. The third term represents the viscous term and the last

three terms account for the pressure, gravitational and external forces.

In this work, the dilatation term 2
3
µ (∇ · v) I is neglected and we do not consider any

gravitational effects such that g is set to zero. If any additional volume force is applied

to the flow, this can be applied within the term f .

For stationary flow and creeping-flow conditions (Re < 1), Eq.(3.24) simplifies to the

stationary Stokes equation. In this case, the temporal derivative and the convective

flux term are neglected:

∇ ·
[
µ
(
∇v +∇vT

)]
−∇p+ ρg + f = 0 . (3.25)

Mass balance Considering the flow of a pure fluid, the conservation of total mass is

ensured by the mass balance equation:

∂ρ

∂t
+∇ · (ρv) = q , (3.26)

with a storage term ∂ρ
∂t
, a flux term ∇ · (ρv) and a source or sink term q.

For compositional systems, a molar component balance equation can be formulated for
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each component κ:

∂ (ρmolx
κ)

∂t
+∇ ·

(
ρmolvx

κ − Jκ
diff,molρ∇Xκ

)
= qκ . (3.27)

Again, we have a storage term and a flux term in the balance equation. The component

flux term represents the advective transport with the flow fields and the diffusive molar

flux due to the concentration gradient, which is approximated following Fick’s first law

Jκ
diff,mol = − 1

Mκ
ρDκ∇Xκ , (3.28)

with the molar fraction xκ and the mass fraction Xκ.

For a two-component system as it is considered in the gas distributor channel (with

air and water vapor), the sum of both component mass balances yields the total mass

balance, since Xair +XH2O = 1.

Energy balance Describing a non-isothermal system, an energy-balance equation is

required, which accounts for energy storage and flux

∂ (ρu)

∂t
+∇ ·

(

ρvh+
∑

κ

∇ ·
(
Jκ
diff,molh

κ
)
− λ∇T

)

= qe . (3.29)

Where qe denotes an energy source or sink term. The diffusive term
(
Jκ
diff,moleh

κ
)

takes the molar diffusive energy transport into account. The storage term includes the

solution-dependent specific internal energy u while the advective term considers the

specific phase enthalpy:

h =
∑

κ

Xκhκ , (3.30)

with the specific enthalpy hκ of a phase consisting only of component κ. The third

term describes the conductive energy flux using Fourier’s law, with the phase heat

conductivity λ and the phase temperature T .

Numerical model For the spatial discretization of the free-flow model, a staggered-

grid finite-volume approach is used, which is also known as MAC scheme [102]. This
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scheme inherently provides stable and oscillation-free solutions [103]. In Figure 3.8,

the spatial discretization scheme is visualized. Scalar quantities like pressure, density,

viscosity, or mole fractions are formulated at the centers of the control volumes of

the primal grid (solid lines). The velocity components are located at the faces of the

control volumes. Around these faces, dual-grid control volumes are constructed (blue

and green). Figure 3.8 shows a section of a two-dimensional grid with two velocity

components only.

pi,j

vi,j+1/2

vi,j−1/2

ui+1/2,jui−1/2,j

pi+1,jpi,j−1

pi,j+1

pi,j−1

Figure 3.8: Staggered grid for Navier-Stokes discretization

For details on the application of the discretization scheme it is referred to [104]. The

primary variables of the Navier-Stokes (FF) model are the pressure p and the velocity

vector v, which are supplemented by the temperature T and the mole fraction xκ, for

compositional non-isothermal systems.

3.2.2 REV model

For operating conditions with lower velocities and high humidification of the cathode

gas flow, a two-phase formulation of the gas distributor channels is recommended. The

similarities between flow in porous media and the flow in the micro-channel of the gas

distributor has been already recognized in prior studies [70]. We are not interested in

the detailed flow configurations, but in the saturation-dependent volume fluxes in the

channel. Here, we use a two-phase Darcy formulation with a local volume averaging of

flow behavior and phase presence as presented by Ackermann et al. [101]. The model
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Figure 3.9: Two-phase flow model concept to describe flow in the gas distributor channel.
This model concept is denoted as the REV model. We use a Darcy model to
describe the flow behavior of both phases, liquid and gas, respectively.

domain is sketched in Figure 3.9.

Describing the channel flow with a Darcy type REV model, analogously to the pore-

network model, dependent on the local phase presence, different models with their

balance equations and suitable primary variables have to be applied.

Momentum balance Darcy’s law yields the REV-scale velocity, a volume flux per

area

vα = −K
krα
µα

(∇pα − ραg) . (3.31)

Where K is the intrinsic permeability tensor which is a property of the porous ma-

terial, only. We use a value representing flow through a tube here to approximate

the open-channel flow properties. Since the permeability may feature anisotropic (i.e.

orientation-dependent) flow resistance, in general, this property is a tensorial quantity.

The phase-pressure gradient ∇pα is the driving force of the Darcy flow. The density ρα

and dynamic viscosity µα are fluid properties. krα is the relative permeability of each

phase α. We use a formulation presented by Ackermann et al. [101] which represents

liquid film flow (l) and gas bulk flow (g) in a channel

krl (Sl) = S2
l

(

−2Sl + 3
µl (1− S2

l ) + µgS
2
l

µl (1− Sl) + µgSl

)

, (3.32)

krg (Sl) =
(
1− S2

l

)
(

2 (Sl + 2)− 3
µl (1− S2

l ) + µgS
2
l

µl (1− Sl) + µgSl

)

. (3.33)

The formulation of the relative permeabilities is derived from an upscaling procedure

considering liquid film flow in a gas-flow channel in a one-dimensional domain (flow
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between parallel plates). The formulations are based on the following simplifying as-

sumptions: Densities and viscosities are constant, and gravity is neglected. For the

non-dimensionalization, we assume the channels to be long and thin, which is the case

in the gas distributor of a PEM fuel cell. Nevertheless, the REV-based formulation is

an approximation, which does not aim to capture the entire complexity of two-phase

flow in the gas distributor channel. It allows an averaged representation including

the influence of film flow fed by detached droplets from the GDL surface. The one-

dimensional channel representation can be combined with the three-dimensional GDL

model to capture the influence of two-phase channel flow on the interface processes

between GDL and gas distributor.

Mass balance The mass balance for the domain is given by

∑

α

Φ
∂ (ραSα)

∂t
+∇ ·

(
∑

α

(ραvα)

)

=
∑

α

qα , (3.34)

with the phase saturation Sα and the sink/source term for each phase qα. The porosity

Φ is included in the storage term since, in a porous material, only the void volume

fraction is available for the fluids. However, to describe the flow in the channels Φ is

set to one.

Energy balance Assuming local thermal equilibrium, the energy balance is given by

Φ
∂ (
∑

α (ραuαSα))

∂t
+ (1− Φ)

∂ (ρscsT )

∂t
+
∑

α

∇ · (hαραvα)−∇ · (λpm∇T ) = qe ,

(3.35)

with the internal energy u, the solid’s density and heat capacity, ρs and cs, respectively,

and the temperature T. The second term is presented for the sake of completeness even

though it vanishes here since the porosity is set to 1 in the considered channel model.

λpm denotes the effective heat conductivity and h is the phase specific enthalpy. An

energy source or sink term might be applied with qe.

Numerical model Like the pore-network domain, the Darcy domain is spatially dis-

cretized using the Box method [97]. In the Box method, the model domain is covered
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by a dual mesh where a finite-element grid forms the primary mesh. The approach

combines the advantages of the finite-element and finite-volume method. All primary

variables are stored and computed at the vertices, which are located at the corners of

the elements and represent the surrounding control volume. The two-phase system of

partial differential equation for the mass and momentum balance contains the unknowns

pg, pl, Sg, and Sl. As primary variable for the mass balance the gas-phase pressure pg is

chosen. Additionally, the saturation of the liquid phase Sl (for the two-phase case) and

the mole fraction of water in the gas phase xH2O
g (for compositional models) are chosen.

For non-isothermal models additionally, the temperature T is part of the set of primary

variable. Analogously to the pore-network model, a variable switch following [96] is ap-

plied in case one phase locally vanishes in the two-phase system. The secondary mesh,

which describes the finite volumes is obtained by connecting the centers of each element

with the associated edge midpoints. Thus, each finite volume is associated with a ver-

tex, as schematically shown in box Bi in Figure 3.10. The finite-element mesh divides

the boxes Bi into subcontrol volumes scvki . A control volume is formed consisting of

all subcontrol volumes attached to a vertex. A quadrilateral grid is considered, where

all primary variables are approximated with piece-wise bilinear functions. For further

details on the used Box discretization scheme, it is referred to [4].

Figure 3.10: Discretization of the box method for the REV domain [4]





4 Boundary and interface

configurations

Figure 4.1: Section of the interface between the GDL and a channel-land stuctured gas dis-
tributor presenting the three different zones to distinguish in the interface model

In Figure 4.1, the different interaction regions at the interface between the GDL and

the gas distributor are visualized for a classical channel-land structure. In the following

sections, the modeling concepts for the three regions at the interface between GDL and

gas distributor (red dashed line in Figure 4.1) as well as the interface between GDL

and catalyst layer (green in Figure 4.1) are presented.
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4.1 Representation of the catalyst layer and influence

of the MPL

Based on the operating conditions, including stoichiometry and produced current, the

reactions taking place in the cathode catalyst layer (CCL) can be included in the GDL

model as a lumped boundary condition. With this condition, the ongoing reactions of

protons and oxygen to water in the cathode catalyst layer and the transport through

the MPL are implicitly included in the model without implementing all the physical

details. Lu et al. [105] investigates the influence of the MPL on GDL flow for different

GDL materials and finds that the capillary breakthrough pressure does not increase,

as expected from the small pore sizes, but is approximately in the same range as for

samples without MPL. The properties of the MPL (hydrophobic material with very

small pores (dpore < 10µm)) imply a liquid water flux only through larger cracks in the

material. Otherwise, the necessary capillary pressure would need to exceed a physical

range (pentryc > 1e4Pa). As shown in Figure 4.2, the output of the lumped boundary

condition are a (molar) source flux of vapor and liquid water, a (molar) sink flux of

oxygen, and an energy source term. These flux terms are calculated analytically in the

lumped model.

Figure 4.2: Visualization of the lumped boundary concept representing the cathode catalyst
layer and the MPL

From the operating conditions, the cell potential can be determined by

Ucell = UOCV − ηa − ηc − iRspec , (4.1)

where UOCV is the open circuit voltage, ηa and ηc are the anodic and cathodic overpo-

tentials, respectively, and i the cell current density. Rspec is the specific ohmic resistance
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for the membrane, the electrodes and the contacts between the layers, which is usu-

ally determined experimentally by impedance spectroscopy [106]. The overpotentials

of anode and cathode side are parameters of the reaction and stoichiometry, and can

be determined experimentally using a known reference state of the cell operation [76].

As described in Section 2.9.2, the anodic overpotential can be neglected, due to its

insignificant contribution.

With a known current density i, the products of the ongoing reactions can be quanti-

fied. The oxygen consumption rate (molar flux) ṄO2
and water production rate ṄH2O

during the electrochemical reactions, respectively, depend on the current density i and

the Faraday constant F :

ṄO2
= − i

4F
, (4.2)

ṄH2O =
i

2F
. (4.3)

In the case of zero water flux through the membrane, each oxygen molecule in the

cathode channel is replaced with two water molecules. However, depending on the

humidity of the gas at the anode side, cross-over of water from the anode to the cathode

side can bring additional water molecules to the cathode side [76]. The dynamic of

water content is controlled by the electro-osmotic driving force due to the different

electrochemical potentials at the anode and cathode, and the diffusion caused by the

water concentration gradient at the two electrodes [107].

Therefore, an additional source term for the cross-over flux to the anode side due to

osmotic drag is considered by

Ṅanode
H2O

= tH2O
i

F
, (4.4)

where tH2O is a transport coefficient, which depends on the conductivity of the mem-

brane and the applied stoichiometry for the operating conditions. This value needs to

be determined experimentally by estimation and iterative adaption to match a known

experimental contribution.

Following Acosta et al. [76], the heat produced by the reaction, here considered as a
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heat source, is calculated based on the cell potential Ucell

qT = (Uth − Ucell) i , (4.5)

with the thermo-neutral voltage Uth, which represents the voltage at which the reac-

tion takes place with 100% thermal efficiency (i.e. no waste heat is produced from the

reaction). For the considered reaction of hydrogen and oxygen, this is Uth ≈ 1.48V

[76]. It is assumed that a part of the heat generated in the cathode reaction layer flows

through the membrane to the anode side, depending on the thermal conductivity of

the membrane [76].

Another complex problem, which is not well understood, is the phase state of water

at the interface between MPL and gas diffusion backend (GDB). Experimental obser-

vations show the occurrence of liquid water results not only from condensation [21].

From the hydrophobicity and the small pore size of the MPL material, it is assumed,

that liquid water can only pass through preferential paths, where there are cracks or

holes in the material. This results in a number of injection points for the liquid water

interacting with the GDL material. It can be surmised that the number of injection

points varies depending on the thickness and material properties of the MPL. Carrere

et al. [21] induce a parameter for the fraction of injection points of liquid water. How-

ever, direct estimates for this parameter are not available in the literature such that

this value is used essentially as an calibration and fitting parameter in his work.

Here, this principle is adapted to the lumped boundary concept. A specific probability

for the occurrence of liquid water is assumed to capture this effect. In every boundary

element that contains liquid water the local relative humidity is set to rh = 100%,

meaning that the liquid-vapor equilibrium is reached. Therefore, the molar fraction of

water vapor in such an element is xv = pvs(T )/pref. Nevertheless, additional investiga-

tions are necessary to determine this water-vapor fraction in a more sophisticated way.

This procedure, where the reaction and transport in the catalyst layer and the MPL are

included using a boundary condition is a simplification since the local concentrations

of the components are not included in the reaction rate. This assumption is valid,

due to the small computation domain represented by the pore-network of the GDL

(< 10mm2). Here, it can be assumed, that the mixing of the components occurs fast

enough to ensure a homogeneous distribution over the complete boundary area.
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4.2 Droplets forming in channels of the gas distributor1

At the interface between GDL and gas distributor different configurations can occur.

If the water leaves the GDL at a pore with a large distance to the hydrophilic wall

of the gas distributor, a droplet is forming on the hydrophobic surface of the GDL.

The influence of the droplet formation, growth and detachment on the flow in the

pore-network model representing the flow through the GDL structure is implemented

in a boundary formulation for the pore-network model. Investigations on transparent

Figure 4.3: Droplet formation on the hydrophobic surface of the GDL structure

testing PEM fuel cells have confirmed that single-droplet formation and detachment

from the porous material surface of the GDL is the main water flow mechanism taking

place in the cathode channel [108]. Several operation conditions have been recorded by

the authors. They concluded that the formation of individual droplets of the surface

of the GDL is the dominant mechanism for the water removal from the GDL structure

and the water flow within the gas distributor. However, for the considered test fuel

cell, a plexiglass has been used as the material of the channel-land structure of the

gas distributor and a channel width and depth of 1.46mm×0.28mm, respectively. The

liquid water might behave differently once in contact with a more hydrophilic wall

material and might form film flow. Nevertheless, for the formation and detachment of

the droplets, the assumption of single droplet formation is still valid.

In the following, we consider a simplified, well-defined setup as presented in Figure 4.4.

A droplet is forming on a hydrophobic surface in a gas flow channel. The liquid water

1Portions of this section are part of the publication Two-phase flow dynamics at the interface between

GDL and gas distributor channel using a pore-network model by Michalkowski et al. that has been
submitted to Transport in Porous Media by Springer in 2022.
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Figure 4.4: Droplet forming on a hydrophobic surface in a gas flow channel

enters the channel domain through a cylindrical pore throat at the bottom of the

channel. The throat represents the interface to the porous domain of the GDL, which

will be modeled using a pore-network.

For the velocity profile at the channel inlet boundary, a uniform velocity or a parabolic

velocity profile can be assumed. A uniform velocity would result from the disturbances

due to droplets emerging at different locations in the channel forming obstacles to the

flow. Theodorakakos et al. [108] corroborate this assumption by investigations of the

influence of the location of the droplet in the channel. It has been found that there is

no significant difference in the behavior of a droplet located in the centerline compared

to one located closer to a side wall. However, they notice the importance of the flow

dynamics rather than the static conditions in the channel to be important for the

detachment of droplets [108].

The influence of the droplet growth and detachment on the air flow in the gas distributor

needs to be considered separately using a direct numerical simulation of the gas flow.

As a simplification, the influence of droplets can be considered with respect to the

reduction of the available cross-sectional area for the gas flow. However, in this section,

we focus on the description of droplet formation, growth and detachment at the surface

of a porous GDL.

4.2.1 Droplet on a porous surface

A droplet forming at the interface between GDL and gas distributor experiences the

influence of shear flow, i.e. the gas flow through the gas distributor. The droplet is

attached to the surface of the GDL due to adhesion forces between the liquid droplet

and the solid surface. The adhesion force depends on the properties of the liquid as well
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as the solid, like contact angle, surface tension, and surface roughness of the solid. The

shear flow applies a drag force to the droplet dependent on the flow velocity and the

viscosity of the gas flow. Additionally, a gravitational force dependent on the orientation

of the fuel cell and the size and density of the droplet can be considered. However, for

small droplets this is negligible [108], which will be discussed in the following. If the

forces acting on the droplet exceed the adhesion force, the droplet is detached from the

surface. Once in movement, the droplet can have sliding, rolling, and lifting motion in

the presence of a simple shear flow [109].

A droplet forming on the GDL surface is visualized in Figure 4.5. Here, no gas flow is

considered at the surface of the GDL.

Figure 4.5: A droplet forming and growing on the GDL surface with no surrounding gas flow.

From the preferential flow path of the liquid through the porous GDL, a droplet is

forming at the breakthrough location. The droplet is growing based on the liquid flux.

Since no gas flow causes a drag force on the droplet, it won’t be detached. At a certain

size, gravity might cause a deformation otherwise the droplet shape is determined by

the surface tension and resulting contact angle. We always assume that the liquid flux

is small enough to neglect any deformation due to inertial effects from the liquid flux.

In Figure 4.6, the droplet formation on the GDL surface is shown for the case of a

drag force acting on the droplet due to a gas flow velocity. Similar to the equilibrium

case, a drop is forming and growing based on the flow path through the porous GDL.

However, this time, a deformation of the droplet due to the surrounding gas flow is

observable. In the last stage, the droplet is detached from the surface. Liquid water is

removed from the porous domain. We do not consider the details of liquid water uptake

in the free flow domain (light blue sphere with dashed lines). Since the configurations

in Figures 4.5 and 4.6 are rather complex and the conditions are not well defined, a

simplified configuration is considered to describe and develop the model. The simplified

model should include all the relevant effects and phenomena occurring in the complex

system at the interface between GDL and gas distributor but is more clear and easier
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Figure 4.6: A droplet forming and growing on the GDL surface in a gas flow channel.

to understand. First, some assumptions need to be justified.

Including the influence of surface roughness There are two states to classify droplet

interaction with a rough surface. The interaction can either be in a Wenzel [110] or

Cassie-Baxter state [111]. The Wenzel state describes homogeneous wetting on the sur-

face features. In this case, full water droplet immersion into the surface roughness fea-

tures is observed, resulting in complete interfacial contact as presented in Figure 4.7b.

In the Cassie-Baxter state, the water droplet is resting on gas between the liquid water

and the rough surface. This case is shown in Figure 4.7a. For both models, roughness

correction factors, based on the material topography, are employed to relate the ap-

parent contact angle to the contact angle on a smooth surface. The corrected contact

angles can then be utilized in surface energy balance calculations. Fishman et al. [112],

Gostick et al. [113] and Theodorakakos et al. [108] attribute droplet pinning on the

GDL to the extent of wetting in the Cassie-Baxter state which is also applied in this

work.

a) Cassie-Baxter state b) Wenzel state

Figure 4.7: Droplet on a rough surface in different states dependent of the wetting properties
of liquid and solid

The correction term for the contact angle derived by Cassie and Baxter [111] is based



4.2 Droplets forming in channels of the gas distributor 67

on the surface roughness to model contact angle on heterogeneous surfaces. For the

considered case, where a mixture of water vapor and air is trapped between the solid

and the liquid, it holds

cos θ = f1 cos θsmooth − f2 . (4.6)

Where f1 is the fractional area for the solid-liquid interface, f2 is the fractional area for

the pores and θsmooth is the contact angle between the liquid and the solid on a smooth

surface.

Assuming a nearly homogeneous contact angle distribution on the GDL surface, this

correction term includes the surface roughness in the wetting properties and such in

the calculation of the adhesion force. Therefore, in the following the corrected contact

angle is used as for smooth surfaces.

Neglecting the influence of the pore throat feeding the droplet Theodorakakos

et al. [108] state that the influence of the filling tube or pore throat connected to the

droplet has only a minor influence on the droplet detachment. They considered dif-

ferent cylindrical pipes with diameters up to 15% of the droplet detachment diameter

and various flow velocities through the throat. They concluded that the droplet-filling

flow through the pore throat is not strong enough to cause any effects on the detach-

ment behavior and the only influence results from the smaller friction area between

the liquid droplet and the wall surface [108]. In our case, no sliding movement of the

droplet on the porous surface is considered. Therefore, the reduced friction has no

influence, here. The droplet is forming at the end of the pore throat. It grows to a

certain size and is detached from the throat and the surface of the porous GDL once

the drag force resulting from the surrounding gas flow exceeds the resisting forces. For

the detachment, the force balance parallel to the flow direction is considered. Details

on the droplet detachment are described in Section 4.2.2. For a throat perpendicular

to the surface, the effective adhesion and cohesion forces between the droplet and the

fluid in the throat and the solid surface, respectively, do not have an in-flow-direction

component and are not considered in the detachment force balance (see Figure 4.13).

The influence of a tilted interface throat is neglected, here.

Therefore, for the calculations of the force balance and detachment criterion, the influ-
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ence of the filling throat is not considered.

Neglecting the influence of gravitational effects The gravitational force acting on

the droplet results in a deformation of the droplet (visualized in Figure 4.8).

h

dCA

ideal droplet
(no gravity effect) real droplet

(tapered due to gravity)

g

Figure 4.8: Deformation of the droplet due to gravitational force cf. [5]

Due to the gravity g acting perpendicular to the surface, the droplet is tapered. The

height h is decreased while the diameter of the contact area dCA is increased.

To express the influence of gravity on the static droplet shape, the dimensionless Bond

number Bo can be used

Bo =
ρliq · g · r2drop

σ
(4.7)

with the density of the liquid (droplet) ρliq, the gravitational acceleration g, the droplet

radius rdrop and the surface tension σ.

The Bond number describes the relation between the gravitational force and the surface

tension and is therefore an indicator for the deformation of the droplet due to gravity,

meaning its difference from a spherical shape.

For different drop sizes and surface tensions, the Bond number can be calculated. In

order to consider any significant effect of gravity, the Bond number should be above

2.5 [108, 114]. In Figure 4.9, the dependence of the Bond number of the droplet radius

for water droplets in air is visualized.

Even for droplets with a radius larger than 1mm which is the upper end of typical

channel height of gas distributors in PEM fuel cell applications, the Bond number is
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Figure 4.9: Bond number of a water droplet in air environment dependent on the droplet size

far below 2.5, such that the influence of gravity on the droplet deformation is neglected

in the following.

Uniform surface curvature of single droplets In Figure 4.10 (left), a droplet de-

formed due to gas flow is visualized. The deformation results in the formation of an

advancing and receding contact angle down- and upstream to the droplet, respectively.

However, the influence on the average curvature is small and is negligible for the small

droplets occurring at the interface between GDL and gas distributor. We assume, the

deformation of the droplet due to external forces from the gas flow is small enough such

that the curvature is uniform on the droplet surface. This results in a constant phase

pressure difference between the gas and the liquid phase, and therefore, a constant

pressure inside the droplet.

Figure 4.10: Deformed (left) and undeformed (right) droplet on a surface.

Considering surface effects, such as evaporation, or to determine the area perpendicular
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to the flow direction that reduces the cross-sectional area of the channel, the simplifi-

cation on the right side in Figure 4.10 of an undeformed droplet is used. The droplets

are assumed to have the shape of a sphere cap. Nevertheless, contact-angle hysteresis

is considered in the force balance as described in Section 4.2.2.

4.2.2 Simplified model

With these simplifications and restrictions, the droplet behavior on the GDL surface

can be described by the following model (Figure 4.11).

vchannel

vtop

h

dCAθr θa

rdroplet H
y
x

Figure 4.11: Simplified representation of a droplet on the GDL surface.

In Figure 4.11, the median plane through a droplet in a gas flow channel is shown.

The droplet deforms due to the drag and pressure force and surface tension acting on

the droplet. For the flow in the channel, a fully developed laminar flow profile of a

Newtonian fluid is assumed. In the channel, around the droplet, only parallel flow is

considered. The velocity profile around the droplet is visualized in Figure 4.12. Since

the droplet blocks a part of the channel, the average velocity of the flow at the position

of the droplet is increased to fulfill the mass balance and a no-slip condition is applied

to the drop surface.

Forces acting on the droplet In Figure 4.13, the different forces acting in and around

the droplet are shown. There is a shear force Fshear and am inertial force Fρv2 acting on

the droplet surface. However, the inertial force at the surface due to a no-slip condition

between the liquid drop and the gas flow is very small compared to the shear force and



4.2 Droplets forming in channels of the gas distributor 71

vtop

vside

Figure 4.12: Visualization of the parallel flow profile around the droplet. The velocity is
increased in the narrowing on top of the droplet (red) and a no-slip condition
is applied to the drop surface. The droplet is simplified by a cube. The flow
velocity passing by the drop on its sides is colored in blue.

Fpressure

Fshear

Fshear,d

Fadh

Fcoh

Fdrag

Fσnw

vchannel

θr θa

Figure 4.13: Forces acting in and around the deformed droplet

is therefore neglected here. The internal shear force Fshear,d in the liquid is given by

Fshear,d = τAthroat = µliq
∂u

∂y
Athroat , (4.8)

with the area of the throat, where the drop is formed, Athroat, the viscosity of the drop

fluid µliq and the gradient of fluid velocity at the throat ∂u
∂y
. Since we assume only small

droplet deformations, the velocity gradient is small such that we neglect the internal

shear force at the pore throat.

To further simplify the setup, no flow disturbances are considered around the droplet.

The pressure force Fpressure around the droplet varies along the surface in stream direc-

tion due to the gas flow. The surface tension force Fσnw acts at the contact line between

the liquid droplet and the solid surface. Due to the deformation and the contact-angle

hysteresis an effective force results against the gas flow direction. A drag force Fdrag

results from the gas flow acting on the projected area perpendicular to the stream and
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represents the overall resistance of the droplet to the flow. In the drag force, all re-

sisting forces of the droplet in the stream are combined (pressure force, shear forces).

Internally, cohesion forces Fcoh between the fluid particles and adhesion forces Fadh

between the fluid and the solid can be measured. On the whole droplet, a gravitational

force is acting dependent on the size of the droplet.

Force balance in tangential direction Some of the forces described above have an ef-

fective component in tangential direction. In Figure 4.14, these components are shown

in a simplified box around the droplet. The adhesion and cohesion forces are not in-

Fdrag

Fshear

Fσnw

Fpressure

vchannel,x

θr θa

y
x

Figure 4.14: Tangential components of the forces acting on the droplet

cluded in this balance, since the effective component in tangential direction is zero. For

the pressure force approximation, the pressure loss through the narrowing above the

droplet is approximated by the resistance of a rectangular duct. A laminar, fully devel-

oped flow profile is applied and no flow disturbances around the droplet are considered.

For this case, the pressure force is given following [115]

Fpressure = (pfront − pback)× Achannel =
24µgas(H/2)2vmean

channelh
2
drop

(H/2− hdrop/2)3(1− cos θa)2
, (4.9)

with the cross-sectional area of the channel Achannel, the viscosity of the gas µgas, the

height of the channel H, the height of the droplet hdrop, the average gas stream ve-

locity vmean
channel = |vchannel,x|, and the advancing contact angle θa (see Figure 4.11 and

Figure 4.14).

The shear force acting around the droplet is divided in the parts above the droplet

and on the two sides parallel to the flow. For the top part, a formulation described by
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Kumbur et al. [115] can be used and for the sides an integral approach is applied

F top
shear = τ |y′=b/2 Atop =

3µgasH/2vmean
channel

(H/2− hdrop/2)
2 (2rdrop)

2 , (4.10)

F side
shear = τyz|z=r Aside = −µgas

∫ y=−H/2+hdrop

y=−H/2

∂ |v|
∂z

(y)dy · 2rdrop

=
12µgasrdrophdropv

mean
side

H

(

2− hdrop

H

)

, (4.11)

Fshear = F top
shear + 2F side

shear . (4.12)

with the projected areas of the droplet Atop and Aside, respectively, and the average

velocity in the channel and next to the droplet vmean
channel and vmean

side , respectively.

The effective surface tension force in tangential direction depends on the deformation

of the droplet and the resulting contact angles in the front and behind the droplet. As

an approximation, a linear relation between the contact angle and the droplet radius

is assumed.

θa(rdrop) = θ0 +
rdrop
rmax

(θa − θ0) , (4.13)

θr(rdrop) = θ0 +
rdrop
rmax

(θr − θ0) , (4.14)

∆θ(rdrop) = θa(rdrop)− θr(rdrop) =
rdrop
rmax

(θa(rmax)− θr(rmax)) , (4.15)

Where the maximum droplet radius before the detachment is denoted by rmax. The

surface tension force is then given by

Fσ = σ
dCA

2
π




sin
(

rdrop
rmax(v)

(∆θ − θa)
)

− sin
(

rdrop
rmax(v)

θa

)

rdrop
rmax(v)

∆θ − π

+
sin
(

rdrop
rmax(v)

(∆θ − θa)
)

− sin
(

rdrop
rmax(v)

θa

)

rdrop
rmax(v)

∆θ + π



 , (4.16)

with the maximum droplet radius rmax(v) which denotes the radius of a detaching drop

in a channel with a gas stream of average velocity v = |vchannel,x|.
The maximum surface tension, pinning the droplet to the porous medium, results from

the maximum deformation with the advancing and receding contact angle θa and θr,
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respectively,

Fσnw,max = σnw dCA

2
π

[
sin(∆θ − θa)− sin θa

∆θ − π
+

sin(∆θ − θa)− sin θa
∆θ + π

]

, (4.17)

with the surface tension between liquid water and gaseous air σ and the diameter of

the contact area dCA.

The drag force represents the overall resistance of the droplet to the gas stream. It can

either be determined using a drag coefficient cd or by summing up the forces acting on

the control volume from the stream

Fdrag =
1

2
cdρliq (v

mean
channel)

2 Astream or Fdrag = Fpressure + Fshear , (4.18)

where Astream is the projected area perpendicular to the stream and ρliq is the density

of the droplet fluid. Since the determination of the drag coefficient is difficult and

large variations can be found in the literature [77, 116, 117], we use the simplified but

analytical formulation in this work. The drag force acting on the droplet calculated

from the force balance in tangential direction results in the following formulation:

Fdrag = Fpressure + Fshear

= Fpressure + F top
shear + 2fchannelF

side
shear

=
24µgas (H/2)2 vmean

channelh
2
drop

(H/2− hdrop/2)
3 (1− cos θa)

2 +
3µgasH/2vmean

channel

(H/2− hdrop/2)
2 (2rdrop)

2

+ 2fchannel
12µgasrdrophdropv

mean
side

H

(

2− hdrop

H

)

,

(4.19)

with the channel height H and the height of the droplet hdrop, the fluid viscosity of the

gas phase µgas, the average gas flow velocity in the whole channel, vmean
channel, and next

to the drop, vmean
side , and the advancing contact angle between the liquid and the solid

phase, θa. This gives a linear relation for the drag force on the average velocity in

the channel vmean
channel. For the side shear force, a correction factor fchannel is applied to

account for the reduction of the cross-sectional area of the channel due to the droplet:

fchannel =

(

3/2
Achannel

Achannel sides

)2

=

(

3/2
Achannel

Achannel − 2rdropH

)2

, (4.20)
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dependent on the cross-sectional are of the whole channel Achannel and the part of the

cross-section which is not blocked by the droplet Achannel sides.

The multiplier 3/2 results from the parabolic flow profile. The exponent 2 is used since

the channel is limited in height and width. This factor is applied to the shear force on

both sides of the droplet.

A comparison of the effect of different detachment criteria is presented in Chapter 8.

4.2.3 Application to the pore-network approach

The drop concept is integrated in the pore-network model defining ghost pores located

at the boundary of the porous domain, where the drop can form and grow. The drop

formation, growth and detachment are defined by the ghost pore properties as described

in the following. The different states during these drop-formation processes in the pore-

network are visualized in Figure 4.15.

Let’s consider a droplet on a surface in equilibrium, without any external forces, filled

by a circular throat placed in a ghost pore (see Figure 4.16).

We start with the drop formation: A drop is formed on the porous surface once it breaks

through an open surface pore space of the porous material. Since the liquid water is

the non-wetting phase in the GDL, a certain capillary pressure has to be overcome to

pass through the surface pore space. In the pore-network model, this pressure is the

capillary entry pressure (see Eq. (3.21)). In Figure 4.15b, the drop formation in the

pore-network context is shown. The throat connected to the ghost node is invaded,

which indicates that the capillary pressure in the pore body exceeds the capillary entry

pressure. The capillary entry pressure depends on shape and cross-sectional area of

the throat. As described earlier in this section, we assume a circular cross-section.

The size of the throat depends on the geometric properties resulting from the network

extraction (see Section 3.1.4). This gives us the criterion for the drop formation. A

drop is formed once the capillary pressure in the connected pore body exceeds the

capillary entry pressure of the connecting throat

pdrop form
c = pentryc =

σ cos θ(1 + 2
√
πG)

rij
Fd(θ,G) , (4.21)
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a) State 1: Throat not invaded. The
pore-local capillary pressure in the
boundary pore is below the capillary
entry pressure of the interface throat.

b) State 2: Droplet formation. The in-
terface throat is filled with the non-
wetting phase and a sphere cap is form-
ing on top of it. The shape of the cap
of water is based on the pore-local cap-
illary pressure which equals the capil-
lary pressure in the boundary pore.

c) State 3: Droplet growth. There
is a flux of the non-wetting phase
through the throat into the droplet
which causes the droplet to grow.

d) State 4: Droplet detachment. If the
droplet fulfills the detachment crite-
rion, it is detached from the throat and
its mass is removed from the system.

Figure 4.15: Different states of drop formation, growth and detachment in a pore-network
model.

with

Fd(θ,G) =
1 +

√

1 + 4GD/ cos2 θ

1 + 2
√
πG

,

G =
Aij

P 2
ij

=
1

4π
,

D = π − 3θ + 3 sin θ cos θ − cos2 θ

4G
.

The drop growth is described using the relation between drop surface curvature and

drop radius. Using the fact that the curvature of the interface is inversely proportional
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θ

rdrop
Vdrop

rthroat, interface

Vpore, interface

Figure 4.16: Droplet on a surface in equilibrium without any external forces filled by a circular
throat. The droplet forms inside an interface pore.

to the pore-local capillary pressure and assuming a spherical cap shape for the droplet,

this relation can be expressed as a pore-local capillary pressure-saturation relation.

We assume a uniform curvature of the drop surface and therefore a uniform pressure

inside the drop. It is assumed that the drop emerges from a throat. Before a droplet

with the according contact angle is formed on the hydrophobic surface, a sphere cap is

developed with increasing contact angle until the static contact angle of the material

is reached. During this state, the contact area of the drop is constant and equals the

cross-sectional area of the throat. This first section is visualized in Figure 4.17 (left).

Once the final contact angle between drop and surface is reached, it stays constant

during the further growing. Instead, the droplet growth causes a change in the contact

area of the droplet with the hydrophobic surface. The second stage of droplet growth

is visualized in Figure 4.17 (right).

The capillary pressure-saturation formulation for Stage 1 is derived from the volume of

a sphere cap and its corresponding radius/curvature

Vdrop,1 =
π

3
r3drop,i (2 + cos(π/2− θi)) (1− cos(π/2− θi))

2 , (4.22)

with the curvature radius rdrop, and the changing contact angle θi ∈ [π/2, π/2− θlim]

with θlim = π − θa. The curvature radius is calculated based on the constant contact
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Figure 4.17: Left: First stage of the droplet growth on a pore throat. The contact area of the
droplet is constant and equals the throat cross-sectional area, while the contact
angle is changing until it reaches the advancing contact angle of the hydrophobic
surface. Right: Second stage of droplet growth. The final contact angle between
drop and surface is reached and stays constant from now on. The droplet growth
causes a change in the contact area of the droplet with the hydrophobic surface.

π/2− θi

π/2− θit1

t2 π/2− θlim

t3

rdrop
rdrop

rdrop

Figure 4.18: Different stages of a growing droplet (t1 < t2 < t3).
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area ACA = Athroat,

rdrop,i =
rthroat
cos(θi)

. (4.23)

The resulting capillary pressure formulation for Stage 1 is

pc,1 =
2σ cos(θi)

rthroat
. (4.24)

If the drop pore is not invaded yet, the capillary pressure is zero.

The saturation in the drop pore is given by the drop volume divided by the pore volume

sw,1 = 1− sn = 1− Vdrop,1

Vpore

. (4.25)

In Stage 2, the contact angle is constant and equals the advancing contact angle of the

fluid on the hydrophobic surface (θi ≡ θlim). Now, the contact area is changing.

Vdrop,2 =
π

3
r3drop,i (2 + cos(π/2− θlim)) (1− cos(π/2− θlim))

2 , (4.26)

with the drop radius rdrop,i. The resulting capillary pressure formulation for Stage 2 is

pc,2 =
2σ cos(θi)

rdrop
. (4.27)

Again, the saturation in the drop pore is given by the drop volume divided by the pore

volume

sw,2 = 1− sn = 1− Vdrop,2

Vpore

. (4.28)

The complete, pore-local capillary pressure-saturation relation for drop pores is visual-

ized in Figure 4.19. The blue part representing Stage a) and the green part represent-

ing Stage b). The relation is dependent on the radius of the feeding interface throat

rthroat, interface. The maximum capillary pressure increases for smaller feeding throats.

This results from the smaller sphere cap with a large curvature during the growth in

first stage. With larger feeding throats, this peak decreases. The behavior in second

stage (Stage b)) is rarely influenced by the throat radius. Only the drop volume at

which the critical contact angle θlim is reached shrinks with shrinking throat radius.
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Figure 4.19: Composed local capillary pressure-saturation relation for droplet pores. The
pc − sw relation is based on geometric analysis describing the drop behavior in
interface pores. Left: full wetting phase saturation range, right: zoom in to show
the behavior at higher wetting phase saturations (small droplet sizes).

This extends the curve to higher wetting phase saturation. For low wetting phase sat-

uration (sw < 0.5), all curves lie on top of each other. This means, at a certain drop

size, the influence of the feeding throat can be neglected.

From the pore-local capillary pressure in the ghost pore, we get the liquid phase pres-

sure in the droplet. With the known capillary pressure in the connected pore, this gives

the pressure difference in the liquid phase, which defines the volume flux between the

ghost pore (drop) and the connected pore

Qliq
ij = kliq

ij

(

pliqi − pdrop

)

. (4.29)

The throat conductivity is described by the throat geometry and can be calculated

following Eq. (3.16). Since only one phase can be present in a circular throat the single

phase conductivity can be applied. The drop growth is the volume change of the drop

volume (assuming liquid water as incompressible fluid):

V̇drop = Qliq
ij (4.30)
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4.3 Fluidic interaction at the interface between a

hydrophobic and a hydrophilic material2

If the water breakthrough does not occur in the center of the channel but near the side

walls, the liquid water flow interacts with the hydrophilic surface of the gas distributor

as visualized in Figure 4.20. Again, liquid water passes through the fiber structure of the

Figure 4.20: Interface configuration between GDL and gas distributor at the edge of a channel
of the gas distributor. The red line indicates the hydrophilic surface of the gas
distributor while the GDL is a hydrophobic porous domain. The green box shows
the location of the interface pore where hydrophobic-hydrophilic interaction takes
place.

GDL, but here, the breakthrough location is found at the side wall of a gas distributor

channel. Once the liquid water reaches the interface and gets in contact with the

hydrophilic surface, the water tends to spread on the surface of the gas distributor

and is ”sucked” out of the hydrophobic porous material. To describe the influence of

this interaction on the flow through the porous GDL, an interface condition has been

developed that used the pore-network principles to capture the hydrophobic-hydrophilic

interaction on the pore-scale.

As previously, the flow through the hydrophobic porous domain is described using a

pore-network model (see Figure 4.22 right circle). At the interface between GDL and

gas distributor channel edge, we design the model for the interface pore such that

the hydrophilic surface is represented by a hydrophilic throat that is located at the

center of one of the pore body faces (see Figure 4.22 left circle). With this geometric

simplification, the interface concept can be included in the previously describe pore-

network model. We focus on the flow in the porous domain (domain I) which interacts

2Portions of this section are part of the publication Modeling of two phase flow in a hydrophobic

porous medium interacting with a hydrophilic structure by Michalkowski et al. that is in review by
Transport in Porous Media (Springer).
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with the hydrophilic domain II. The hydrophilic structure (domain II) is not resolved

explicitly but its influence on the flow in the porous domain (Domain I) is included in

the model by the interface condition.

As before, we assume capillary-driven flow and neglect gravitational effects.

Figure 4.21: Pore-network application on interface configuration between GDL and gas dis-
tributor. The red dashed line marks the interface between the GDL and the
gas distributor. The hydrophhobic porous GDL (Domain I) is represented by a
pore-network. At the interface to the hydrophilic gas distributor (Domain II)
a special interface condition is applied with a hydrophobic pore connected to a
hydrophilic throat.

4.3.1 Application to pore-network approach

Interface model concepts We consider the interaction of fluids in a hydrophobic

pore-network interacting with a hydrophilic domain representing a hydrophobic GDL

and a hydrophilic gas distributor of a PEM fuel cell, respectively. It is assumed that

the flow in the hydrophobic GDL is not influenced by the hydrophilic gas distributor

until liquid water gets in touch with hydrophilic surface in the interface pores. For

the interface, we assume a cubic pore body with hydrophobic walls. A cutout of the

interaction pore of the pore-network is shown in Figure 4.21.

One of the throats connected to that pore is assumed to have hydrophilic walls (red).

The liquid water displaces the gas phase in the pore body coming from the connected
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Figure 4.22: Cutout of the network with the interaction pore which has hydrophobic walls
(black) and one hydrophilic throat is connected to that pore (red).

hydrophobic throats. The occurring water-gas configurations depend on the geometry

and wetting behavior of this pore. In Figure 4.23, the fluid configurations during the

invasion process at different time steps in a basic example geometry with a contact

angle of 180◦ in the hydrophobic part are visualized in two dimensions. These states

are independent of the contact angle in the hydrophilic throats.

Figure 4.23: Fluid configurations of liquid water invasion in a hydrophobic boundary pore
connected to a hydrophilic throat (red) at different time steps t0 < t1 < t2 < t3
during the invasion process. The dashed state at t3 marks the time, when the
liquid water gets in touch with the hydrophilic wall.

The invading liquid water forms a growing sphere inside the cubic pore body. The gas

phase is displaced by the liquid water. At a certain time, the liquid water gets in touch

with the hydrophilic wall. The moment immediately before the contact is marked with

a dashed line in Figure 4.23. Here, we only consider cubic pores connected at their

face centers by throats with a square cross sectional area. In Figure 4.24, it is shown

that the liquid water configuration immediately before the contact with the hydrophilic

throat is independent of the connections and geometric configuration of the cubic pore.
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Figure 4.24: Different configurations of liquid water invasion in a hydrophobic boundary pore
connected to a hydrophilic throat (red).

The different configurations show the liquid water filling of a hydrophobic pore (solid

line) connected to a hydrophilic throat (red line). The dashed state marks the time,

immediately before the liquid water gets in touch with a hydrophilic wall and the wa-

ter behavior is influenced by the hydrophilic domain. The different shades mark the

fluid configurations at different time steps (t0 < t1 < t2 < t3). It can be seen that in

the Configurations a), b) and c), the non-wetting water touches the hydrophilic throat

approximately at the same filling state even though the connections are applied dif-

ferently. Configuration c) shows that even several connecting (and filling) throats do

not influence the liquid water configuration. This results from the assumption that for

strongly non-wetting pores, the liquid water forms a sphere in the pore body [44]. The

cubic pore needs to be filled by a complete sphere before the liquid water ”sees” the

hydrophilic throat.

The independence of the filling state from the connectivity configuration allows to take

the local water saturation sliq as a threshold criterion at the interface pores (at the

interface between the hydrophobic porous domain and the hydrophilic domain).

Since the wetting properties of GDLs in PEM fuel cell are not strongly wetting (180◦)

but intermediate-wet (≈ 135◦), the detailed fluid configuration in the pore body varies.

However, it is expected to have a negligible influence on the overall flow behavior (as

presented in Section 8.2.4). The concept is derived for strongly wetting pore bodies to

allow an understandable geometric derivation.

After reaching the hydrophilic throat, the fluid distribution will be influenced by the

connected hydrophilic domain. For both domains, a local, pore-scale capillary pressure-

saturation relation pc(s) can be formulated based on the pore sizes, pore shapes and

contact angles. In this work, the formulation presented by Joekar-Niasar et al. [44]

for cubic pores is used (see Eq. (3.13)). In Figure 4.25, the pc(s) curves are visualized

exemplary for a hydrophobic domain such as the GDL and a hydrophilic domain such
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as a gas distributor in PEM fuel cells. Here, the channels of the gas distributors are

considered as large pores with a diameter of 1mm corresponding roughly to the width

and height of the channels. This yields similar curvatures of the fluid interface in this

pore as in the gas distributor channel and the resulting capillary pressure-saturation

relation is comparable.

Figure 4.25: Local pore-scale capillary pressure-saturation relation for a hydrophilic (light
blue) and a hydrophobic (dark blue) domain. The capillary pressure is defined
as the difference between the non-wetting phase pressure (here: liquid) and the
wetting phase pressure (here: gas). The water saturation describes the amount

of liquid water in the pore with respect to the pore size (sliq =
Vliquid

Vpore
). In the

GDL, the water saturation equals the non-wetting phase saturation sn, while in
the gas distributor channels, the water saturation is the wetting phase saturation
sw.

Note that in Figure 4.25, the local capillary pressure is plotted with respect to the

water saturation, which is the wetting phase saturation in the hydrophilic channel-land

structure and the non-wetting phase saturation in the GDL. Dependent on the water

saturation in the boundary pore, a capillary pressure difference (∆pc in Figure 4.25)

results between the hydrophobic and the hydrophilic domain. To formulate the lo-

cal capillary pressure-saturation relation in the hydrophilic channel, a cubic pore with

the same side length as the channel cross-section is considered (Figure 4.26). The ge-

ometry of this representative pore gives a comparable phase interface curvature with

the original geometry, and therefore, its capillary pressure-saturation relation is used

representing the pressure configuration in the channel. Since the representing pore

of the hydrophilic channel is much larger than the hydrophobic pores in the GDL
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Figure 4.26: Representation of two pores at the interface between the hydrophobic and the
hydrophilic domain. The hydrophilic channel is represented by a cubic pore with
equal side dimensions to define a local capillary pressure-saturation relation. In
each of the pores a different capillary pressure-saturation relation with respect
to the water saturation sliq is used.

(Rchannel = 0.5mm, RGDL < 100µm), the local capillary pressure curve is steeper and

reaches a value very close to zero even for small water saturations sliq. Therefore, as a

model assumption, a constant capillary pressure in the hydrophilic domain is applied.

This simplification is based on the assumption, that the liquid water is transported to

the wall of the channel opposite to the porous GDL (see Figure 4.20) and away from

the interface between the domains due to the hydrophilic wall properties in the gas

channels. Nevertheless, for a more general formulation, a water saturation dependent

capillary pressure pc(sliq) can be implemented for the hydrophilic domain. This might

be necessary, if very high water saturations sliq are considered in the channels which

might occur during local blocking of the gas channels. However, these situations should

be avoided at the operating conditions of the fuel cell such that it is not in the scope

of this work.

As previously mentioned, the water saturation sliq in the pore needs to reach a certain

value to start an interaction between the hydrophobic and hydrophilic domains.

The capillary pressure difference ∆pc = pc(sliq)
phobic−pc(sliq)

philic (Figure 4.26) between

the hydrophobic GDL pores and the hydrophilic gas channel shows the significance of

applying a saturation threshold for the interaction. Without the threshold, due to the

water-pressure gradient, the total amount of liquid water present in the interface pore

would flow into the hydrophilic domain in every time step. This would represent a

non-physical behavior.

Once the water saturation (here: non-wetting phase) threshold sthliq is fulfilled (contact
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of water with the hydrophilic throat), the liquid water flows out of the pore, the flux is

defined by the water-pressure difference (non-wetting phase in GDL) between the con-

sidered pore and an assumed water pressure in the connected hydrophilic channel-land

structure (wetting phase in gas distributor)).

In addition to the starting threshold, a stop criterion needs to be formulated. Again,

different configurations during the emptying process are considered (Figure 4.27).

Figure 4.27: Different configurations of liquid water (non-wetting phase in the pore) leaving
the hydrophobic pore through the hydrophilic throat (red) at different time steps
during the emptying process (t0 < t1 < t2 < t3).

The dashed state marks the time before the phase is separated and no continuous liquid

phase exists which connects the hydrophobic network with the hydrophilic gas chan-

nels.

In contrast to the filling process (Figure 4.24), the emptying process is not independent

of the geometric configuration and connections of the pore as shown in Figure 4.28.

Figure 4.28: Different configurations of liquid water (non-wetting phase in the pore) leaving
the hydrophobic pore through the hydrophilic throat (red) for different geometric
configurations. The color shades refer to the different time steps (from dark to
light).

For the different configurations we see very varying fluid patterns. During the emp-

tying process, the liquid water trys to stay connected. The pore body is ”emptied”

while the water sticks in the hydrophilic pore throat such that it stays water-filled.

The hydrophobic throats connected to the considered pore are also influenced by the

outflow through the hydrophilic throat. We assume that the hydrophobic throats are

emptied as well and the meniscus moves to its other end connected to the next pore
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body, which stays uninfluenced.

Compared to the starting criterion, it is more difficult to formulate a criterion, when a

snap-off is happening in the interaction pore such that the liquid water flux is stopped

due to a disconnection of the water phase to the hydrophilic domain. For the begin-

ning, we choose a water saturation threshold sthliq (non-wetting phase) analogous to the

start criterion. The flux of the liquid water stops once the water saturation sliq (non-

wetting phase saturation) in the considered pore is lower than this particular value. In

the applications (Section 8.2), we will see that the starting criterion has a dominant

influence on the behavior, while the exact value of the stopping criterion is less relevant.

Using the theoretical considerations presented above, we formulate a combined cri-

terion of pressure and water saturation sliq (non-wetting phase in hydrophobic porous

domain) configuration at the interface between the hydrophobic porous domain and

the hydrophilic domain, which defines the interaction and the influence on the flow

behavior:

❼ The flow is only influenced once the liquid water configuration in the boundary

pore ”touches” the hydrophilic throat,

❼ Once the throat is reached, flow is defined by the water-pressure differences be-

tween the hydrophobic porous domain and the hydrophilic domain,

❼ The flow is stopped once the connection between the hydrophilic throat and the

”bulk” water is lost (snap-off occurred in the pore body).

Here, the gas phase pressure is nearly constant such that the liquid phase pressure dif-

ference equals the capillary pressure difference. Therefore, the flux across the interface

between the hydrophobic porous domain and the hydrophilic domain, through the hy-

drophilic throat, is driven by the capillary pressure difference ∆pc across the interface

(Figure 4.25).
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Numerical model In the pore-network model, a volume balance equation for each

phase α ∈ {n,w} for each pore body i is solved

Vi
∂

∂t
ραi s

α
i +

Ni∑

j

(ραQα)αij = 0 . (4.31)

Ni is the number of throats connected to pore body i. The volumetric fluxes Qij

through throat ij are calculated by means of the Washburn equation

Qij = kα
ij(p

α
i − pαj ) , (4.32)

with the throat conductivities kα
ij and the phase pressure difference between the con-

nected pore bodies pαi −pαj . The balance equations are formulated per pore body, while

the fluxes occur within the one-dimensional pore throats [85]. The primary variables of

the pore-network model live on the network nodes, i.e. the center of the pore bodies.

The pore bodies located at the interface (interface pores) are used to impose the cou-

pling conditions for the pore-network model by connecting ghost nodes representing

the hydrophilic domain. A Neumann condition is applied which depends on the fixed

pressure in the ghost node p0 and in the interface pore in the hydrophobic domain pi

Qout = −kint (p
n
i − p0) . (4.33)

Similar to the general pore-network model (see Section 3.1.2), the hydrophilic throat

has a hydraulic resistance based on its geometric properties:

kint =
π

8µliqlint

(
reffint
)4

with reffint =

√

4

π
rint , (4.34)

with the inscribed radius and the length of the interaction throat, rint and lint, respec-

tively. Here, µliq denotes the viscosity of the liquid water phase which is the wetting

phase in the interface throat for the considered setup describing the interaction of a

hydrophobic GDL with a hydrophilic gas distributor (channel-land structure).
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4.4 Trapping in mixed-wet pores below land

In this section, we investigate the behavior of liquid water in the pore bodies located

at the interface between GDL and gas distributor land. In Figure 4.29, the part of

Figure 4.29: Configuration at the interface between GDL and gas distributor. Liquid water
is trapped in a mixed-wet pore in the GDL below the land of a channel-land gas
distributor structure. The red dashed line marks the interface between GDL and
gas distributor.

interest of the interface is marked with a green dashed box. Here, pore bodies with

mixed-wet conditions are considered. The wetting properties of the interface pores

depend on the GDL wettability (hydrophobic conditions) as well as on the wettability

of the gas distributor. Here, a gas distributor with hydrophilic surface conditions is

considered. In this section, the situation is observed, where liquid water is trapped in

partly hydrophilic pores in the GDL at the land parts of a channel-land gas distributor

structure. A sketch of the configuration is shown in Figure 4.30.

Figure 4.30: Liquid water in hydrophobic GDL which is in contact with the hydrophilic surface
of the gas distributor at the land parts. This configuration is transferred to a
pore body with one hydrophilic side wall. The red part is hydrophilic while the
black sides are hydrophobic

Here, we consider only cubic pore bodies with the throat connected to the center of

the pore body faces and gravitational effects are neglected. We assume capillary driven

flow and neglect any influence of inertial effects on the fluid configurations in the pore

bodies.
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4.4.1 Application to pore-network approach

Interface concept The fluid behavior in the mixed-wet pore can be classified in five

different states. In the following, the processes in the mixed-wet pore body are described

for liquid water as the non-wetting phase in the hydrophobic porous medium (pm),

which is in contact with a hydrophilic solid material (e.g., land part of PEM fuel cell

gas distributor). The principles also hold for reverse wetting properties but we focus on

the configuration occurring in a PEM fuel-cell cathode. The terms filling and emptying

of a pore body again refer to the liquid-phase (water) behavior. We consider cubic pore

bodies as they are chosen to represent the cavities in GDL structures (see Section 3.1.4).

Only one face of the pore body is hydrophilic (red in Figure 4.29 right). This results

from the assumption of a smooth surface of the hydrophilic solid.

First displacement by the liquid phase (water) We describe the occurring fluid dis-

placement processes in the mixed-wet pore body and start with initially dry conditions,

i.e. the pore body is completely filled with gas. Now the liquid is pushed into the pore.

In Figure 4.31, the first time steps (t1 < t2 < t3 < t4) of the displacement of the gas

phase by the liquid phase (water) are visualized. Before the liquid gets in contact with

the hydrophilic face (red side of the pore body), the filling process equals the behavior

in a completely hydrophobic pore. The dashed line marks the configuration, when the

Figure 4.31: Primary drainage of a mixed-wet pore. As long as the non-wetting phase (water)
is not in contact with the hydrophilic wall, there is no difference to drainage in
a completely hydrophobic pore.

interaction with the hydrophilic side starts. For the contact configuration, a saturation

threshold criterion can be formulated in analogy to the previously described hydrophilic

throat concept (see Section 8.2). The contact occurs once a complete sphere is formed

in the pore body. Again, we formulate a saturation threshold criterion for the liquid
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phase to separate the different states. For cubic pore bodies, the saturation threshold

to identify the contact of liquid water with the hydrophilic side is:

sth1liq =
Vsphere

Vpore

=
4
3
πr3pore
8r3pore

≈ 0.52 . (4.35)

Contact with the hydrophilic pore body side As soon as the liquid water gets in

contact with the hydrophilic pore side, the fluid distribution in the pore changes and

the water is suddenly attached to the hydrophilic side as visualized in Figure 4.32 on

the left side (t5).

Figure 4.32: Reconfiguration of the water in the pore body after contact with the hydrophilic
wall and further filling of the mixed-wet pore body.

For this redistribution, it can either be assumed that the saturation in the pore body

stays constant during the spontaneous event or the phase pressures stay constant. Since

the throat holds a resistance to the liquid phase (water) and the liquid viscosity is high

compared to the gas viscosity, for the considered case, it is assumed that the mobility

of the liquid is not high enough to support an immediate change in saturation in the

pore body. An immediate change of the phase pressures is more likely to occur, and is

therefore chosen to describe the interaction behavior. After the sudden redistribution,

the pore body filling might continue dependent on the conditions in the neighboring

pores (t6). In Figure 4.32, the resulting liquid-gas distributions in the pore body are

shown (t5 < t6).

Displacement by the gas phase and snap-off of the liquid phase (water) in the

pore body If the pore body is not filled with liquid but the surrounding conditions of

the pore body result in an emptying, the liquid-phase saturation decreases in the pore
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body. During the emptying process, the liquid-gas distribution in the pore body equals

the ones during the filling process (see Figure 4.32). However, if the liquid saturation is

further reduced, the surface tension cannot keep an affiliated phase configuration and

snap-off occurs inside the pore body.

During the emptying process, the fluid configuration changes as presented in Fig-

ure 4.33. The fluid configurations in the pore at time steps before and at snap-off

are visualized (t6 < t7 < t8 < t9 < t10). After snap-off, we have a trapped configura-

tion.

Figure 4.33: Emptying of the pore body, where water got in contact with the hydrophilic wall,
results in snap-off inside the pore body

Trapped residual liquid-phase saturation Once the pore body has been invaded by

liquid water, after the emptying process including snap-off, a residual liquid phase

saturation stays trapped in the pore body and cannot be removed by pressure driven

flow. The resulting fluid distribution in the pore body is shown in Figure 4.34

Figure 4.34: Residual water saturation being trapped in the pore body

The amount of liquid trapped in the pore depends on the shape and size of the pore

and the hydrophilic side. For a cubic pore body with an inscribed radius Ri the volume
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of the trapped water is calculated based on the shape of a spherical cap

Vtrapped =
π

6

(

rtrapped
1− cos θ

(

3R2
i +

(
rtrapped
1− cos θ

)2
))

. (4.36)

with rtrapped = Ri

sin θ
. As a formulation of liquid phase (water) saturation, this holds

sresliq =
π
3

( rpore
sin θ

)3
(1± cos θ)2 (2∓ cos θ)

Vpore

. (4.37)

Second invasion by the liquid phase If the pore body is invaded again by liquid

water, while the residual (trapped) saturation of the liquid phase (water) is still located

in the pore, the configuration of the fluids is influenced by the trapped fluid. The

behavior before the newly invading liquid gets in contact with the trapped liquid is

presented in Figure 4.35. The behavior changes at the moment the newly invading

Figure 4.35: Residual water saturation being trapped in the pore body

liquid touches the trapped liquid (dashed). Again, we define a saturation threshold to

distinguish the different process states:

V th2
liq, inv =

4

3
π (Ri − htrapped)

3 with htrapped = rtrapped (1− cos θ) , (4.38)

sth2liq =
V th2
liq, inv + Vtrapped

Vpore

with Vpore = (2Ri)
3 . (4.39)

After the contact, the phase merges and a filling process similar to Figure 4.32 starts.

Numerical model From the fluid configurations in the pore body described above,

a numerical concept is developed that uses the principles of pore-network modeling.

We formulate pore-local capillary pressure-saturation relations for the different filling
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and emptying processes. Since the interface concept is applied to the pore-network

model representing the hydrophobic GDL, the pore-local capillary pressure-saturation

relations (pc − sw) are formulated for the gas phase as the wetting phase.

Relations for first displacement by the liquid phase For State 1, the first displace-

ment of the gas phase by the liquid phase, before first contact of liquid water with

the hydrophilic face (see Figure 4.31), we apply the same pore-local capillary pressure-

saturation relation as for completely hydrophobic pore bodies:

pstate 1
c (sw) =

2σ cos θ

Ri (1− exp(−6.83(sw)))
. (4.40)

This relation is applied for sgas < 1− π/6.

After the contact of liquid water with the hydrophilic pore face (see Figure 4.32), the

following geometric derived formulation is used:

pstate 2
c (sw) =





√
27a2sw−4b3

sw

2 · 33/2sw
+

a

2sw





1/3

+
b

3sw

(√

27a2sw−4b3

sw

2·33/2sw + a
2sw

)1/3
. (4.41)

with

a =
(σ cos(θ))3 (24− 16/3π + 2π)

Vpore

(4.42)

b =
(σ cos(θ))2 (8Ri − 2πRi)

Vpore

. (4.43)

This relation is applied for 1 − π/6 ≤ sw ≤ 1. The formulation is derived from geo-

metric approximations of the fluid configurations similar to the approach described by

Joekar-Niasar et al. [91], but here, there is no wetting phase (gas) in the corners and

edges at the hydrophilic face.

In Figure 4.36, the resulting pore-local capillary pressure-saturation relations for the

first two states (first displacement of the gas phase by liquid water before and after

contact with the hydrophilic face) are visualized and compared to the pore-local capil-

lary pressure-saturation relation for completely hydrophobic pore bodies.
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Figure 4.36: Capillary pressure-saturation relation for the configurations during primary
drainage in a cubic shaped pore

Relations for second invasion by the liquid phase After the first filling of the pore

body with liquid and subsequent emptying, a residual amount of liquid is trapped in

the pore body. The trapped saturation is determined by the pore shape and the contact

angle (see Figure 4.34)

strappedliq =
Vtrapped

Vpore

. (4.44)

The capillary pressure at the interface between the trapped liquid and gas is defined

by the curvature of the trapped fluid

ptrappedc =
2σ cos θ

rtrapped
(4.45)

If the pore body is newly invaded by the liquid phase (water), in the beginning, two

interfaces between the gas and the liquid phase exist in the pore body (see Figure 4.35).

The capillary pressure at the interface between the invading liquid and the gas in the

pore equals the primary drainage formulation before contact, Eq. (4.40). However, for

the calculation of the fluid interface curvature, the amount of trapped liquid needs to

be subtracted from the gas-phase saturation since it is not part of the invading amount
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of fluid.

pstate3c =
2σ cos θ

Ri

(

1− exp
(

−6.83
(

1−
(

sn − Vtrapped

Vpore

)))) . (4.46)

Once the saturation threshold for the merging of the liquid phase is overcome, the

capillary pressure-saturation relation behaves as in the first invasion case. As before,

we see a strong increase in the capillary pressure for low gas-phase saturations since the

gas phase is repressed in the edges and corners of the pore body 1−
(

Vtrapped

Vpore

)

<= sw < 1:

pstate 4
c (sw) =





√
27a2sw−4b3

sw

2 · 33/2sw
+

a

2sw





1/3

+
b

3sw

(√

27a2sw−4b3

sw

2·33/2sw + a
2sw

)1/3
. (4.47)

with

a =
(σ cos θ)3 (24− 16/3π + 2π)

Vpore

, (4.48)

b =
(σ cos θ)2 (8Rpore − 2πRpore)

Vpore

. (4.49)

Relations for displacement by the gas phase If no hysteresis of the contact angle

during drainage and imbibition is considered, the capillary pressure-saturation relation

for displacement by the gas phase equals the one for second displacement by the liquid

phase.

4.5 Effects of wettability, surface roughness and fiber

structure

Contact angle variations and wettability of the GDL Since the flow in the GDL is

capillary driven, it is crucial to include the wettability of the materials and structures
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Figure 4.37: Capillary pressure-saturation relation for the configurations during secondary
drainage in a cubic shaped pore

at the interface in the model to capture the ongoing flow processes. The coating of

the GDL results in hydrophobic surfaces. However, due to the fabrication, where the

coating is applied by putting the fiber structure in a solute bath, the PTFE content,

and, therefore, the resulting contact angle might not be homogeneous. There might be

pores that have not been reached during the bath. In experimental investigations [118],

it was found that external forces are necessary to remove water from GDL structures.

This indicates that the structure is still partially hydrophilic after the PTFE coating.

Overall, the effective contact angle can be approximated from the global capillary

pressure-saturation relation. Pore-network models in the literature show that a contact

angle of around 130◦ is suitable to fit experimental data [119]. The influence of these

variations in the contact angle are analyzed in Section 7.1.3. Nevertheless, a stronger

influence is expected from the wettability change at the interface between GDL and

gas distributor. Dependent on the location, different configurations presented above

can occur.

Effect of surface roughness The effect of the rough surface of the GDL structure,

rather than the single fiber roughness, on droplet is discussed in Section 4.2.

The fibers of a GDL consist of carbon which is a relatively smooth material compared

to other natural porous materials. However, the PTFE coating and fabrication issues
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might cause local roughness that influences the fluid flow. The effect of fiber surface

roughness on the flow through the GDL could be included using variations in the contact

angle (see Section 4.2). However, due to the lack of information on the exact conditions

quantitative investigations are difficult. The influence of the binder material in a GDL

is discussed in the following section.

Structural properties of the GDL and the influence of binder The binder applied

to the GDL samples is taken into account for the model by the network extraction

algorithm. Therefore, the influence on the pore geometry and connectivity of the pores

is directly captured. Since the PTFE coating is applied to the bound structure, a

difference in the contact-angle is not expected. However, micro-porous properties are

not included. It is expected that the micro-porous structure has a minor influence on

water transport since the capillary entry pressure to invade these pores is unlikely to

be reached and a connected gas phase by corner flow is assumed for the pore-network.

Therefore, the gas flow through the micro-pores of the binder material does not need

to be considered separately.

Effects of fibrous structure and intermediate-wet conditions The weak hydropho-

bic conditions and the cylindrical fiber structure of the GDB material result in a so-

called intermediate-wet behavior at the interface to a free flow.

Intermediate-wet means a porous material is neither completely wetting nor completely

non-wetting to a fluid. One reason for the behavior are pore-local contact angle and

wettability variations. This means, some pores are stronger wetting than others to

the fluid of interest. Another reason for intermediate-wet behavior of flow in porous

media are structural properties and weak wetting conditions. In GDLs, a contact angle

around 130◦ is considered. With the circular fibers and some variations in the local

contact angles, this is sufficient to show intermediate-wet conditions. The behavior is

described exemplary in Figure 4.38.

In Figure 4.38, the orientation of the net surface tension force is shown for different

interface configurations in a fibrous structure with a contact angle of 90◦. Due to the

round fibers, the curvature of the meniscus changes dependent on the position and

direction of the flow. Therefore, the behavior of water varies dependent on the condi-

tions: On one hand, the liquid water does not enter the material spontaneously but a

pressure has to be applied to overcome the capillary entry pressure. On the other hand,
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Figure 4.38: Intermediate wet conditions at surface of fibrous material. Surface tension force
orientation in an intermediate wet structure due to the fibrous structure

the curvature of the meniscus does not let the water leave the structure spontaneously.

However, considering the fuel cell cathode side, during operating conditions, only water

invasion of the GDL is relevant and it is not necessary to take the strong hysteresis

of the global capillary pressure into account. No external forces are expected in the

operating fuel cell that could pull the water out of the GDL. The GDL dries due to

evaporation rather than forced imbibition.

In this work, the maximum capillary pressure is used to define the capillary entry pres-

sure of the throats. We take the fact into account, that the maximum curvature does

not occur at the narrowest location of the throat such that the local (material based)

contact angle differs from the pore-network effective contact angle. This allows to apply

the Washburn formulation for the invasion of water in the GDL pore-network.

Harkness et al. [120] present a concept that takes the non-constant cross-section

of a throat between cylindrical fibers into account rather than applying a strong

contact-angle hysteresis [120]. Tranter et al. [121] performed detailed investigations

on neutrally-wet fibrous materials with pore-network models. They found, the effect

of fiber-structure-induced hysteresis gets stronger with smaller throat radius to fiber

radius ratios rthroat/Rfiber. For the primary invasion of the GDL and the main water

breakthrough paths mainly the larges throats have to be taken into account, which are

invaded at the lowest water pressures. One has to keep in mind, considering almost

fully saturated GDB pore-networks, that errors might occur due to the stronger influ-

ence of intermediate wettability and fiber-structure-induced hysteresis. However, this is
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beyond the scope of this work. The intermediate-wet effects are not relevant where the

GDL material is in contact with hydrophilic surface of the gas distributor. Here, the

wettability change dominates the flow configuration. For the interface between GDL

and free flow regions, the droplet concept captures the change of the curvature during

the droplet formation. Imbibition of liquid water from the gas distributor into the GDL

is not considered in this project and the intermediate-wet behavior of the material is

not investigated for this situation.





5 Coupling approach pore-network

with free-flow domain

In this section, the balance equations for the implementation of the interface concept,

coupling the pore-network with the free-flow domain, as visualized in Figure 5.1, are

considered. We distinguish between the single-phase interface, where only the gas phase

Figure 5.1: Sketch of GDL and gas distributor channel for the coupled pore-network and free
flow models. The considered sub-domains are ΩPNM for the GDL representation
and ΩFF for the channel representation. The domains are coupled at the interface
ΓFF.

is interacting between the domains and the droplet interface. The discretization of the

two domains as well as the normal and tangential directions at the coupling interfaces

are shown in Figure 5.2.

On the left side and in the center, two droplets of different size are forming at the

interface. The droplets are fed from the pore-network. On the right side, an empty

interaction pore is shown. Here, the interface is locally not invaded by the liquid phase

and gas phase interaction occurs.
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Figure 5.2: Interface configurations with different droplet sizes (left) and single phase inter-
action only (right). We consider two different domains [PNM] and [FF] as well
as a droplet domain [drop] in between in the case if a droplet is formed at the
interface.

5.1 Assumptions and simplifications to capture the

relevant processes at the interface

The droplet formation on a porous medium and the detachment in a channel flow is

a complex phenomenon. To implement such a phenomenon in an interface condition

several simplifications and assumptions are necessary. Their justification is discussed in

the previous sections. The following assumptions are made to formulate the presented

interface concept:

❼ Gravitational effects can be neglected (see Figure 4.8).

❼ Interface throats are oriented perpendicular to the channel flow direction. There-

fore, parallel flow can be assumed in the channel (no normal velocity component).

❼ Surface roughness of the porous material is captured by the contact angles.

❼ Interface pore throats interacting with the droplet have a spherical shape such

that no corner flow is considered here.

❼ For the droplet detachment, only the tangential forces are considered without any

lift.

❼ For the surface-tension force, a linear distribution of the contact angle along the

contact line is assumed.
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❼ For the detachment criterion, a separation line is used based on the 3D control

volume concept (see Section 4.2.2).

5.2 Total mass balance

The total mass balance is fulfilled via the continuity of normal fluxes between the

pore-network model (PNM) and the free-flow domain (FF).

Single-phase interface concept If there is no droplet formed at the interface, we

can follow the approach presented by Weishaupt [45]. For the mass balance, the two

domains are coupled with a source/sink term from the pore-network feeding the free

flow and vice versa

[
(Vporeqpore)i

]PNM
=
∑

σ∈Γi

[
(ρgv · n)σ |σ|

]FF
(5.1)

with the volume of pore i, Vpore, and the volume specific mass flux qpore leaving the

pore, which form a source/sink term representing the pore-network (PNM). In the free-

flow domain, this source/sink term is distributed to the adjacent free flow grid cells σ

at the interface bounding pore i, Γi, based on the cell size |σ| (length of cell at the

interface). The gas density is denoted by ρg, v is the velocity vector and n is the unit

vector normal to the interface.

Droplet interface concept for boundary pores invaded by the liquid phase For

the drop concept, an interface region between the pore-network and the free flow is

implemented. For the gas phase, the one-phase concept described above is used. For

the liquid phase a balance between the interface pore and the formed droplet is applied

[Vporeqpore]
PNM =

[
d

dt
Vdrop

]drop

, (5.2)

with the volume specific mass flux qpore, the volume of the pore Vpore and the drop

volume Vdrop.
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The volume of the droplet can be related to the droplet radius using a volume formu-

lation of a sphere cap [77]

Vdrop =
πh2

drop

3
(3rdrop − hdrop) with rdrop =

hdrop

1− cos(π − θ)
, (5.3)

with the radius and the height of the droplet rdrop and hdrop, respectively, and the

contact angle between drop and porous surface θ. The droplet detachment is not

included in the mass balance, since for the free flow only the gas phase is considered.

For the detachment, a discontinuity in the mass balance is accepted. The droplet is

transported by the gas stream out of the computation domain but does not interact

with it. This means, the droplet detachment is a sink for the liquid phase. This

approach has also been used in [77].

The drop growth and detachment is handled in the interface region. For the droplet

detachment criterion, a separation line is implemented which gives the critical size of

a droplet corresponding to the average flow velocity in the channel (see Section 4.2.2).

5.3 Momentum balance

For the momentum balance, a mechanical equilibrium is considered between the pore-

network, the drop (if formed) and the free-flow domain in the channel.

Gas-phase interface concept for non-invaded boundary pores In his thesis [45],

Weishaupt presents a formulation for the mechanical equilibrium at a single phase in-

teracting interface. He introduces a slip velocity similar to the Beavers Joseph condition

to capture tangential interactions for all throat orientations at the interface

[pg]
PNM = [p]FF on Γi ,

vslip,k = [v · tk]FF ,

vslip,k =
1

βthroat

[
tk · (−(∇v+∇vT ) · n)

]FF
+ [vg · tk]PNM .

(5.4)

Where pg denotes the gas pressure in the pore-network, where a second phase (liquid)

might be present without a mechanical interaction with the free flow. At the interface

Γi, the free flow pressure p equals the pressure in the pore-network. The tangential
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component of the free flow velocity v equals the slip velocity vslip,k, which is derived

from a shear force balance. For detailed information it is referred to [45].

Droplet interface concept for boundary pores invaded by the liquid phase If a

droplet is formed, we introduce an interface domain ”drop”. The mechanical equilib-

rium holds between the pore-network and the drop as well as the drop and the free

flow

[pliq]
PNM = [pliq]

drop , (5.5)
[

pliq −
2σ

rdrop

]drop

= [p]FF , (5.6)

[

(1− cos(π − θ))
d

dt
rdrop

]drop

︸ ︷︷ ︸

≈0

= [v · n]FF . (5.7)

Similar to the single phase approach, the liquid phase pressure pliq in the pore-network

interface pore equals the droplet pressure. The pressure in the droplet pdrop is linked

to the size of the droplet by the curvature and representing capillary pressure. The

normal velocity at the interface equals the growth of the droplet normal to the interface.

Nevertheless, this velocity is assumed to be negligible.

For the continuity of the tangential shear stresses in the liquid phase, the tangential

forces acting on the droplet are taken into account. The interaction of the drop with

the free flow is modeled, balancing the tangential component of the inertial force, the

pressure force and the viscous force around the droplet, which are derived above (see

Section 4.2.2):

[Fdrag]
drop = [tk · Fff]

FF , (5.8)

[Fpressure + Fshear]
drop =

[
tk ·

((
ρgvv

T − µgas

(
∇v+∇vT

))
· n
)]FF

. (5.9)

5.4 Chemical equilibrium and molar flux conservation

For compositional flow, the conservation of the individual component fluxes across the

interface for each component is required. Therefore, the chemical equilibrium evapora-

tion and condensation in the pore and at the droplet surface is considered.
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Gas phase interface concept for non-invaded boundary pores In the free flow,

only the gas phase is present. Therefore only diffusion in the gas phase g from the

pore-network to the free flow and vice versa is considered.

[(
xκρmolv+ Jκ

diff,mol

)

g
· n
]PNM

= −
[(
xκρmolv+ Jκ

diff,mol

)
· n
]FF

, (5.10)

with the mass fraction of component κ, xκ, molar density ρmol, the molar diffusion

coefficient Jκ
diff,mol.

In Figure 5.3, the interface between pore-network and free-flow domain is visualized.

The gas phase is interacting across the interface between the domains dependent on

the local velocity in the free-flow domain and the concentration in the pore-network

and the free flow.

The interaction of the pore-network and the free flow is implemented using a source/sink

term in pore body i for each component κ

[(V q)i]
PNM =

∑

σ∈Γi

[((
xκρmolv+ Jκ

diff,mol

)
· n
)

σ
|σ|
]FF

. (5.11)

The diffusion of the components across the interface depends on the concentration

gradients

[
Jκ
diff,mol · n

]FF
= − 1

Mκ
[Dκρ]FF+1 [X

κ]FF − [Xκ]FF+1

0.5 [∆h]FF+1
, (5.12)

with the molar mass of the component κ, Mκ, the molecular diffusion coefficient Dκ

and the mass density ρ.

We assume local chemical equilibrium [122] within a pore body and at the interface

[45],

[
Xκ

gas

]PNM
= [Xκ]FF , (5.13)

with the mass fraction of component κ, Xκ.

In the pore body, the molar fraction of the component can be determined assuming

an ideal gas mixture

[
xκ
g

]PNM
=

[
pκg
]PNM

[pg]
PNM

, (5.14)
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[
Xκ

g

]PNM
=
[
Xκ

g

]FF

[
Xκ

g

]PNM

[
Xκ

g

]FF+1

0.5∆h

Figure 5.3: Implementation of the diffusive flux calculation for the coupling of free flow and
the pore-network model if no droplet is formed (cf.[45])

with the total gas pressure pg and the partial pressure of the component pκg . To get the

mass fraction Xκ from the molar fraction xκ, the molar masses Mκ need to be taken

into account by

Xκ = xκ Mκ

∑

i x
iM i

, (5.15)

with the average molar mass of the mixture
∑

i x
iM i.

Droplet interface concept for boundary pores invaded by the liquid phase In the

approach described in [45], the presence of multiple phases within the pore body at

the interface is captured by assuming that all phase-transfer processes occur within

the pore body in local thermodynamic equilibrium. If a droplet is formed on the pore,

the evaporation and condensation occurring at the surface of the droplet needs to be

considered. Again, for the implementation a source/sink term is derived and coupled

with the free-flow domain. However, in this case, there is no advective flux of the gas

phase across the interface.

[(V q)i]
PNM =

[
(Vdropqdrop)i

]drop
+
[(
Jκ
diff,mol · ndrop

)
Sdrop

]FF
, (5.16)

with the drop volume Vdrop, the unit vector normal to the drop surface ndrop and the

drop surface are Sdrop.

Since the drop is not computed directly, the normal vector on the drop surface cannot

be resolved. Therefore, analogously to the no-drop approach, the first free flow grid

cell adjacent to the interface with the pore-network is used with the normal vector
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perpendicular to this interface. However, the surface area of the droplet is included to

take the droplet size into account.

The diffusive molecular flux Jκ
diff,mol is derived using a Fickian ansatz based on the mass

fraction gradient within the free-flow domain directly at the interface between the pore-

network and the free flow or the droplet surface and the free flow, respectively,

[
Jκ
diff,mol · n

]FF
= − 1

Mκ
[Dκρ]FF+1 [Xκ]FF − [Xκ]FF+1

0.5 [∆h]FF+1 − hdrop

, (5.17)

with the molar mass of the component κ, Mκ, the molecular diffusion coefficient Dκ

and the mass density ρ.

Assuming a chemical equilibrium within the phases at the PNM-FF interface ΓFF, the

molar fraction of the components can be determined using Raoult’s law

[xκ]FF =
pκg

[
pκg
]FF

=
pκsat
[
pκg
]FF

. (5.18)

The mass fractions can be calculated using Eq. (5.15).

Assuming local thermodynamic equilibrium, the partial pressures of water vapor pκg

can be assumed to equal their saturation vapor pressure pκsat presuming that the cor-

responding liquid phase is present, which is the case at the droplet surface. The total

gas pressure above the droplet, in the free-flow domain, is denoted by
[
pκg
]FF

.

[
Xκ

g

]FF+1

[
Xκ

g

]FF
h

Figure 5.4: Implementation of the diffusive flux calculation for the coupling of free flow and the
pore-network model if a droplet is formed at the interface between pore-network
and free flow such that no phase transfer occurs in the pore body.
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5.5 Energy balance and thermal flux conservation

Gas phase interface concept for non-invaded boundary pores For non-isothermal

flow, the conservation of thermal fluxes across the interface in the gas phase is balanced

by

[(

(hρv)g +
∑

κ

(
Jκ
diff,molh

κ
)

g
− λeff

g ∇T

)

· n
]PNM

= −
[(

hρv+
∑

κ

(
Jκ
diff,molh

κ
)
− λg∇T

)

· n
]FF

,

(5.19)

with the sum of the occurring phases α and components κ.

If no droplet is formed at the interface, the energy exchange including the diffusive,

conductive and convective energy transfer does only occur through the gas phase. A

local thermal equilibrium holds directly at the coupling interface with

[T ]PNM = [T ]FF on ΓFF
i . (5.20)

Droplet interface concept for boundary pores invaded by the liquid phase If a

droplet is formed at the interface, the heat conduction from the liquid droplet to the

gas phase in the free flow needs to be taken into account

[(
∑

κ

(
Jκ
diff,molh

κ
)

g

)

· n− qTdrop

]PNM

= −
[(

hρv+
∑

κ

(
Jκ
diff,molh

κ
)
− λg∇T

)

· n
]FF

,

(5.21)

with the conductive heat transfer between the droplet an the surrounding gas following

Fourrier’s law

qTdrop = feNu(Re, Pr)λeff
nwSdrop

[T ]drop − [T ]FF+1

0.5 [∆h]FF+1 − hdrop

with [T ]drop = [T ]PNM ,

(5.22)



112 5 Coupling approach pore-network with free flow domain

with the temperature at the cell center FF+1 in the free flow, [T ]FF+1, the temperature

of the liquid phase in the drop, Tdrop, the distance between the interface and the cell

center, 0.5∆h, a factor for kinetic energy transfer fe and the Nusselt number Nu. The

effective heat conduction coefficient λeff
nw can be determined by algebraic averaging.

For the Nusselt number, no relation for multi-phase flow is available. As in Nuske et

al. [123], the relation given by Wakao and Kaguei [124] is used, which was defined for

single-phase flow

Nu(Re, Pr) = 2 + 1.1Pr1/3/Re0.6 . (5.23)

To account for possible differences between the single-phase Nusselt number and a

multi-phase Nusselt relation, the dimensionless energy-transfer factor fe is introduced.

Assuming a local thermodynamic equilibrium, there is no temperature gradient across

the drop interface with the gas flow such that the heat conduction can be reduced to

the gas phase (Eq.(5.19)).

Like the mass fluxes described above, the energy flux between the two sub-models is

implemented in terms of an equivalent sink/source term for pore body i at the local

interface ΓFF
i

[(V qe)i]
PNM =

∑

σ∈Γff
i

[((

hρv+
∑

κ

(
Jκ
diff,molh

κ
)
− λg∇T

)

· n
)

σ

|σ|
]FF

. (5.24)



6 Coupling approach pore-network

(GDL) with REV domain (gas

channel)

In Figure 6.1, the representation of GDL and gas distributor channel domain with a

pore-network and an REV-domain, respectively, is shown. In this section, we focus on

the interface between pore-network and REV-domain (ΓREV). Additionally, the balance

equations for the implementation of the interface concept coupling the pore-network

with the REV domain are considered.

Figure 6.1: Representation of GDL and gas distributor channel using a pore-network and an
REV approach, respectively. The models for the single domain are coupled at the
common interface ΓREV. A boundary condition representing the reactions in the
CCL and the transport of the produced liquid water through the MPL is applied
at the interface ΓMPL.

We analyze the interaction of gas flow between the domains and the occurrence, growth

and detachment of droplets forming at the breakthrough locations of liquid water trans-

port through the GDL.
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In contrast to REV-scale coupled models (e.g. [122]), pore-scale coupling models con-

sider discrete coupling locations. Coupling models for free flow and porous media on the

pore scale locally distinguish between the void space (pores) and solid at the interface.

In this work, using pore-network models, we couple flow at the locations associated with

the pore throats using ghost nodes located in the channel domain. The details of this

approach are presented in the following. The conditions presented here are referring to

the application of a Box scheme [97].

6.1 Assumptions and simplifications of the interface

concept

As presented in Figure 6.2, we use ghost nodes at the interface to capture droplet

formation.

drop in ghost node

gas phase
interaction

PNM liquid flux

PNM gas flux

REV node

PNM node

Figure 6.2: Interface configuration coupling the pore-network with the REV domain. Ghost
nodes are applied at the interface which are located inside the REV domain.

On the left side, a droplet is forming in a ghost node. The droplet is fed by a preferential

flow path of the liquid phase through the pore-network. On the right side, an empty

interaction pore is shown. Here, the interface is locally not invaded by the liquid phase

and gas phase interaction occurs between the pore-network node in the pore body and
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the REV cell. In the following, the mass and momentum coupling conditions applied

to the pore-network and the REV domain are presented.

6.2 Mass balance gas phase

The continuity of the total gas mass flux of the gas phase across the interface is required

for non-compositional systems [45]:

∫

Γbox,k

[ραvα · n]REV dΓ = −
∑

i∈Γbox,k

[

Vi
∂ραi
∂t

+
∑

i

(ρQ)αij

]PNM

, (6.1)

with the phase density ρα, the velocity vector in the REV domain vα, the pore body

volume of the interface pore Vi and the volume flux of phase α, Qα
ij. As shown in

Figure 6.3, Γbox,k denotes the sub-control volume face (scvf) k of the box sub-control

volume (scv) of the REV domain, where the coupling occurs.

REV node

REV cell

(ρQ)liqij
∑

(ρQ)gasij

∑
(ρQ)gasij ,

∑
(ρQ)liqij

Γbox,k Γbox,k+1 Γbox,k+2

Figure 6.3: Interface configuration coupling the pore-network with the REV domain. Imple-
mentation of the coupling fluxes between the pore-network model and the REV-
scale model.
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6.3 Momentum balance gas phase

We assume the continuity of gas phase pressure at the coupling interface. This is a sim-

plification since we ignore the conceptual discrepancy regarding the usage of averaged

pressure on the REV-scale and pore-scale pressure in the pore-network.

[pg]
PNM = [pg]

REV (6.2)

This issue is discussed by [125, 126, 127]. However, this simplification can be found

repeatedly in the literature (e.g., Weishaupt [45], Balhoff et al. [128, 129], Mehmani

and Balhoff [130], and Zenyuk et al. [80]).

In detail, the local gas phase pressure of the REV domain at the interface pore is

calculated from the neighboring REV nodes using linear basis functions wk(x) (see

Figure 6.4).

pk

p̄k(x) =
∑

k wk(x)pk

wk(x)

x

wk+1(x)

pk+1 pk+2

Figure 6.4: Interface configuration coupling the pore-network with the REV domain. Im-
plementation of the coupling pressures between the pore-network model and the
REV-scale model.

6.4 Mass balance liquid phase

The transfer of mass of the liquid phase from the pore-network to the REV domain is

taken into account using a drop based concept.
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The drops formed in the interface pores of the pore-network are detached once the de-

tachment criterion is fulfilled. This results in a reduction of the liquid phase saturation

of the drop mass implemented using a sink term in the pore-network

[qdrop]
PNM =

∂

∂t

(
ρliqVdrop

Vpore

)

, (6.3)

on the residual formulation of the liquid phase

Vi

∂ (ρliqSliq)i
∂t

+
∑

j

(ρliqQliq)ij − (V qliq)i

︸ ︷︷ ︸

=:rPNM(u)

−Viqdrop = 0 . (6.4)

And a source term in the REV domain:

[qdrop]
REV =

(

0

−qliq

)

=

(

0

−∂(ρliqVdrop)
∂t

)

. (6.5)

The source term is applied to the residuum of the REV domain as volume sources:

Φ
∂ραSα

∂t
−∇ ·

(

ρα
krα
µα

K (∇pα − ραg)

)

− qα

︸ ︷︷ ︸

=:rREV(u)

−qdrop = 0 . (6.6)

In Figure 6.5, the detached droplet mass is added as a source term to the nearest REV

node at the interface (left). The gas phase pressure in the now uninvaded interface

pore (ghost pore) stays according to the interpolation of the neighboring REV node

gas phase pressures (right).
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[pg]
PNM,ghost

[

(qg)ij

]PNM

detached
drop mass

[qdrop]
REV

[pg]
REV

Figure 6.5: Interface configuration coupling the pore-network with the REV domain. Ghost
nodes are applied at the interface which are located inside the REV domain.
The detached drop volume is applied as a source term to the REV nodes at the
interface.



7 Simulation results of pore-scale flow

and transport through MPL-free

GDLs

In this chapter, first the structural and flow characteristics of a GDB or MPL-free GDL

are investigated. We analyze the sizes and shapes of void spaces in the fibrous material.

Additionally, different influences on the global capillary pressure-saturation relation of

GDB or MPL-free GDL materials are presented. In the second part of this chapter,

single phase investigations of a GDL-gas distributor setup are shown. We present the

influence of the gas distributor channel width and pressure differences between channels

on the distribution of oxygen and water-vapor concentrations in GDBs or MPL-free

GDLs.

7.1 Structural and flow characteristics of MPL-free

GDL representation

7.1.1 Pore shape characterization

The generation of a representative pore-network of the GDB or MPL-free GDL structure

requires an analysis of the shapes of pore bodies and throats of the fibrous porous ma-

terial. We investigate these structural characteristics based on cubic samples with side

length 200µm. Four different realizations have been generated using the Math2Market

software GeoDict➤[98]. The four samples are visualized in Figure 7.1. All samples have

a fiber diameter of 10µm and a porosity of 82%. The fibers are always straight, as it is



120 7 Simulation results of pore-scale flow and transport through GDLs

typical for GDBs from SGL, but oriented differently. The used option in GeoDict➤[98]

is short circular fiber as grain object type. The length of the fibers is chosen with 1mm

in this case to ensure the fibers to cross the entire domain. The different realizations

have been generated by using different fiber-orientation parameters of the software

GeoDict➤[98] and different resolutions (voxel sizes of 0.1µm, 0.5µm and 1µm). The

first realization in Figure 7.1 has a voxel size of 0.1µm and for the fiber orientation

an ”anisotropic orientation” specification is used with anisotropy parameter 3 for both

directions. The second sample has a voxel size of 0.5µm and for the fiber orientation an

”anisotropic direction” specification with anisotropy parameter 3 for both directions is

set. The third sample is specified with the same orientation parameters as sample 2 but

a voxel size of 1µm. The last samples is again generated based on the fiber ”anisotropic

orientation” specification as sample 1 and a voxel size of 1µm. The ”anisotropic ori-

entation” and ”anisotropic direction” are parameter settings from GeoDict to specify

the distribution of fiber orientation with respect to each other and the distribution of

fiber direction in the three-dimensional space.

Figure 7.1: 200 µm cube samples of fibrous MPL-free GDL structures or GDB structures
generated using GeoDict➤[98] with varying parameters to analyze the shapes of
the void spaces (pores) in the material

From these four realizations, pore-networks have been extracted using PoreSpy [99]

with the extraction parameters σ = 0.4 and rmax = 0.4µm. For the pore bodies, the

most important parameter is the volume of the pores which defines the storage prop-

erties. Since the PoreSpy algorithm counts the volume of the cavities by voxels only,

the resolution of the sample has a small influence here. In Figure 7.2, a histogram of

the pore sizes of a 4mm×4mm sample is shown.

It can be seen, that many pores are of a rather small size. Most pore bodies have an in-

scribed radius between 10 and 20µm. However, they only have a small influence on the

displacement processes in the porous GDL since the connected pore throat inscribed
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Figure 7.2: Histogram of the inscribed radius of the pore bodies of a 4mm×4mm sample
representing a GDL structure.

radii are even smaller (see Section 3.1) and can only be invaded at very high capillary

entry pressures which do not occur during PEM fuel cell operating conditions. How-

ever, the many small pores have a major contribution to the overall void space volume

such that the global saturation of the GDL stays low during water drainage.

For the fluxes and resistances of the network, the pore throats are relevant. Pore-

Spy [99] defines the throats as the narrowest cross-section between two cavities (pore

bodies). This two-dimensional plane is well defined by its area and shape. These two

properties define the conductivity of the throats. The area is directly represented in the

pore-network by the throat sizes but for the throat shape, we are restricted to simple

geometric shapes. Nevertheless, as described in Section 2.6.1, complex shapes can be

transferred to a regular geometric shape using the shape factor G. In Figure 7.3, the

occurring shape factors of the throats in the realizations described above are shown.

The bars represent the mean value of all four realizations and the error bars the mini-

mum and maximum value of all samples.

The shape factor of an equilateral triangle is G =
√
3l2/36l2 =

√
3/36 ≈ 0.048, and

from a square, we get a shape factor of G = 4l2/64l2 = 1/16 = 0.0625 [40]. Most pore

throats of the samples have a shape factor between 0.04 and 0.08. As described in

Section 3.1, the pore-network model has a contact angle restriction dependent on the

half-corner angle of the pore throats. Since the triangular shape allows to use a contact

angle θ < π/2 − π/6 (measured in the wetting phase) while the square shape allows

only θ < π/2− π/4 (see Eq. (3.18)), we use equilateral triangles to represent the pore
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Figure 7.3: Histogram of the shape factor of the pore throats in the MPL-free GDL or GDB
sample materials with the deviations between the samples as error bars

throats in the GDL representation pore-network.

The realizations in Figure 7.1 do not include any binder. Usually, the fibers of a GDL

are clued together with a binder to increase the strength of the structure. From optical

analysis, we estimate a porosity reduction of 3% by adding the binder material. In

Figure 7.4, two 200µm cubic samples with a voxel size of 0.5µm are visualized. The

fiber properties and orientations are the same but in the right sample 3% binder is

added with a contact angle of 20◦ between binder and fiber.

Figure 7.4: 200 µm cube samples of fibrous MPL-free GDL or GDB structures generated using
GeoDict➤[98] with and without binder material

The influence of the added binder on the pore throat shapes is shown in Figure 7.5.

The considered sample without binder resulted in many pores with small shape fac-

tors. Small shape factors occur for example in slit-like pore throats. Adding the binder

reduced the number of pores with very small shape factors but resulted in more pore

throats with a shape factor between 0.04 and 0.08. The slit-like pore throats might
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Figure 7.5: Histogram of the shape factor of the pore throats in a GDL sample with and
without binder

have been blocked by the added binder or reduced and segmented.

The results show that the added binder has an influence on the pore throat shapes and

on the pore bodies by the volume reduction of the void space.

7.1.2 Global capillary pressure-saturation curves

In this section, we consider a sample of 1mm×1mm and a thickness of 180µm which

is representative for commercial GDLs [131]. Again, the sample is generated using

GeoDict➤[98] with a voxel size of 0.5µm. We specify the fiber orientation by an

anisotropic direction specification with anisotropy parameter 3 for both directions and

add 3% binder with a contact angle of 20◦ between binder and fiber. The considered

sample is visualized in Figure 7.6.

On this sample, we analyze the macroscopic behavior of the porous GDL based on the

pore-scale network properties. In Figure 7.7, the stationary global capillary pressure-

saturation relation is shown. Sw denotes the global wetting-phase saturation, which is

the sum of the air volume in all pore bodies divided by the volume of the total void

space of the porous GDL. The global capillary pressure is the difference between the

non-wetting phase pressure (water) at bottom side of the GDL and the wetting phase
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Figure 7.6: 1mm×1mm sample of a MPL-free GDL or GDB structure generated using
GeoDict➤[98]

pressure (air) at the top side of the GDL. The stationary Pc − Sw curve results from

step-wise simulation applying different global capillary pressures and calculating the

global saturation at equilibrium. It can be seen, to get a low wetting phase saturation,

which means a high water content in the GDL, very high global capillary pressures

need to be applied. During operating conditions of a PEM fuel cell, such high pres-

sures do not occur. This shows that the GDL cannot be flooded based on external fluid

pressures during fuel cell operation. Figure 7.7 also presents a zoom into the relevant

pressure range to show the behavior of the Pc − Sw curve for lower water content.

In Figure 7.8, the water pattern at equilibrium corresponding to a global capillary pres-

sure between bottom and top side of Pc = 5050Pa. At this moderate global capillary

pressure only the large pores are filled with water while the smaller ones are filled with

air. In the largest pores the highest water content is present.

Nevertheless, the local saturation does not only depend on the pore sizes but also if

the pores can be reached by the water through the throats. Therefore, the capillary

entry pressure needs to be overcome to invade a throat. In Figure 7.9, the invasion

state of the throats is shown. It can be seen that many throats cannot be passed by the

water such that the connected pores won’t be reached at this global capillary pressure.

Once a throat is invaded, the connected pores are filled with water. This rises the local

capillary pressure in a pore body and determines whether additional throats can be
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Figure 7.7: Global static capillary pressure-saturation relation of a network which represents
a MPL-free GDL or GDB structure. Right: zoom in the relevant range for PEM
fuel cell operating conditions.

Figure 7.8: Saturation of the liquid (non-wetting) phase resulting from a stationary simulation
with a global capillary pressure Pc = 5050Pa.

invaded. Therefore, the capillary entry pressure of the connected throats is compared

to the local capillary pressure in the pore body. This procedure is repeated until an

equilibrium state is reached. The equilibrium invasion state corresponding to a global

capillary pressure of Pc = 5000Pa is shown in Figure 7.9.
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Figure 7.9: Pore throats invaded by the non-wetting phase resulting from a stationary simu-
lation with a global capillary pressure Pc = 5050Pa.

As discussed in the previous section, the throat shape has an influence on the flow

through the pore-network. The throat shape and the contact angle are local material

properties that influence the capillary entry pressure (see Eq. (3.21)) and the con-

ductivity (see Eq. (3.16)) of the pore throats. In Figure 7.10, global Pc − Sw curves

for pore-networks representing the GDL structure in Figure 7.6 are shown. For the

different curves either a square cross-sectional shape for the throats is applied or an

equilateral triangle. Additionally the contact angle is varied between 180◦ and 142◦

(both measured from the liquid phase).

In pore-network models, often a contact angle of 180◦ is applied assuming perfectly

wetting behavior of the gas phase [44, 132]. The results in Figure 7.10 show the rele-

vance of applying an accurate contact angle. For GDLs a contact angle between 110◦

and 150◦ [133, 134] has been measured dependent on the manufacturer and GDL types.

Using square throat shapes, the minimal possible contact angle for the pore-network

is 145◦. For equilateral triangles, contact angles down to 120◦ can be applied. The

Pc−Sw curves in Figure 7.10 show that the contact angle has a stronger influence than

the throat shape. Therefore, it is suggested to adapt the throat shape away from the

optimum if necessary to apply a better fitting contact angle.
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Figure 7.10: Dependence of the static capillary pressure-saturation relation on the throat
shape and the contact angle

7.1.3 Influence of local contact-angle variations

In this section, we analyze the influence of the contact angle on the water distribu-

tion in a GDL sample. Therefore, a GDL sample of 2mm×2mm is generated using

GeoDict➤[98] and a pore-network is extracted using PoreSpy [99].

Figure 7.11: Pore-network representation of MPL-free GDL or GDB structures. Left: with
a constant contact angle in all throats (θ = 180◦), center: contact angles in
the throats dependent on the throat inscribed radius (θ ∈ [180◦, 135◦]). The
larger the throat cross-section, the more hydrophobic it is chosen. Right: with a
constant contact angle in all throats (θ = 135◦).

A cubic pore shape is chosen for the pore bodies. For the pore throats, we use equilateral

triangles for the cross-sectional area. In Figure 7.11, the water distribution resulting

from a global capillary pressure of Pc = 4060Pa is visualized. On the left side, we see a
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perfectly wetting pore-network with homogeneous contact angle θ = 180◦. On the right

side, a homogeneous contact angle θ = 135◦ is applied. The water distribution is again

visualized for Pc = 4060Pa. The lower contact angle results in lower capillary entry

pressures for the pore throats. Therefore, more pore bodies can be invaded at lower

global capillary pressures which results in a higher global saturation in Figure 7.11.

In the center, a contact angle distribution is applied to the pore-network. The local

contact angles in the pore throats are between 135◦ and 180◦ and are correlated to the

pore throat inscribed radii. As discussed earlier, a GDL material is coated with PTFE

using a chemical dip tank. It is likely that the coating fluid does not reach the smallest

pore throats which results in locally lower contact angles. Therefore, we correlate the

contact angle with the pore throat inscribed radius with a linear distribution. The

lowest contact angles are applied to the largest pore throats and vice versa.

The resulting water distribution looks similar to the one of a homogeneous contact

angle of 135◦ (right in Figure 7.11). The similarities indicate that the larger throats

define the water distribution for the static investigation due to the lower capillary entry

pressures.

In Figure 7.12, the global capillary pressure-saturation curves are visualized for the

three presented cases.

Figure 7.12: Comparison of the stationary capillary pressure-saturation curves for a GDL rep-
resentation with a constant contact angle in all throats (θ = 135◦ and θ = 180◦)
and correlated contact angles in the throats dependent on the throat inscribed
radius (θ ∈ [180◦, 135◦]) (the larger the throat cross-section, the more hydropho-
bic).

The curve of the pore-network with distributed contact angle is located between the
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curves with constant contact angle. The curves differ in particular at high wetting-

phase (gas) saturations. Here, the distributed contact angle case almost matches with

the curve of lower contact angle (θ = 135◦). This again shows that the largest pore

throats with lowest capillary entry pressure define the behavior at high wetting phase

(gas) saturations. The properties of these largest pore throats equal the ones in the

homogeneous network with θ = 135◦.

7.1.4 Discussion

For the analysis of the pore body and pore throat properties in fibrous MPL-free GDLs

or GDBs, small samples of 200µm×200µm×200µm are used. The small sample size

allows an analysis of the influence of image resolution and fiber orientation for the

pore-network generation (see Section 3.1.4) but gives limited insights into representative

properties. Therefore, for the analysis of pore-body size a larger sample of 4mm×4mm

is chosen. For the investigation of the global capillary pressure-saturation relation a

sample of 1mm×1mm is considered and for the contact angle variations a sample of

2mm×2mm. Nevertheless, the small samples help to get an overview on the general

material properties and influencing parameters.

In this thesis, the considered fiber structures are generated artificially using the software

GeoDict➤[98]. The artificial GDBs show a more homogeneous structure than the real

counterpart. Nevertheless, the method is not restricted to these structures but can also

be applied to µct-scans of real GDLs or GDBs.

The focus of this thesis is the investigation of interface processes between the GDL

and gas distributor of a PEM fuel cell. It is important to understand the transport

processes in both domains. The fibrous GDB structure has special properties which

influence the interface processes between GDL and gas distributor. The basic properties

and structural influences have been investigated in this section.
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7.2 Single phase investigations of a GDL-gas distributor

setup

In this section, not only the behavior of flow through a GDL-representing pore-network

but also the influence of different gas distributor configurations is investigated. We

use a single-phase multi-component setup, here. The model considers dry fuel cell

operating conditions when no liquid water is present. We investigate the component

transport of water vapor H2O, oxygen O2 and nitrogen N2 through a GDL sample.

Water vapor is induced on one side and oxygen is reduced corresponding to the reaction

taking place in a PEM fuel cell corresponding to a current density of 1A/cm2 (qH2O =

4.1457 · 10−7mol/s and qO2
= 2.07286 · 10−7mol/s). The oxygen sink and water vapor

source are applied to the whole area and distributed to the boundary pores based on

the pore-body sizes. We use a container boundary condition as visualized in Figure 7.13

to properly distribute the flux.

Figure 7.13: Container boundary condition which is used to distribute source and sink fluxes
over the complete inlet surface area according to the pore-body sizes of the
boundary pores.

On the other side, the GDL sample (4mm×2mm) shares an interface with the gas

distributor which is modeled as a boundary condition. We apply zero relative humidity

rh = 0 in the channels. The condition is implemented as a Dirichlet condition using

the following relations:

xH2O =
rh · pH2O

sat

poutlet
, (7.1)

xO2
= 0.21 ·

(

1− rh · pH2O
sat

poutlet

)

. (7.2)
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Initially, no water vapor is present in the GDL pore-network and the gas configuration

consists of 21% oxygen and 79% nitrogen. Between inlet and outlet, a pressure differ-

ence of 995Pa is applied (pinlet = 101000Pa and poutlet = 100005Pa).

In Figure 7.14, the model setup is presented. We consider two channels and three ribs

and distinguish between two different channel widths W1 > W2.

Figure 7.14: Pore sizes and gas distributor channel configurations for the single phase multi-
component investigation. Three different configurations are considered: Same
pressure in both channels of with W1 =1mm, same pressure in both channels
of with W2 =0.5mm, pressure difference of 100Pa between channels of with
W1 =1mm.

The colors of the cubic shaped pore bodies in Figure 7.14 indicate the pore sizes.

In the following three different flow simulations are performed: We consider a setup

where the same pressure is set in both channels of with W1 = 1mm, one where the

same pressure is applied in both channels of with W2 = 0.5mm, and a setup with a

pressure difference of 100Pa between the two channels of with W1 = 1mm.

7.2.1 Influence of the channel width on component transport

First, we consider a setup with two channels of the same width W1 = 1mm. In Fig-

ure 7.15, the water vapor distribution at the interface between GDL and gas distributor

after equilibration is shown.
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Figure 7.15: Mole fraction of water vapor at the interface between GDL and gas distributor
with a gas distributor channel width of 1mm.

We see water accumulation at the land parts where the water cannot exit the porous

GDL. In the channels, the water-vapor content is lower. Also, we see no different water-

vapor content at the interface to the two channels.

In Figure 7.16, the oxygen concentration at the interface to the MPL and cathode cat-

alyst layer (CCL) is presented.

Figure 7.16: Mole fraction of oxygen at the interface between GDL and MPL/catalyst layer
and a gas distributor channel width of 1mm.

The visualization shows a homogeneous mole fraction of oxygen at the interface between

MPL and GDL. The mole fraction is low compared to the rest of the pore-network due
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to the oxygen sink boundary condition which represents the reactions in the catalyst

layer.

Next, we investigate the influence of channel width and investigate a setup with smaller

channels but of the same width W2 = 0.5mm. The applied initial and boundary con-

ditions equal the previously presented setup with wider channels.

Figure 7.17: Mole fraction of water vapor at the interface between GDL and gas distributor
with a gas distributor channel width of 0.5mm.

In Figure 7.17, the water-vapor content is again presented at the interface between

GDL and gas distributor. Again, the water vapor is accumulated at the land parts

while the open channels show a relatively low water content at the interface pores.

In Figure 7.18, the interface to the MPL and catalyst layer corresponding to the setup

with narrow channels is presented.

No differences can be observed between the to setups considering the oxygen concen-

tration at the interface between GDL and MPL. Again the concentration is low due to

the applied outflow condition for oxygen.

7.2.2 Influence of pressure difference between two gas distributor

channels on component transport

In this section, the influence of different pressures in neighboring gas distributor chan-

nels on the transport through the GDL is investigated. We apply a pressure difference
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Figure 7.18: Mole fraction of oxygen at the interface between GDL and MPL/catalyst layer
and a gas distributor channel width of 0.5mm.

of 100Pa between the channels of width W1 = 1mm and use the same initial con-

ditions as for the previously described setups. The pressure boundary condition in

the channel is modified to create the pressure difference (pchannel,1 = 100055Pa and

pchannel,2 = 99955Pa). The inlet pressure is again pinlet = 101000Pa. And the source

and sink terms for oxygen and water correspond again to a current density of 1A/cm2.

Different pressures in the gas distributor channels of a PEM fuel cell might result from

fabrication differences or local blockage of one of the channels.

In Figure 7.19, the water vapor concentration at the interface between GDL and gas

distributor is visualized after equilibration.

We see a clear difference in the water-vapor content between the two channels. In both

channels, the pore bodies directly connected to the outlet condition pores in both chan-

nels have a low mole fraction of water vapor. But in the left channel, where a higher

pressure is applied also the neighboring pores near the channel interface show a low

water-vapor content. Here, we see a clear influence of the pressure difference between

the channels of a gas distributor on the transport in the GDL.

In Figure 7.20, the oxygen concentration at the interface to the MPL and CCL is shown.

An inhomogeneous distribution of oxygen is visible. On the right side, a higher oxy-

gen concentration is available. The reactions taking place in the CCL can only produce

electric current if enough reactants are available. An inhomogeneous distribution of the

reactants results in inhomogeneous production rates and an inefficent productivity of



7.2 Single phase investigations of a GDL-gas distributor setup 135

Figure 7.19: Mole fraction of water vapor at the interface between GDL and gas distributor
with a gas distributor channel width of 1mm with a pressure difference of 100Pa.

Figure 7.20: Mole fraction of oxygen at the interface between GDL and MPL/catalyst layer
and a gas distributor channel width of 1mm with a pressure difference of 100Pa.

the PEM fuel cell. Therefore, it is important to reduce pressure differences between the

single gas distributor channels over time. Short fluctuations cannot be prevented but

with a detailed fabrication and well controlled operating conditions, long-term pressure

differences can be prevented to ensure a homogeneous distributions of the reactants at

the interface to the MPL and cathode catalyst layer.
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7.2.3 Discussion

The single-phase investigations represent transport through an MPL-free GDL or GDB

influenced by reactions in the CCL and the structural and flow properties of the gas

distributor. The range of representable operating conditions is limited for the single-

phase model but gives insights into the behavior at low current densities.

The results show that the channel width has only a minor influence at low current

densities and dry operating conditions, when single-phase transport is expected. It is

important to keep as much open area as possible at the interface between GDL and

gas distributor to prevent water accumulation and a good exchange of reactant and

produced gases between GDL and gas distributor.

Two-phase models capable to capture the interface processes are necessary to represent

a wider range of operating conditions in a PEM fuel cell cathode. These two-phase

investigations including different interface configurations are presented in the following

section.



8 Simulation results of the uncoupled

interface configurations occurring at

the interface between GDL and gas

distributor

In this chapter, we consider two-phase flow in pore-network models, where the pre-

viously developed interface conditions are applied as boundary conditions. Here, the

pore-network models are not coupled with a free flow or REV model yet but the influ-

ence of a second domain (e.g. gas distributor of PEM fuel cell) on the flow in a porous

domain (e.g. MPL-free GDL or GDB in PEM fuel cell) is captured in a simplified way.

8.1 Pore-network model including droplets at the

porous surface1

We start with the application of the developed drop concept on exemplary pore-network

models.

1Portions of this section are part of the publication Two-phase flow dynamics at the interface between

GDL and gas distributor channel using a pore-network model by Michalkowski et al. that has been
submitted to Transport in Porous Media by Springer in 2022.
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8.1.1 Formation, growth and detachment of a single droplet

First the formation, growth and detachment of a single droplet is analyzed and com-

pared to available data in the literature.

Drop growth without surrounding gas flow

In this section, we compare the drop growth behavior of the developed model to experi-

mental data and a comparable drop model previously presented in the literature. Both

data sets are presented by Ackermann et al. in [101]. We analyze the droplet behavior

without any surrounding gas flow. Similar to the REV scale model presented in [101],

a very simple setup is used to analyze the growth of a single droplet (see Figure 8.1).

Figure 8.1: Setup to analyze a single droplet forming in the interface pore of the pore-network
model. green pores: inlet pores (Ri = 3.7 · 10−4m), red pore: interface pore
(Rinterface = 3·10−3m), green throat: drop-feeding throat (rinterface = 1.5·10−3m),
dark blue throats: network throats (rij = 7.5 · 10−5m). On the right side, the
local capillary pressure-saturation relations are visualized. Top: interface pore
with two stages of drop growth, bottom: regular network pore in hydrophobic
porous medium.

On the right side in Figure 8.1, the local capillary pressure-saturation relations of the
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pores in the network are visualized. The curve on the top shows the relation corre-

sponding to the interface pore (red) with the two stages of drop growth. The shape

depends on the radius of the interface throat (green). The relation shown at the bot-

tom of the figure represents the local capillary pressure-saturation relation of a regular

network pore in hydrophobic porous medium. This relation is applied to the network

at the bottom of the single tube setup (blue and green pores).

The model setup is designed as a mixture of the REV framework in [101] (the au-

thors denote the framework as Darcy framework) and the experimental setup de-

scribed in [101]. The feeding throat for the interface pore equals the tube used in

the experiment and a pore-network is applied to represent the porous domain of the

Darcy model, where the inlet condition is applied. For the pore-network, a completely

homogeneous two-dimensional network is chosen with pore body inscribed radii of

Ri = 3.7 · 10−4m, pore throat inscribed radii rij = 7.5 · 10−5m and pore throat length

lij = 7.5 · 10−4m. The feeding tube in the experiment has a length of 7.9mm and a

radius of 1.5mm. Therefore, the feeding throat in the pore-network model is chosen

accordingly (linterface = 7.9 · 10−3m, rinterface = 1.5 · 10−3m). The interface pore is large

enough to capture a droplet up to 2.5mm as it is expected from the experiment and

Darcy model (Rinterface = 3 · 10−3m).

The comparison of the droplet growth considering the drop radius in time shows very

good agreement between the pore-network model (solid lines in Figure 8.2) and the

experimental data (black dots in Figure 8.2). A change in the initial saturation of the

pore-network result in a time shifting of the curve. With a lower initial saturation

(sn,init = 0.95), the drop formation starts a little later. This results from the capillary

entry pressure which has to be overcome to invade the droplet feeding interface throat.

Therefore, the pore-network is filled first before the droplet starts forming. A perfect

match of the numerical data (in Figure 8.2: Darcy model blue dots, pore-network model

solid lines) is achieved, using an initial water saturation sn,init = 1.0 (fully saturated).

Drop detachment from a single tube by drag force from surrounding gas flow

In this section, we compare the developed drop detachment criterion with available

concepts from the literature and with a CFD volume of fluid (VoF) simulation of a

droplet emerging from a single tube in a channel. A flow velocity is applied to the up-

stream end of the channel such that a drag force from a parabolic gas flow profile acts
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Figure 8.2: Drop radii from PNM simulations with different initial saturations (fully satu-
rated: sinit,water = 1.0, sinit,water = 0.95) and Darcy simulation calculated by
Ackermann et al. [101]

on the droplet causing its deformation and finally detachment. We use the commercial

software ANSYS Fluent for the investigations. The VoF model setup is presented in

Figure 8.3.

Figure 8.3: Setup of the CFD simulation performed using Ansys Fluent R2019. Gas channel
with parabolic gas flow velocity inlet and pressure outlet. In the center, water is
injected through a throat with a mass flux boundary conditions. The drops form
inside the channel and are deformed and detached by the surrounding gas flow.

A channel of length L = 4.15mm, width W = 1.35mm and height H = 1mm has been

analyzed with a two-phase VoF model without phase change (immiscible phases) as im-

plemented in ANSYS Fluent version R2019. A filling throat with square cross-sectional

area is connected to the channel as shown in Fig.8.3. The square cross-sectional shape
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of the filling throat is chosen to simplify the meshing of the domain. Since a mass flux

boundary condition is applied to the complete inlet face of the throat (volume fraction

of water equals 1), no wetting phase flow (corner flow) can form in this throat and

the square shape has only a minor influence on the drop formation. The equilibrium

contact angle of water with the solid surface is 142◦ at the bottom of the channel (green

in Fig.8.3) and the filling throat which represents GDL properties. Hydrophilic sur-

faces are applied to the other channel walls such that the liquid water is attached to

the wall in case of contact. This has no influence on the drop formation, growth and

detachment in the considered cases. No contact-angle hysteresis is implemented. The

droplet deformation results from local forces at the drop surfaces. At the channel inlet,

air is injected into the channel with a fully developed laminar flow with a parabolic

velocity profile [135]:

v(y, z) = max(vgas)
inlet ·

(

1−
( |y − a|

a

)2
)

·
(

1−
( |z|

b

)2.3
)

where, a and b are half of the width and height of the channel, respectively. Atmo-

spheric conditions (pressure boundary condition) are applied at the channel outlet and

water back-flow of the liquid phase is permitted in the ANSYS Fluent model.

Water is injected into the throat at a constant mass flow rate of ṁ = 10−5kg/s. Droplets

form and grow in the channel filled by the throat. Finally, the droplets detach due to

the forces resulting from the gas flow in the channel.

We investigate the droplet radius based on the volume of the detached droplet. There-

fore, we consider the drop as a sphere segment. The radius and volume based on the

contact area CA and the contact angle θ are given by:

rdrop =
hdrop

1− cos θ
=

dCA

2 sin θ
(8.1)

Vdrop =
π

3
h2
drop(3rdrop − hdrop) =

π

3

(
dCA

2

)3
(1− cos(θ))2(2 + cos(θ))

(sin(θ))3
(8.2)

rdrop is the radius of the drop curvature, hdrop is the drop height, Vdrop is the volume

corresponding to the sphere cap shaped (undeformed) droplet and dCA is the diameter

of the contact area between liquid and solid. From the VoF Simulation, we measure

the drop volume and calculate the corresponding drop radius for the comparison.

Since, we are interested in an appropriate detachment criterion, we analyze the separa-
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tion line which gives the critical mean velocity at which a droplet with a certain radius

will be detached. In Figure 8.4, six different approaches to determine the critical veloc-

ity for drop detachment are visualized. Kumbur et al. [115] expound a two-dimensional

Figure 8.4: Detachment lines from different derivation approaches. Minimal average ve-
locity for detachment with respect to non-dimensionalized drop radius (non-
dimensionalized with respect to the channel height Hchannel). Solid lines: com-
pletely analytical derivation, stars: numerical calculation, dashed/dotted lines:
empirical and mixed approaches.

(2D) description of the force balance around a droplet on a solid surface which is influ-

enced by surrounding gas flow. In the retention force, the authors include the contact

angle hysteresis, and in the drag force, the pressure and shear forces at the top of the

droplet are taken into account. The resulting detachment or separation line is based on

the balance of these two forces. The droplet is detached once the drag force exceeds the

retention force. The 2D approximation represents an infinitely wide channel (parallel

plates) but also an infinitely wide droplet (deformed cylindrical shape) such that shear

forces at the sides of the droplet are not included. The model presented by Kumbur

et al. [115] is derived completely analytical. In contrast, Chen et al. [116] developed

a semi-analytical approach by using an experimental fitting for the drag coefficient cD.

The used experiment for the fitting represents an ex-situ PEMFC cathode setup. For

the retention force, they use a similar approach than Kumbur et al. [115]. Cho et al.

[117] extended the concept presented in [116] by further developing the contact angle

formulation along the contact line. For the drag force Cho et al.[117] use the same
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drag coefficient formulation as Chen et al. [116]. These empirical approaches are plot-

ted with dotted and dashed lines in Figure 8.4 while completely analytical approaches

are visualized with solid lines. We have derived an extension of the analytic model

of Kumbur et al. [115] which considers a spherical droplet in an infinite wide channel

rather than a cylindrical shape. In this case, the shear force at the sides of the spherical

droplet are included. For the derivation of the separation line, a control volume (CV)

is placed around the droplet in the channel. At the top surface of the CV the top shear

force is calculated similar to the approach presented by Kumbur et al. [115]. Addition-

ally, the shear forces at the sides of the droplets are taken into account which allows

the consideration of a spherical drop in the wide channel. The resulting separation line

of this extension is shown by the dark blue line (3D droplet CV parallel plates). In

the concept resulting in the dashed, light blue line (3D droplet CV rectangular ducts),

we additionally considered the reduction of the cross-sectional area due to the droplet.

Therefore, we developed the reduction factor in Eq. (4.20) that allows arbitrary aspect

ratios of the channel. The detailed derivations of the CV approaches are presented in

Section 4.2.2.

The orange dots show the detachment evaluations of six different VoF simulations

with the corresponding mean gas flow velocity resulting from an inlet condition with

parabolic flow profile. The lowest mean velocity analyzed is v̄ = 2.32m/s (correspond-

ing vmax = 5m/s). At lower gas flow velocity, no detachment due to the gas flow drag

force occurred but the droplet touched the channel walls which are chosen hydrophilic.

Higher gas flow velocities than vmean = 13.94m/s (corresponding vmax = 30m/s) have

not been analyzed since their occurrence in the cathode PEMFC channels is unlikely.

Especially for low gas flow velocities the VoF simulation results differ from the other

data resulting in smaller drop sizes at detachment.

Overall, the data lines in Figure 8.4 spread widely. For the analytic derivations inac-

curacies result from the chosen simplifications while for the empirical approaches the

uncertainty of the data is more difficult to determine. The differences to the VoF sim-

ulation might result form the different detachment criteria. In the used ANSYS Fluent

model no contact angle hysteresis is implemented. In the presented pore-network model,

the droplet detachment occurs once the drag force exceeds the retention force based on

the contact angle hysteresis. This means, the droplet is detached once the three-phase

contact line starts to move. In the ANSYS Fluent model, the three-phase contact line

can move freely on the smooth surface but the droplet stays attached to the interface

throat. A surface tension force holds the liquid phase together while maintaining the
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minimum possible surface area of the droplet. Here, the droplet detaches once drag

force overcomes this surface tension force and the droplet is teared off from the liquid

water in the interface throat.

Further investigations are necessary to determine the ”correct” separation line and re-

duce the uncertainties.

For the pore-network drop model, we choose the analytic CV approach derived for three-

dimensional rectangular channels (3D droplet CV rectangular duct). The approach is

based on a force balance (see Section 4.2.2) and clear assumptions and simplifications

which can be adapted if further knowledge on the system is available.

8.1.2 Formation, growth and detachment of multiple droplets in a

system

In this section, the ability of the developed model to simulate the formation, growth

and detachment of several droplets at the interface between a porous domain and a

free-flow domain is shown and compared to experimental findings from the literature.

Comparison with experimental data

Quesnel et al. present experimental investigations of multi-drop interactions in their

publication [6]. They explain the growth behavior of several droplets forming at an

interface from feeding throats of different size. Due to the capillary pressure changes

in the droplet during the growth, the initially faster growing droplets are favored and

are fed by the surrounding smaller droplets which decrease as a result. This is caused

by the non-monotonic capillary pressure curve.

They also present the so called bulging menisci model which is similar to a common

bundle-of-tubes model, but the volume of fluid in the tubes themselves only considers

the inflating and deflating of menisci with time [6]. In Figure 8.5, the interactive be-

havior of the forming droplets is visualized. For details on the model, it is referred to

the developers [6].

The bulging menisci model explains the behavior of the drops forming on a GDL surface

by simplifying the geometrical setup to straight tubes rather than the complex fiber

structure.
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Figure 8.5: Bulging menisci model: Schematic of pressure profiles observed during droplet
grow-detachment cycle. (a) Single tube, (b) Multiple tubes with a single break-
through site, (c) Pressure profile for the single tube, (d) Pressure profile for the
multi-tube system [6].

In this section, we show that the interactive behavior of multiple droplets in the sys-

tem is automatically included in the developed model. Therefore, we use a simplified

geometry and consider a setup with 2, 16 and 101 tubes (see Figure 8.6).

For the two-drop interaction, we consider two interface pores which are connected by

an interface throat to the network. The two interface throats have a different size such

that one of them will be favored during the drop growth caused by the flow resistance in

the throat (rinterface,1 = 2 · 10−5m and rinterface,2 = 1.8 · 10−5m ). The network pores are

much smaller than the interface pores (Rnetwork = 5 · 10−5m and Rinterface = 5 · 10−4m)

to prevent water storage in the network. The network pores are connected with wide,

short throats (rij,horizontal = 3 ·10−5m, lij,horizontal = 1 ·10−5m) to ensure a fast exchange

(large flux) between the forming droplets. As inlet condition a water mass flux is ap-

plied to the inlet pore. The gas-phase pressure in the interface pores is kept constant

by a Dirichlet boundary condition.

For the setup with 16 interface pores, not only two but 16 interface pores are places
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Figure 8.6: Geometric pore-network configurations to analyze the interactive behavior of sev-
eral drops in a multi-tube system. Different configurations have been analyzed: 2
pores, 16 pores, 101 pores.

next to each other. Again, one interface throat is larger than the other ones to be

favored during the drop growth. For the setup with 101 interface pores, ten interface

throats are chosen to be larger than the rest. Since inertial forces are negligible for the

creeping flow in the network, the position of the interface pores is not important.

In Figure 8.7, the drop radius and corresponding local capillary pressure in the in-

terface pores are shown for the two-interface-pores investigation. It can be seen how

both droplets start growing but then one of them is favored while the other drop vol-

ume is decreasing. The favored droplet growing rate increases with the shrinkage of

the other one since the volume of drop 1 is transferred to drop 2. The local capillary

pressure curves in Figure 8.7 explain why drop two is favored. The larger drop volume

results in a smaller curvature and therefore a lower pressure in the droplet. The gas

phase pressure is kept constant such that the shape of the curves equals the one of the

water pressure in the droplet. In Figure 8.8, the water pressure in the inlet pore of

the two-interface-pores setup is shown. The shape is similar to the capillary pressure

in the interface pores. The fluctuations at the lower level, when the drop volume of

the favored drop increases while the other one stays constant, result from numerical

instabilities in the small dynamic network.

With a constant gas phase pressure in the drop pores, the shape of the curve equals

the global capillary pressure (Pc,global = pliq, inlet − pgas, drop).

Therefore, the interaction of only two droplets in the simple network is not sufficient

to explain the change in the global capillary pressure behavior in Figure 8.5. In the

experiments in [6], a GDL structure is used where more than two droplet occurred and

interacted. In the next step, a network with 16 parallel interface pores is analyzed.
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Figure 8.7: Two-drop interaction. Left: drop radius evolution with time of the droplets form-
ing at the two different interface throats. Right: Corresponding capillary pressure
of the droplets (capillary pressure is defined by the interface curvature of the drop
surface).

Figure 8.8: Water pressure in the inlet pore of a multi-tube setup with two interface throats
to fill droplets and two connected interface pores for droplets to grow in.

Again, one interface pore is chosen to be favored by connecting it with a larger in-

terface throat. In Figure 8.9, two droplets in the network with 16 interface pores are

compared. The drop radius shows a similar behavior than in the two-interface-pores

setup. However, the growing rate before and after the shrinkage of the other droplets

differs more than before. This results from the larger number of droplets which are

formed and where the water mass flux is distributed to and the resulting larger num-
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ber of shrinking droplets and, therefore, the larger volume which is transferred to the

favored droplet afterwards. The local capillary pressures in the interface pores look

similar than before but with a few numerical fluctuations.

Figure 8.9: Two-drop interaction. Left: drop radius evolution with time of the droplets form-
ing at the two different interface throats. Right: Corresponding capillary pressure
of the droplets (capillary pressure is defined by the interface curvature of the drop
surface).

In Figure 8.10, the corresponding water phase pressure in the inlet pore for the setup

with 16 interface pores is shown. Here, a clear difference can be seen in comparison

to the behavior of the water pressure in Figure 8.8. The fast increase of the pressure

is hindered such that it almost equals the rate of pressure decrease. Again, we see

some numerical fluctuations in the pressure during the growth of the favored droplet

and while the size of the other droplets stays nearly constant (except small numerical

fluctuations). The overall behavior now gets closer to the pressure behavior which has

been predicted by the bulging menisci model.

To further analyze the behavior of the water pressure in the inlet pore and therefore the

global capillary pressure during the multi-drop interaction, a setup with 101 interface

pores is analyzed. In this case, ten interface throats are slightly larger than the rest

such that droplet formation will be favored. The resulting water pressure behavior in

the inlet pore is presented in Figure 8.11.

In this simulation, the average rate of pressure growing is smaller than the one of pres-

sure decreasing. The behavior is not as strong as expected from the bulging menisci

model but a trend can be seen from the analyzed simple test cases with 2, 16 and
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Figure 8.10: Liquid phase pressure in the inlet pore of the 16 interface pores setup. Left:
first three drop formation cycles. Some numerical fluctuations occur. But the
system stabilizes and less fluctuations occur at later time (right). Here, a re-
peating behavior of the pressure curve establishes for drop formation, growth
and detachment.

Figure 8.11: Liquid phase pressure in the inlet pore of the 101 interface pores setup.

101 interface pores. The trend shows, the more droplets strongly interact with each

other the closer the water pressure behavior is to the predicted curve. For a large GDL

sample, where many droplets occur and interact, a long pressure increase followed by

an almost sudden decrease might occur
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8.1.3 Formation, growth and detachment of droplets at the

surface of a GDL

In this section, the pore-network model including the interface concept to model drop

occurrence, growth and detachment is applied to a network representing a small GDL

unit cell. In Figure 8.12, the pore-network representing a GDL structure is visualized.

The network resulting from the fiber structure shows wide pore-size and throat-size

ranges. We apply a mass flow boundary condition to the bottom side. Therefore,

an inlet pore is added which is connected to each pore at the bottom side of the

network, which represents the water production rate corresponding to a current density

of 1A/cm2. The connecting throats equal the size of the network pores such that the

mass flux is distributed to all inlet pores based on their pore size due to the capillary

entry pressure of the connecting throats.

The considered GDL sample is small enough such that only one breakthrough location

occurs where a droplet forms, grows and finally detaches. The drop radius and the

corresponding local capillary pressure are shown in Figure 8.13. The step wise behavior

results from the low water inlet flux and small time step sizes. Locally in the network,

the capillary entry is overcome in a pore but the flux through the freshly invaded

throat results in a decrease of the local saturation and therefore a decrease of the local

pressures. These anomalies based on the pore-network model nature result in step wise

fluxes in the network.

Influence of the drop formation at the interface between GDL and gas

distributor on the flow in the GDL

Not only the droplets forming at the interface betwen GDL and gas distributor are

influenced by the water displacement and fluxes in the pore-network but also the pore-

network itself is influenced by the formation, growth and detachment of the droplets.

The developed model is capable to capture these influences pore-locally. In the following

section, the developed model is again applied to the previously described unit cell and

the flow behavior inside the GDL is analyzed during the drop formation, growth and

detachment. The behavior during drop formation and growth is compared to CFD

investigations presented by Niblett et al. [7].

Niblett et al. [7] present a CFD model (VoF) that allows analysis of two-phase flow
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Figure 8.12: Pore-network representing a MPL-free GDL or GDB structure. The white lines
mark the locations of open pores in the channel, where droplets can form. The
gray shaded areas are part of the ribs. Here, the network pores are blocked and
have no access to the channel.

in a GDL structure. The results show a highly dynamic flow behavior. Especially

during breakthrough (and the formation of droplets), when menisci recede from certain

pores (see Figure 8.14). In Figure 8.14, a VoF simulation of two-phase flow through

the two-dimensional cross-section of a GDL is shown. The visualization focuses on a

single breakthrough path of water in the void space (black) between fibers (white).

The breakthrough path feeds a droplet at the GDL surface (at the top of the figures).

The growing droplet is not shown in the figure. In the water phase, the flow velocity

is visualized. Light colored areas indicate a higher velocity than the darker ones. The

four presented time steps in Figure 8.14 present the behavior of a certain meniscus,

which is receding during the formation of a droplet fed by this breakthrough path. In

Figure 8.14, white arrows point on the receding meniscus. A larger droplet has a lower
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Figure 8.13: Left: droplet radius, right: corresponding capillary pressure in the interface pore
(capillary pressure at droplet surface)

Figure 8.14: Close up of dynamic receding of pore contents in the analyzed GDL structure
resulting from the growth of droplet on the surface of the GDL in the GC (gas
channel). Velocity magnitude; vectors represent direction of flow [7].

water phase pressure such that the water tends to fill the droplet rather than pores in

the porous medium. This results in receding menisci in certain pores.

This behavior is also captured by the pore-network model. In Figure 8.15, the local

saturation at three different time steps are presented. At t1 ≈ 48 s, the water reaches

the pores at the top side of the GDL but breakthrough did not occur yet. Several pores

are visibly invaded and filled with water. At t2 ≈ 49 s, breakthrough occurred at one of

the pores located in the channel region of domain II (marked with the red arrow). A flux

goes through the interface throat filling a droplet in the interface pore (not visible in

Figure 8.15). At the same time, the saturation in several pores, connected by invaded

throats, decreased. This behavior equals the receding menisci observed in the CFD

analysis by Niblett et al. [7] (Figure 8.14). Since the developed pore-network model

allows the simulation of dynamic droplet formation and detachment. The behavior of

the network during several growth and detachment periods can be analyzed. It shows,
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for the small GDL unit cell with only one breakthrough, a stable breakthrough path

establishes (t3 ≈ 500 s in Figure 8.15), which does not change significantly during the

simulation.

Figure 8.15: Top left: local water saturation pattern in the pore bodies and water volume
flux in the throats before break through and drop formation (t1 ≈ 48 s), top
right: local water saturation pattern in the pore bodies and water volume flux in
the throats after break through (t2 ≈ 49 s), the water flux through the interface
throat forms a droplet in the interface pore. Bottom: established local water
saturation pattern in the pore bodies and water volume flux in the throats after
multiple drop formations (t3 ≈ 500 s). The final pattern shows the stabilized
break through path.

8.1.4 Discussion

The developed model is able to simulate the pore-scale behavior of single and multiple

droplets forming on simplified and complex but realistic porous materials. The com-

parisons to available experimental and numerical data show very good agreement for

the drop growth behavior. Since in the literature a wide variation of the presented

separation lines has been found, further investigations are recommended to determine

the detachment criterion. The criterion developed for this work is a (semi-)analytic
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approach which can be adapted if further information on the force balance composition

is available.

The presented model is capable of modeling multi-drop interactions and confirms the

bulging menisci model. Also the flow behavior inside the GDL of receding menisci

during the drop occurrence has been successfully captured. Modeling GDL structures

is difficult due to the high heterogeneity and complex network structure. To evaluate a

representative volume of a GDL structure, the efficiency and numerical stability of the

model has to be improved. Nevertheless, a small sample of a fibrous GDL structure

could be represented and the pore-local flow behavior has been analyzed. Even though

the detailed local behavior has to be handled with care due to pressure fluctuations and

numerical inaccuracies in such a complex network, the developed model is capable to

represent the general behavior during droplet formation, growth and detachment and

presents reasonable and validated results.
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8.2 Pore-network model including fluidic interaction at

the interface between a hydrophobic and a

hydrophilic material2

8.2.1 Fundamental behavior of the interacting pores

To investigate the fundamental behavior of the system described in Section 8.2, a ba-

sic, homogeneous, two-dimensional, hydrophobic network with cubic pore bodies and

throats with square cross-sectional area (Domain I) is considered (Figure 8.16 (left)).

Imagine a thin porous medium between two hydrophobic coated plates. In one of the

plates, a hole is drilled. The inner surface of the drilling hole is now uncoated and

therefore hydrophilic (here: contact angle of 0◦). The position of the drilling hole

denotes the position of the interaction pore (Figure 8.16 (right)). The outer surface

of the plate is hydrophilic (Domain II). In the representing pore network (Domain I),

the pore bodies and throats are of uniform size (pore size (Ri = 10−4m), throat size

(rij = 0.5·10−4m) and length (lij = 3.3·10−3m)). In the hydrophobic network, a contact

angle of 180◦ is applied. The domain is initially filled with the gas phase (Sgas = 1.0)

and a primary drainage process of the water phase displacing the gas phase in the

entire domain is considered in the hydrophobic Domain I. The blue pores denote the

inlet pores, where a water saturation sn = sliq = sinlet is fixed as a Dirichlet boundary

condition. The orange pores are the outlet pores, where the gas saturation is fixed

to one sgas = sw = 1.0. No pressure difference is applied for the gas (wetting phase)

pressure (∆pw = pgas = 0). The red pore is connected to the hydrophilic Domain II.

Here, an outflux is applied and suppressed dependent on the fulfilled water saturation

thresholds. The applied time step size is ∆t = 10−5 s.

In Figure 8.17, the water saturation (non-wetting phase) in the pore (in Domain I)

interacting with the hydrophilic Domain II (interaction pore) (blue line) and the global

saturation of the network (red line) during the invasion process are shown. The inter-

face pore (in Domain I) is filled and emptied with water due to the interaction with

the hydrophilic Domain II based on the applied water (non-wetting phase) saturation

thresholds (sstartn,liq = 0.52 and sstopn,liq = 0.01). The total water saturation Sliq increases

2Portions of this section are part of the publication Modeling of two phase flow in a hydrophobic

porous medium interacting with a hydrophilic structure by Michalkowski et al. that is in review by
Transport in Porous Media (Springer).
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Figure 8.16: Visualization of the investigated hydrophobic network (left) which is an exem-
plary representation of the porous medium setup on the right (Domain I). The
basic setup is built to show the fundamental behavior of the interacting pores.
The hydrophobic porous medium (right) is placed between hydrophobic coated
plates (the material of the plates itself is hydrophilic) with a hole at the position
of the interaction pore. The inner surface of the hole is hydrophilic (red). The
outer surface of the plate is hydrophilic too (Domain II). The water flow goes
from left (blue inlet) to right (orange outlet) (right).

monotonously, while the saturation in the interaction pore shows a varying, oscillating

behavior. The volume flux leaving the hydrophobic Domain I is very small compared

to the overall water flux through the system. Therefore, the outflux through the inter-

action pore has only a small influence on the overall (global) saturation of the network.

In the following, the four marked states in Figure 8.17 are described and explained in

detail to understand the behavior of the water (non-wetting phase) saturation curve

corresponding to the interaction pore (in Domain I).

Figures 8.18-8.21 show the volume flux of the water through the connecting throats in

the hydrophobic network (Domain I).

At State 1 (Figure 8.18), the water saturation (non-wetting phase) threshold (sn/liq =

0.52) in the pore (in Domain I) connected to the hydrophilic Domain II is reached

and the interaction between the hydrophobic network (Domain I) and the hydrophilic

domain (Domain II) starts through this pore such that the pore-local water phase sat-

uration sliq decreases.

At State 2, the water saturation (non-wetting phase) in the pore (in Domain I) con-

nected to the hydrophilic Domain II falls below the threshold of the stop criterion

(sn/liq = 0.01) and the flux between the hydrophobic pore network (Domain I) and the
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Figure 8.17: Saturation sliq in the interface pore (blue) and total water saturation Sliq of the
network (red) over time during the interaction with the hydrophilic Domain II.
The four states marked red are investigated in detail in the following.

Figure 8.18: State 1: Water flux in throats and water saturation in pore bodies at t = 0.0006 s.
The interaction pore is marked with a red square.

hydrophilic domain (Domain II) stops (State 2, Figure 8.19).

This small saturation leads to a fast refilling of the interaction pore. This occurs again

before State 3. At State 3, the decrease of the water saturation (non-wetting phase)

in the pore (in Domain I) connected to the hydrophilic Domain II is halted due to

the flux from the invaded neighboring pores (denoted by arrows in Figure 8.20), where
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Figure 8.19: State 2: Water flux in throats and water saturation in pore bodies at t =
0.000815 s. The interaction pore is marked with a red square.

the capillary entry pressure, which is necessary to overcome, to invade the connecting

throat is met (State 3, Figure 8.20).

Figure 8.20: State 3: Water flux in throats and water saturation in pore bodies at t = 0.0015 s.
The interaction pore is marked with a red square.

Once the downstream neighboring throat (Throat 4 in Figure 4.22) is invaded, water

flows through this throat as well into the interaction pore following the local water

pressure gradient. This results in a filling from all four hydrophobic throats connected

to the interaction pore. In the considered test case, this results in an equilibration of

the fluxes in and out of the interaction pore and the saturation stays constant (State

4, Figure 8.21).
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Figure 8.21: State 4: Water flux in throats and water saturation in pore bodies at t = 0.0025 s.
The interaction pore is marked with a red square.

8.2.2 Investigation of the network response to interaction of

several interface pores

The presented model does not only capture the interaction of one single pore (in Do-

main I) with hydrophilic Domain II but allows an arbitrary combination of interface

pores. In the presented example, the complete pore row at the top of the network

(Domain I) is in contact with hydrophilic Domain II.

The interface pores are located at the top of Domain I and are in contact with a gas-

filled (no water present) hydrophilic Domain II. The interface pores are marked red

and numbered consecutively in Figure 8.22.

It is assumed that the water distributes fast in the hydrophilic Domain II and is trans-

ported away from the interface between the hydrophobic porous Domain I and the

hydrophilic Domain II such that there is no influence on the outflow behavior between

the different interface pores.

As in the previous example, water is used as the non-wetting fluid and pushed through

the domain from left to right (Figure 8.16). The hydrophobic Domain I is initially filled

with air (gas). In Figure 8.23, the oscillating water saturations in the interface pores

are shown. For transparency reasons, only the first two oscillations are plotted.

The water saturation in the first interface pore in the top row (interface pore 0) does



160 8 Simulation results of the uncoupled interface configurations

Figure 8.22: Visualization of the investigated hydrophobic network with several interface
pores interacting with the hydrophilic Domain II. The interface pores are marked
red and numbered consecutively

Figure 8.23: Water saturation in the interface pores at the top face during the interaction
with the hydrophilic Domain II.

not show an oscillation. We see a kink in the curve at a water saturation of sliq = 0.52,

which is the threshold for the interaction with the hydrophilic Domain II. At this time,

an outflux through this pore from the hydrophobic Domain I to the hydrophilic Domain

II starts. The fluid configuration in the network (Domain I) during this time step is

shown in Figure 8.24. However, the fluxes into the interface pore from the neighboring

pores in the hydrophobic network (Domain I) is still higher than the outflux, such that
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the water saturation keeps increasing. This is a boundary effect which results from

the position of the interface near the inlet pores. Pore 0 gets virtually unlimited fresh

water from the left edge and an equilibrated water saturation is reached based on the

equilibrium of in- and outflux of the interface pore. With increasing water saturation

in the pore, the local capillary pressure and water phase pressure rise. This might

cause a steeper gradient between the interface pore and the surrounding pores in the

hydrophobic network (Domain I) but also a larger pressure difference between the hy-

drophobic Domain I and the hydrophilic Domain II influencing the fluxes through the

hydrophobic and hydrophilic throats. These fluxes equilibrate for interface pore 0 at a

constant water saturation.

Figure 8.24: Water volume flux in [m3/s] in throats and water saturation [−] in pore bodies
at t = 0.0001s)

The replacement process continues due to the water (non-wetting phase) pressure gradi-

ent between the left and right side of the network (Domain I) such that the next column

of pores is invaded by the non-wetting phase (water). The second interface pore (inter-

face pore 1) shows an oscillating behavior of the water saturation (see Figure 8.23). In

this case, no equilibrium is reached between the in- and outfluxes. The outflow starts

with the start threshold at sliq = 0.52 and causes an emptying of the pore body. Once

the stop threshold is reached, the interaction with the hydrophilic Domain II stops and

the water saturation increases due to the fluxes through the connecting throats of the

hydrophobic network (Domain I). The oscillating behavior shows that the outflux from

the hydrophobic pore into the hydrophilic Domain II is larger than the ”refilling” fluxes

coming from the surrounding hydrophobic pores (Domain I). In Figure 8.25, the time

step is captured when interface pore 1 is filled with the non-wetting water for the first
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time.

Figure 8.25: Water volume flux in [m3/s] in throats and water saturation [−] in pore bodies
at t = 0.00082 s)

The water fluxes in the hydrophobic throats (in Domain I) show that the water does

not invade the network straight from left to right as it would be the case in a net-

work without interface pores. We see a clear upward-oriented flux perpendicular to the

applied pressure gradient due to the outflux from the interface pores. The resulting

decrease of the water saturation causes a gradient of the local capillary pressure such

that the interface pores are refilled from the hydrophobic adjacent pores (in Domain

I).

In Figure 8.27, we see how the second interface pore (Pore 1) is emptied compared to

the previous state (Figure 8.25). At the same time, the third interface pore (Pore 2) is

invaded. From the water saturations in the top row pores (interface pores), we see that

the water saturations are not syncronic oscillating. The time dependent evolution of the

water saturations (Figure 8.26) shows that the frequency of the oscillations depend on

the position of the interface pore in the network (Domain I). Early invaded pores (pores

further left), where the pressure gradient is higher during primary drainage, oscillate

with a higher frequency. In Pore 5, we see the influence of the small size of the network

(Figure 8.26). Once the overall network reaches the maximum water saturation, the

flux into the interaction pores is increased. The water does not need to be distributed

elsewhere.

The row of interface pores does not only influence the adjacent pores but the fluid pat-

tern in the complete Domain I. In Figure 8.28, we see the deformation of the invasion

front resulting from the outflux in the interface pores.
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Figure 8.26: The time dependent liquid water saturation sliq evolution shows the different
filling velocity of the interaction pores. For the first five pores the second os-
cillation is shown to compare the frequency of the water saturation oscillations
in the pores. Here, only the first water filling of each pore is plotted. Pore 0 is
missing since the water saturation does not oscillate but reaches an equilibrium
(see Figure 8.23)

Figure 8.27: Water volume flux in [m3/s] in throats and water saturation [−] in pore bodies
at t = 0.0017 s)

However, it has to be noticed that this is just a basic example with a small network. We

aim to show the complex interplay of the hydrophobic network (Domain I) interacting

with a non-resolved hydrophilic domain (Domain II). The example shows that, with

this quite simple approach, the complex interactions can be captured on the pore-scale.
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Figure 8.28: Water volume flux in [m3/s] in throats and water saturation [−] in pore bodies
at t = 0.0038 s)

8.2.3 Application to the interface between GDL and gas distributor

With the developed concept, we want to capture parts of the interaction between the

fluid displacements in the GDL (Domain I)and the gas distributor flow (Domain II).

Since the GDL consists of a hydrophobic material and is partly in contact with the

hydrophilic gas distributor, local effects of this interaction need to be captured by the

model to simulate the flow through the GDL structure (Domain I). As an example

application, here, the primary displacement of air by water through a pore network ex-

tracted from a fibrous GDL representation structure is shown. For the representation

of the GDL on the pore-scale, a network of cubic pores is used. The size and connec-

tivity of the pores is based on the void space of the fiber structure. For the network

extraction the python-based open-source tool PoreSpy [99] is used. In Figure 8.29, a

part of the resulting network embedded in the base structure is shown.

In this hydrophobic pore network a contact angle of 135◦ is applied. However, as pre-

sented in Section 8.2, for the hydrophobic-hydrophilic interaction between Domain I and

II, a contact angle of 180◦ is set in the interaction pore body and 30◦ in the hydrophilic

throat. The network (Domain I) is initially filled with gas. We are interested in the

interaction of the flow in the hydrophobic GDL (Domain I) with the hydrophilic wall

of the gas distributor channel (Domain II) (see Figure 8.29). Therefore, a piece of the

GDL is considered, which is partly covered by the land (shaded area in Figure 8.29), an

area open for gas and water flow out of the GDL and a line of interface pores (red area

in Figure 8.29), where the channel is opening. For simplicity reasons, the land surface
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Figure 8.29: Part of a pore network with cubic pore bodies embedded in the GDL structure,
from which the network has been extracted using PoreSpy [99]. The grey area
represents the part where a no-flow boundary condition is applied representing
the land part. The red part is the line, where the interaction condition between
the hydrophobic GDL (Domain I) and the hydrophilic channel-land structure
(Domain II) is applied. The open area represents the channel. Here, a Dirichlet
pressure boundary condition is applied to allow outflow of the phases.

is assumed to be hydrophobic but the surface in the channels is hydrophilic. Similar

to previous numerical and experimental investigations in the literature [136, 137, 32],

the water passes through the GDL network (Domain I) following preferential paths and

leaves the GDL at a few breakthrough locations. As inlet boundary condition a mass

flux corresponding to the water production at a current density of approx. 2A/cm2

(ṁliq = 9.32 · 10−10 kg/s) is chosen. At the outlet a constant pressure with atmospheric

conditions is set. Since the considered GDL sample is very small, only one breakthrough

location is formed. The water saturation (non-wetting phase) in the network (Domain

I) before the breakthrough is shown in Figure 8.30.

The setup is designed such that this breakthrough location lays on the line of interact-

ing pores (red line in Figure 8.29), where the hydrophobic network pores (Domain I)

are in contact with the hydrophilic gas distributor surface (Domain II). The resulting

saturation fluctuations in that pore are presented in Figure 8.31.

The fluctuating behavior is similar to the one observed in the basic test scenarios.

However, at the refilling of the pore, the water saturation curve shows a convex be-

havior which results from the highly heterogeneous network structure. While in the
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Figure 8.30: Water saturation (non-wetting phase) in the pores before the breakthrough (sat-
uration threshold not fulfilled).

Figure 8.31: Water saturation in the pore interacting with the hydrophilic domain.

basic setup (Figure 8.23), the interface pore is refilled by a few neighboring pores of

the same size, the refilling neighboring pores in the GDL network vary in size. Also,

as it can be seen in Figure 8.30, there are a lot more pores connected to each other

(coordination number between 1 and 50 compared to coordination number between 2

and 4 in the basic test scenarios) than in the basic, structured network. The water

pressure (non-wetting phase) difference to an empty interface pore is high, resulting in

high fluxes through the connecting throats. Meanwhile, the smaller pores connected

to the interface pore, which have a higher local capillary pressure, are emptied (or the
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water saturation is reduced significantly, such that the local capillary pressure drops)

and the flux in the interface pore is reduced since the neighboring pores need to be

refilled from the surrounding network (Domain I) as well. Because the water can be

distributed on the hydrophilic channel walls (Domain II), the pressure does not build

up during the emptying process. Therefore, the water saturation drops quickly after

the threshold sliq = 0.52 is reached.

The high frequency of the oscillations results from the small pore sizes and high inlet

flux of water for the small sample.

The considered GDL sample does not represent a representative volume of the GDL, it

only shows the specific behavior at a certain breakthrough location. For representative

studies, much larger GDL samples need to be considered. This is not the scope of

this work, where we focus on the presentation of a concept to model the interaction

of a hydrophobic porous medium (Domain I) with a hydrophilic domain (Domain II).

However, the presented concept can be used for these kind of investigations and is the

basis for further analysis of the hydrophobic-hydrophilic interactions between GDL and

gas distributor structures.

8.2.4 Comparison of the pore-network behavior to CFD

investigations using ANSYS Fluent

In this section, we investigate the hydrophobic-hydrophilic interaction on the pore-scale

using a direct numerical solver model, where the porous domain is discretized on the

sub-pore-scale (multiple grid cells per pore body). Analogously to Section 8.1.1, we

use a volume of fluid (VoF) method implemented in the commercial software package

ANSYS Fluent R19. We simulate a small setup of two pores which are connected via

a pore throat. The setup is visualized in Figure 8.32. Both pores have a side length of

800µm, all throats have diameter of 500µm and a length of 800µm. The black part

of the computation domain has hydrophobic surface properties and the red part has

hydrophilic ones. We are interested in the interaction between the hydrophobic pore

body with the hydrophilic throat. The VoF simulation reproduces the processes which

have been implemented in the pore-network model and are described in the previous

section on the sub-pore-scale. This allows a detailed investigation of the filling and

emptying process as described in Section 8.2 and a more detailed determination of the

saturation thresholds which are implemented in the pore-network model to control the



168 8 Simulation results of the uncoupled interface configurations

interaction. To discretize the two pores and connecting throats 546051 cells are used

and a time step size of ∆t = 10−5 s is applied.

The hydrophobic outlet at the top in Figure 8.32 allows gas to leave the domain and

keeps the gas pressure at atmospheric conditions. Otherwise the gas would be trapped

in the hydrophobic pore ones the hydrophilic throat is invaded. In the hydrophilic

throat, we don’t have gas corner flow due to the wettability of the side walls and in the

inlet throat the inflow condition fills the complete throat with liquid and is also block-

ing the path for gas. Therefore, the additional outlet at the hydrophobic pore is the

only way for the gas to escape the hydrophobic pore after invasion of the hydrophilic

part. In the hydrophilic part, both, gas and liquid, can leave the domain at the outlet.

Liquid phase backflow is prevented and the gas phase pressure is fixed to atmospheric

conditions. In Figure 8.32, a plane in the center of the pores is added which is used to

visualize the results.

Figure 8.32: Setup for CFD simulation of hydrophobic pore interacting with hydrophilic
throat and pore using ANSYS Fluent.

The domain is initially filled with air (gas) and liquid water is pushed in the domain

at the inlet throat with a mass flux of 5 · 10−6 kg/s. First, we investigate the pore-local

fluid displacement processes in a setup with a contact angle of θ1 = 180◦ in the hy-

drophobic pore body and pore throats and a contact angle of θ2 = 0◦ in the hydrophilic

pore body and pore throats. In Figure 8.33, the fluid distributions in the hydrophobic

pore are presented and the interaction with the hydrophilic throat (red) is shown.

We see, how a sphere is formed by the liquid before contact with the hydrophilic surface

of the red throat (t1). Once the liquid gets in touch with the hydrophilic throat, the

liquid flows out of the pore with a higher volume flux than the influx from the inlet

throat. Therefore, the saturation of liquid water in the hydrophobic pore decreases (t2
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Figure 8.33: Water distribution in hydrophobic pore with contact angle θ1 = 180◦ in contact
with hydrophilic throat (red) with contact angle θ2 = 0◦. Time dependent
behavior showing the four stages during interaction.

and t3). At a certain time, the liquid saturation in the pore body is too low to hold

a continuous phase and snap-off occurs in the pore body (t4). Now the liquid phase is

not influenced by the hydrophilic throat any more and the pore body is refilled with

liquid from the inlet throat. This behavior is repeating as long as the liquid water can

be transported out of the computation domain from the hydrophilic pore body.

In Figure 8.34, the behavior of liquid water in the hydrophobic pore body is investi-

gated in a setup with contact angle θ1 = 120◦ in the hydrophobic part and θ2 = 30◦ in

the hydrophilic part.

Figure 8.34: Water distribution in hydrophobic pore with contact angle θ1 = 120◦ in contact
with hydrophilic throat (red) with contact angle θ2 = 30◦. Time dependent
behavior showing the four stages during interaction.

We observe a slightly different filling behavior since the surface of the pore body is not

as repealant for the liquid water as in the previous case with contact angle θ1 = 180◦

(t1 in Figure 8.34 vs. t1 in Figure 8.33). However, the behavior after contact with the

hydrophilic throat (red) is similar to the previous scenario. After the contact, liquid
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water leaves the hydrophobic pore body through the hydrophilic throat and the out-

flux is higher than the influx of liquid. Again snap-off occurs once the saturation is low

enough and a repeating behavior is observed.

These VoF model results gain insight into the displacement processes and fluid configu-

ration inside the hydrophobic pore body. The presented results support the previously

made assumptions and concepts for filling and emptying of the pore body and the in-

teraction between hydrophobic pore body with hydrophilic throat. We take these VoF

results to verify the chosen saturation thresholds and investigate the influence of the

different contact angles in the computation domain parts (θ1 and θ2).

In Figure 8.35, the saturation of liquid water in the hydrophobic pore body is plotted

over time during the interaction with the hydrophilic throat.

Figure 8.35: Saturation of liquid water in the hydrophobic pore with different contact angles
in the hydrophobic and the hydrophilic pores.

It shows how the maximum liquid saturation (threshold for start of interaction) varys

with the contact angle in the hydrophobic pore body (θ1). A lower contact angle re-

sults in higher saturation which results form the different fluid configurations in the

hydrophobic pore body (compare t1 in Figure 8.34 and t1 in Figure 8.33). The influence

of the hydrophilic domain contact angle on the first threshold is very small and might

result from numerical inaccuracies. Here, the saturation threshold for a contact angle

θ1 = 180◦ is sth1 ≈ 0.58 which is a little higher than the estimation (sth1estimate ≈ 0.52)

which is derived from a liquid water configuration forming a sphere in a cube. Consid-

ering the configuration in t1 of Figure 8.33, we see the reason for the higher saturation.
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The liquid water in the pore body shares the area of the throat cross-section with the

liquid water in the throat such that not a sphere but a spherical cap is formed which

radius and volume are a little larger. At the snap-off, we see some fluctuations in the

saturation. The configuration is very unstable at this time and the newly built fluid

interfaces oscillate in the simulation. We approximate the second saturation threshold

with sth2 ≈ 0.09. The second threshold seems to be less influenced by the contact angles

in both domains. This can be explained by the configuration at t3 in both presented

setups. Before snap-off occurs in the hydrophobic pore body the liquid phase connects

between both throats (hydrophobic inlet throat and hydrophilic throat). There is not

enough contact area between the liquid and the walls of the hydrophobic pore body such

that the contact angle has only a minor influence here. Also, the hydrophilic throat is

just filled by the liquid water and the contact angle is not visible at the three-phase

contact line. Nevertheless, the strongly wetting throat in Figure 8.33 might create

a numerically more stable interface. Overall, we see a more stable behavior for the

strongly wetting and non-wetting configuration (θ1 = 180◦ and θ2 = 0◦).

8.2.5 Discussion

Especially for modeling the processes at the interface between GDL and gas distributor

in a PEM fuel cell, we need to capture the effects of the different wetting behaviors of

the materials. The fluids (water and air) passing through the hydrophobic GDL (Do-

main I) interact with the hydrophilic surface of the gas distributor channels (Domain

II) (see Figure 8.29). The presented concept considers the interaction at the contact

line between GDL and channel wall and we focus on the water outtake from the hy-

drophobic GDL.

To develop a model that allows two phase flow in a hydrophobic porous medium (Do-

main I) interacting with a hydrophilic structure (Domain II), the following assumptions

are used:

❼ the GDL can be represented by a pore-network model,

❼ in the gas channel, the water is removed efficiently from the interface between the

hydrophobic porous domain (GDL) (Domain I) and the hydrophilic channel-land

structure (Domain II) such that the water saturation remains close to zero and
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the resulting local capillary pressure equals the non-wetting (gas) phase pressure

at the interface,

❼ local saturation thresholds can be defined to identify the time frame of water

interaction across the interface between the hydrophobic porous domain (GDL)

(Domain I) and the hydrophilic channel-land structure (Domain II),

❼ these saturation thresholds are sufficiently independent of the connectivity of the

boundary pore. Form the description of the pore and throat structure, analytic

threshold formulations can be derived.

With these assumptions, a model is built that captures the main processes at the

mixed-wet interface on the pore-scale. It allows to include the interface effects in

a rather simple representation of the porous material (Domain I) and helps to un-

derstand the ongoing processes and their interactive behavior. The developed model

captures the effects of the mixed-wet interface not only on the bounding pores but also

on the neighbors and the whole hydrophobic network flow (Domain I). Therefore, the

implementation is able to capture the dominating water flow behavior at the interface

between a hydrophobic porous structure (Domain I) and a hydrophilic open flow (Do-

main II) as it occurs at the interface between the cathode GDL and the gas distributor

in a PEM fuel cell as shown in Figure 8.29.

The results of the VoF model generated with ANSYS Fluent support the approximated

fluid configurations and chosen thresholds.
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8.3 Pore-network model including trapping in

mixed-wet pores below land

8.3.1 Proof of concept on simple, regular pore-network

The functionality of the developed concept to describe the influence of mixed-wet pores

below the land parts of a gas distributor is shown with a exemplary, regular pore-

network of 10× 10 pores shown in Figure 8.36. The water flow goes from left to right

driven by Dirichlet boundary conditions at the inlet and outlet pores. The pore bodies

are colored and scaled based on their inscribed radius.

Figure 8.36: Exemplary, regular pore-network to present the functionality of the developed
concept to describe the influence of mixed-wet pores below the land parts of a
gas distributor. At the pores in the top (marked red), the interface condition
is applied. The water flow goes from left to right driven by Dirichlet boundary
conditions at the inlet and outlet pores.

All throats have the same size (throat inscribed radius: 0.025mm and throat length:

0.33mm) with a square cross-sectional area. The pore bodies are of random size with

mean inscribed radius of 0.1mm and a standard deviation of 0.005mm. The mixed-wet

boundary condition is applied to the pores in the top row which are marked red. At

the inlet (left, marked blue) a Dirichlet boundary condition is applied with fixed inlet

saturation (sn = 0.96) and gas phase pressure (pw = 105 Pa). No pressure difference

is applied between in- and outlet and in the outlet pores (right, marked orange) the

water saturation is fixed to sn = 0.0 with a Dirichlet condition for saturation and pres-

sure. The network is initialized with a gas phase pressure pw = 105 Pa and zero water

saturation everywhere except the inlet pores, where the Dirichlet boundary condition
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is applied.

Figure 8.37: Water saturation in the network with (right) and without (left) mixed-wet bound-
ary condition. For the saturation a range from 0.9 to 0.99 is shown but the beige
pores are not invaded at the current time step (t = 0.1s).

The simulation results show that the mixed-wet boundary condition has a minor in-

fluence on the displacement in the overall network but a higher water saturation is

stored in the mixed-wet pores. The higher storage capability results from the water

configuration in the single pores as shown in Figure 4.32.

8.3.2 Application on GDL representing pore-network

The concept described above is now applied to a pore-network representing a GDL

structure. We use a sample of 4mm×4mm and analyze the stationary behavior of

the liquid phase distribution in the network dependent on the applied global capillary

pressure. Therefore, a global phase pressure difference is applied between the inlet

and the outlet (Pc = pinletn − poutletw ). The liquid water saturation distribution in the

pore-network representing a GDL sample at a global capillary pressure Pc = 4060Pa

is presented in Figure 8.38. The inlet pores are located at the side of the GDL which

represents the interface to the MPL and catalyst layer (not visible in Figure 8.38).

The outlet pores lay on the side of the GDL which represents the interface to the gas

distributor. Here we have a channel land structure and the outlet boundary condition

is applied only to the pores located in the channel areas (green area in Figure 8.38). At

the land parts, the mixed-wet boundary condition described in Section 4.4 is applied

(left in Figure 8.38) or regular hydrophobic pores are defined such as in the rest of the
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pore-network (right in Figure 8.38). For the whole hydrophobic pore-network a contact

angle of 135◦ is set.

Figure 8.38: Pore-network representing a MPL-free GDL or GDB sample of 4mm×4mm.
View on the shared interface between GDL and gas distributor with the interface
parts covered by channels or lands. Left: at the land parts mixed-wet pore
concept is applied, the rest of the network is hydrophilic with a contact angle
of 135◦, right: the whole network consists of regular hydrophobic pores with a
contact angle of 135◦. The network is colored based on the local water saturation
in the pore bodies corresponding to a static simulation with global capillary
pressure of 4060Pa.

We see a higher liquid saturation in the land regions where the mixed-wet boundary

condition is applied. This setup represents the case, where a completely hydrophilic gas

distributor is used in a PEM fuel cell. Here, at the land parts, the hydrophobic GDL is

in contact with the hydrophilic gas distributor which results in mixed-wet pores at the

interface as described in Section 4.4. On the right side in Figure 8.38, the liquid water

saturation in the land part is lower than in the sample on the left side. Here, we see

no difference between the liquid water saturation at the interface between GDL and

channels and GDL and land parts. This sample represents a setup, where the parts of

the gas distributor which are in direct contact with the GDL (land parts) are coated

hydrophobic. This technique might prevent water accumulation in the GDL at the land

parts of the gas distributor. Our results show that indeed the liquid water accumulation

is lower in the land parts for the hydrophobic coated land parts (right in Figure 8.38)

resulting from a global capillary pressure of Pc = 4060Pa. In Figure 8.39, the global

capillary pressure-saturation relation of a GDL with mixed-wet pores at the interface

to the land parts and the one of a completely hydrophobic GDL without contact to hy-
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drophilic surfaces are compared. The calculations of the capillary pressure-saturation

curves are based on stationary simulations.

Figure 8.39: Comparison of the stationary global capillary pressure (Pc) vs. global wetting
phase (gas) saturation (Sw) curves for a GDL representation including the mixed-
wet pores at the land interface and the network with only hydrophobic pores.
For both networks, a contact angle of 135◦ is applied in the hydrophobic parts.

We see a slight difference in the global saturation at different global capillary pres-

sures but not in the capillary entry pressure for the primary invasion (first rise of Pc

at Sw close to 1). This results from the different pore-local capillary pressure rela-

tions for the interface pores. Once the pore-local saturation is higher than the chosen

threshold (here: sthliq = 0.52) the mixed-wet pores result in higher water contents in the

interface pores at the land regions for the same capillary pressure than the completely

hydrophobic pore-network.

8.3.3 Discussion

The presented interface condition allows to include mixed-wet pore bodies into the

pore-network model. The results show a visible influence of these varied wetting prop-

erties of the pore bodies on the global liquid water distribution. However, the influence

on dynamic flow properties is low since the water is trapped in the mixed-wet pores.

This results from the derivation of the interface condition, where only the pore bodies

are chosen to be mixed-wet. This assumption is justified for fibrous GDL structures
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where liquid water interacts with the hydrophobic GDB and the hydrophilic gas dis-

tributor structure. Due to the compression of PEM fuel cells, the mixed-wet interaction

only occurs in pore-bodies while the completely hydrophobic fibers of the GDB form

the pore throats (see Section 4.4 Figure 4.30). For more general materials this interface

formulation would need to be revised.
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8.4 Uncoupled pore-network representing GDL with

three interface configurations representing gas

distributor

In the last part of this chapter, we combine the developed interface concepts in one

application to a 1mm×1mm unit cell including a channel of width W = 0.5mm and

height H = 0.5mm in the center of the unit cell and two half-ribs (rib half-width is

0.25mm) next to it. The unit cell is visualized in Figure 8.40.

Figure 8.40: MPL-free GDL unit cell: 1mm×1mm MPL-free GDL or GDB sample with
straight fibers d = 9µm and porosity 80% in combination with central channel
and two half ribs. In the channel, gas flow interactions and droplet formation is
considered.

The GDL structure is generated using GeoDict [98] with straight fibers of thickness

9µm and a porosity of 80%. The thickness of the GDL is δGDL = 180µm and we

consider a channel height of H = 0.5mm. To reduce the computation time, a sample

of 1mm×1mm is chosen for the investigation. Note that this is not an representative

elementary volume but it allows fast calculations and is sufficient to show the working

concept of the presented interface drop model applied to a realistic GDL geometry.

The GDL is directly represented by a pore-network which is extracted using the open
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source algorithm PoreSpy [99]. This allows pore-scale investigations corresponding to

the real fiber structure of the GDL without specifying pore body and pore throat size

distributions. The pore bodies are represented by cubes and the pore throats have a

cross-sectional area of the shape of an equilateral triangle to account for corner flow

of the wetting phase (gas) and allow contact angles up to 120◦ [40]. We apply a

homogeneous contact angle of 135◦ in the whole pore-network. In Figure 8.41, the

resulting pore-network with cubic pores bodies is presented. The colors indicate the

size of the pore throats and pore bodies.

Figure 8.41: Pore sizes (inscribed radii of pore bodies and pore throats) of a pore-network rep-
resenting a 1mm×1mm GDL sample with different boundary condition applied.
Visible of the top surface, in the center a gas distributor channel is located and a
boundary condition allowing the formation, growth and detachment of droplets
is applied. At the red lines a condition representing the interaction of fluid with
hydrophobic and hydrophilic surfaces is applied and in the grey shaded area
mixed-wet pores are placed to represent the influence of hydrophilic land parts
of the gas distributor.

We apply a massflux boundary condition representing the production of liquid water

during the reaction. We don’t take the production of water vapor into account here. All

water enters the pore-network in liquid form. We use a similar boundary condition as

for the single phase investigation (see Figure 7.13). The container boundary condition

is used to distribute the inflow to the pore bodies at the interface between GDL and
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catalyst layer. In the two-phase case, not all boundary pores are invaded by liquid water

but only the largest ones where the capillary entry pressure of the throat connecting it

to the inlet/container pore is low and will be overcome first. On the other side of the

GDL, at the interface between GDL and gas distributor, three different domains for the

occurring configurations are considered. The black shaded areas mark the land parts

of the gas distributor. Here, the mixed-wet boundary pores (Section 8.3) are applied

and the liquid water is trapped and cannot leave the GDL domain. The red lines mark

the domain, where the hydrophobic-hydrophilic interaction (Section 8.2) is applied.

All pore bodies which are crossed by the red line are connected to a hydrophilic throat

with an inscribed radius rinteractionij of the half pore body inscribed radius Ri (r
interaction
ij =

0.5Ri). In the center (uncovered area), the open channel boundary condition is applied

where droplets can form, grow and detach (Section 8.1).

In Figure 8.42, the pore-local saturation in the pore-network is presented in the pore

bodies and the volume flux of liquid water is shown in the pore throats.

As before, we see a few preferential flow paths through the small sample. Two of them

are located in the center of the channel, where drops are forming (white and red throat)

and one path can be found at the edge of the channel, where a hydrophobic-hydrophilic

interaction condition is applied. In Figure 8.43, on the left side, the drop radii of the

two droplets, which are formed in the open channel area, are plotted over time.

We see that one of the droplets is favored and is fed with a larger flux, while the

other one is growing much slower. On the right side in Figure 8.43, the liquid water

saturation in a pore body is presented that is interaction with the hydrophilic surface

of the gas distributor edge. All interface conditions influence each other. The flux to

the hydrophobic-hydrophilic interaction pore decreases with time such that the pore

body is finally not filled anymore. The capillary pressure in the drop interface pores

changes with growing droplet size and the fluxes in the pore-network are redistributed

during the simulated time.

8.4.1 Discussion

The model which combines all developed interface configurations is able to represent a

PEM fuel cell unit cell consisting of an MPL-free GDL of 1mm×1mm, a gas distributor

channel and two half channel ribs (lands) with hydrophilic surfaces. Droplets can form

in the open channel part. Near by the channel side walls, the liquid water interacts with
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Figure 8.42: Liquid water saturation in the pore bodies and water flux in the pore throats of
a pore-network representing a 1 × 1mm2 MPL-free GDL sample with different
boundary condition applied. As inlet condition a mass flux condition representing
a current density of 2 A/cm2 (ṁ = 9.32 · 10−10 kg/(m2s)) is chosen. In the
center a gas distributor channel is located and a boundary condition allowing
the formation, growth and detachment of droplets is applied. At the red lines a
condition representing the interaction of fluid with hydrophobic and hydrophilic
surfaces is applied and in the grey shaded area mixed-wet pores are places to
represent the influence of hydrophilic land parts of the gas distributor. The
visualization shows the state at t = 1000 s.

hydrophobic and hydrophilic surfaces and below the land, liquid water gets trapped once

in contact with the hydrophilic surface and an adapted capillary pressure-saturation

relation is applied. In this small unit cell, only the basic functionality can be shown.

Nevertheless, the principles can be applied to a larger sample if more computation time

can be investigated.

The presented results in this section do not include direct coupling with the channel

domain. The results of two different coupling methods which describe the interaction

of pore-network with a channel flow are presented in the following.
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Figure 8.43: Left: drop radii of two droplets forming and growing in the channel area. The
droplets are fed with different flow rates dependent on their location in the
channel and the flux though the filling flow path. The faster growing droplet is
detached several times during the simulation. Right: Fluctuating saturation in
the pore body of pore below the red line (hydrophobic-hydrophilic interaction
pore) that is invaded during the simulation.



9 Simulation results of coupled

domains models

9.1 Coupling pore-network with free flow domain

including drop interaction

In this section, we investigate the interaction between a pore-network ΩPNM and a free

flow domain ΩFF. We analyze the formation, growth and detachment of droplets at

the interface between the two domains. In the free flow domain, we solve the Navier-

Stokes equation on a staggered-grid discretization in a two-dimensional domain. We

investigate a two-phase two-components system (2p2c) in the pore-network, namely

gas and liquid for the phases and water and air for the components, and single-phase

two-components system (1p2c) in the free flow domain with only a gas phase consisting

of water vapor and air. The free flow model is described in Section 3.2.1 and the pore-

network model in Section 3.1.

In the following, different pore-networks all with a contact angle of θ = 145.6◦ are

analyzed. The surface properties for the drop interaction are defined with an advancing

contact angle of θa = 120.5◦ and a receding contact angle θr = 154.7◦ which influence

the retention force acting on the droplet (see Section 4.2.2). These dynamic contact

angles are representative for common GDL surfaces [138].

The water content in the gas phase is specified by the relative humidity of the gas

phase. Note that the relative humidity is defined as

rh = xH2O
g

pg

pH2O
sat (T )

, (9.1)
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with the mole fraction of water vapor in the gas phase xH2O
g , the gas phase pressure pg

and the temperature-dependent saturation pressure pH2O
sat (T ).

For the multi-component investigations of a pore-network coupled to a free flow domain,

all setups are chosen two-dimensional to reduce the computational costs. Since we are

mainly interested in the drop formation and interaction rather than in the detailed gas

flow behavior, we always couple one free flow cell to one interface pore throat of the

pore-network domain.

We consider isothermal conditions with different temperatures which are specified for

the single investigations described in the following.

9.1.1 Pore-network coupled with free flow including single droplet

interaction

First, we evaluate the general behavior of a single droplet interacting with a two-

dimensional free flow domain ΩFF. The setup is presented in Figure 9.1.

Figure 9.1: Simulation setup to investigate the behavior of a single droplet forming and grow-
ing at the interface in interaction with the free flow domain ΩFF.

A small network consisting of three network pores and one interface pore is chosen

for this two-phase two components (2p2c) investigation. All pore bodies have a cubic

shape and the throats have a circular cross-section. The network pores have all the

same size (Ri = 1.1 · 10−3m) as well as the throat radii(rij = 1 · 10−3m) but for the

interface throat a slightly larger throat radius is chosen (rinterface = 1.459 ·10−3m). The
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interface pore is chosen with a larger pore body inscribed radius to allow a droplet to

form and grow in (Rinterface = 3 · 10−3m). For this first setup, we do not apply any

flow in the free flow domain ΩFF. At the bottom and the sides of the domain, a wall

boundary condition with no-flow/no-slip conditions is applied. The top is kept open to

allow the gas to escape the simulation domain.

Initially, the pore-network is filled with gas (air and water vapor) except for the inlet

pore, where an initial water saturation of sninit,inlet = 0.9 is applied to speed up the

simulation time. However, the initial pore-local capillary pressure in the inlet pore is

lower than the capillary entry pressure of the connected throat. In the gas phase a

relative humidity of rhinit = 0.6 is applied as initial condition in the pore-network and

the free flow domain. This represents a molar fraction of 1.9 · 10−2 for water in the gas

phase. The pressure of the gas phase is initialized with 105 Pa.

We apply a constant molar flux of liquid water of 4.9109 ·10−5mol/s into the inlet pore

which represents a mass flux of 8.847 · 10−7 kg/s. The liquid interacts with the gas flow

by evaporation and condensation processes based on the isothermal conditions. Here,

a temperature of 25◦C is applied. In the considered case, the inflow flux is high enough

to result in a displacement of the gas phase by the liquid phase in the pore-network.

Once the liquid water reaches the interface pore, a droplet forms.

In the following, the mole fraction of water vapor in the gas phase is visualized in the

free flow domain ΩFF for different time steps and the liquid water saturation in the

pore bodies of the pore-network. We are interested in the interface interaction and

droplet formation and start the analysis at t1 = 3 s (see Figure 9.2). At this time, all

network pores have been invaded by the liquid water but the interface pore is still only

gas filled.

At t1 = 3 s, as presented in Figure 9.2, the mole fraction of water vapor in the gas

phase has increased in the cell directly connected to the interface pore. This results

from evaporation from the liquid surface inside the network and the resulting component

transport to and across the interface to the free flow domain. Compared to the initial

conditions, we see a small increase of the mole fraction of vapor water in the gas phase in

the cell in contact with the interface pore of (increase of mole fraction ∆xH2O
g ≈ 3·10−6)

and diffusive component transport through the free flow domain. The water vapor then

diffuses to the neighboring cells in the free flow domain. At t2 = 29 s, the interface pore

is invaded by the liquid and a droplet has already formed. Now, a larger amount of

water has been transferred to the gas phase in the free flow domain. This state is

visualized in Figure 9.3. The mole fraction of water in the free flow cell connected to
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Figure 9.2: Water vapor fraction in the gas phase in the channel domain and water volume flux
in the pore-network throats. For the pore bodies, the pore-local water saturation
is visualized. The presented stat is at t1 = 3s.

Figure 9.3: Water vapor fraction in the gas phase in the channel domain and water volume flux
in the pore-network throats. For the pore bodies, the pore-local water saturation
is visualized. The presented stat is at t2 = 29.0 s.

the interface pore increases further to xH2O
g (t2) ≈ 2.86 · 10−2. Now, the water vapor

mole fraction everywhere in the free flow domain is increased.

In the next time step t3 = 54 s (see Figure 9.4), we see a further increase of water

mole fraction in the free flow domain due to evaporation from the drop surface. Due

to the larger drop surface a larger amount of water can be evaporated but since we

only have diffusive transport processes in the free flow domain in the considered setup,

the water concentration in the free flow cell connected to the interface pore is higher
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which results in a lower evaporation rate. The highest water concentration does not

change significantly between t2 and t3 but the lowest water mole fraction in the domain

increases to 2.35 · 10−2.

Figure 9.4: Water vapor fraction in the gas phase in the channel domain and water volume flux
in the pore-network throats. For the pore bodies, the pore-local water saturation
is visualized. The presented state is at t3 = 54 s.

In Figure 9.5, the drop radius of the droplet forming in the interface pore is presented

(2p2c PNM and 1p2c FF (rh=0.6)) and compared to the two-phase simulation result

with no phase change nor component transport (2p PNM). The results from the two-

phase simulation are shifted by 4 seconds to simplify the comparison of the curves.

Additionally, the resulting drop growth of a setup with rh = 1.0 is plotted (2p2c PNM

and 1p2c FF (rh=1.0)).

We see a similar behavior at the beginning of drop formation. However, the drop in

the coupled system with rh = 0.6 (solid blue line), which includes phase change and

component transport in the pore-network and the free flow domain as well as across

the interface, grows slower than the droplet simulated in the uncoupled two-phase

system (solid green line). This is expected since we have seen evaporation from the

liquid surface to the gas phase which reduces the volume of liquid in the network and

the interface pore, and therefore reduces the resulting drop radius. The results of

the coupled system with rh = 1.0 (dashed blue line) match well with the two-phase

simulation (2p PNM) (green line). Here, due to the high water vapor concentration in

the gas surrounding the droplet, the drop volume is not reduced due to phase change

processes. In Figure 9.5 additionally the considered time steps of the visualizations are

marked.
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Figure 9.5: Comparison between uncoupled 2p pore-network investigation and coupled two-
phase two-component (2p2c) pore-network model and single-phase two-component
(1p2c) free flow model at atmospheric conditions with T = 25◦C and rh = 0.6.

In Figure 9.6, the influence of temperature T and initial relative humidity rh on the

drop formation and growth is shown. Different relative humidities between 0.01 and 1.0

are initially applied to both domains, respectively. For each case, simulations at 25◦C

and 60◦C are performed. The temperature has an influence on the relative humidity

Figure 9.6: Dependence of the drop radius evolution on temperature in ◦C and relative hu-
midity in the free flow domain.

since it depends on the saturation pressure psat. Especially for low relative humidities,

we see a higher influence of temperature on the time dependent drop size than of

relative humidity. The curves of rh = 0.01, T = 25◦C and rh = 0.1, T = 25◦C are

close by each other, while we have a larger difference between rh = 0.01, T = 25◦C
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and rh = 0.01, T = 60◦C. For high relative humidities at high temperature, i.e. if a

lot of water vapor is present in the gas phase, we see an earlier drop formation. In

this case, we see condensation processes occurring in the pore-network and also in the

interface pore. The curve for the case rh = 0.1, T = 65◦C shows two stages: First the

drop grows due to condensation in the pore body and, starting at approximately 5 s,

the inlet water flux feeds the droplet.

9.1.2 Pore-network coupled with free flow including two-droplets

interaction

In this section, we extend the previously presented model by a second interface pore

where a droplet can form. Additionally, we consider gas flow in the free flow domain.

Wall boundary conditions are now applied at the top and the bottom of the free flow

domain to form are channel. At the left side an inflow condition is applied with a

constant velocity of 0.1m/s. The simulation setup is shown in Figure 9.7. Again,

we consider cubic pores with an inscribed radius of Ri = 1.1 · 10−3m and circular

throats with a radius of rij = 10−3m. For the interface throats, we choose different

throat radii:ri1 = 0.8mm and ri2 = 0.9mm. Both interface pores have the same size

(Rinterface = 3mm).

We increase the influx compared to the previous setup by a factor of two to a molar

flux of 1 · 10−4mol/s which represents a mass flux of 1.8 · 10−6 kg/s. This achieves a

comparable growth rate for both droplets in the new setup as the single droplet in the

previous setup. The relative humidity is initially 0.6 and we apply a temperature of

25◦C. As in the previous setup, the pore-network is initially filled with gas but we use

an initial water saturation of sninit,inlet = 0.9 in the inlet pore.

In the following, the water content in the free flow domain is presented for two different

times. Figure 9.8 shows the water mole fraction in the free flow domain before drop

formation at t1 = 5 s.

We clearly see the influence of the gas flow. The water vapor is transported away

from the interface pores to the outlet side of the channel. Nevertheless, before droplet

formation (invasion of the interface pores by liquid water), the amount of water vapor

transferred to the free flow domain is low. We observe a difference of ∆xH2O
g ≈ 3 · 10−7

to the initial conditions.

Some time steps later, at t2 = 50 s, drops are forming in both interface pores (see
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Figure 9.7: Simulation setup to investigate the behavior of two interface pores where droplets
can form and grow at the interface between pore-network and free flow and interact
with the free flow domain ΩFF.

Figure 9.8: Water vapor fraction in the gas phase in the channel domain at 5 s.

Figure 9.9). The flux filling the drops differs between the two interface pores. The left

drop experiences a higher liquid water mass flux ṁH2O
1 = 9.11 ·10−7 kg/s than the right

one ṁH2O
1 = 8.54 · 10−7 kg/s.

As shown in Figure 9.10, the droplets have a slightly different size at this state. Due

to the gas flow from left to right, in the surrounding of the left droplet a stronger

concentration gradient is established which results in stronger diffusive fluxes and more

evaporation from the drop surface. The evaporated water is then transported to the
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Figure 9.9: Water vapor fraction in the gas phase in the channel domain at 50 s.

right droplet which experiences a higher water concentration at the interface between

pore-network and free flow domain. Therefore, we have less evaporation.

Figure 9.10: Droplet radii of both evolving droplets at the interface between pore-network
and free flow domain.

In Figure 9.10 again the considered time steps are marked.
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9.1.3 Regular lattice network coupled with free flow including

multiple-droplets interaction

After the testing scenarios and analysis of influencing parameters, we now apply the

developed model to a more complex setup. A regular structured pore-network with

random pore sizes between min (Ri) = 7.9 · 10−5m and max (Ri) = 9.1 · 10−4m is

considered. For the interface pores, we choose Rinterface = 2 · 10−3m. The throat ra-

dius is chosen according to neighbored pores and is between min (rij) = 3 · 10−5m and

max (rij) = 6.6 · 10−5m. We consider a channel flow from left to right with a constant

gas velocity of 10m/s at the inlet side and wall boundary conditions applied to the

bottom and top setup. A finer grid resolution in flow-direction is applied to the inlet.

The channel has a height of 2.5·10−3m. Liquid water is added to the inlet pores located

at the bottom of the pore-network (blue box) by a molar flux of 4.8 · 10−3mol/s which

corresponds to a mass flux of 8.64 ·10−5 kg/s. The initial relative humidity is rh = 0.01.

The setup is shown in Figure 9.11 with numbered interface pores. With this setup not

only the formation and growth but also the detachment of droplets is considered in the

coupled system of pore-network and free flow domain.

Figure 9.11: Setup to investigate the behavior of a pore-network coupled with an free flow
domain including droplet formation, growth and detachment.

We apply a relative humidity of 0.01, which is a low value and results in high evapo-

ration rates at the fluid surfaces. In Figure 9.12, the mole fraction of water vapor in

the gas phase is visualized in the pore bodies and the free flow domain, while the pore

throats are colored according to the gas volume flux. The figure shows the state at
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0.01 s.

We see how the water concentration in the gas phase is increasing due to evaporation

from the liquid phase which is injected from the bottom. We see a low concentration

pore on the right side of the pore-network which propably results from numerical inac-

curacies. Note that these results correspond to isothermal conditions.

Figure 9.12: Mole fraction of water vapor in the gas phase in the pore bodies, gas volume
flux through the pore throats of the pore-network. In the free flow domain again
the mole fraction of water vapor in the gas phase is presented. The visualization
shows the state at 0.01 s.

In Figure 9.13, the corresponding liquid water saturation in the pore bodies is pre-

sented. Here, the pore throats show the liquid phase volume flux. In the single-phase

free flow domain again the mole fraction of water vapor in the gas phase is visualized.

At this time step, the water vapor concentration in the free flow domain is still low,

which results from the high flow velocity which transports the component out of the

domain and replaces them by the low relative humidity inflow. The liquid water inflow

at the bottom results in an invasion of the first pore rows dependent on the throat

sizes. This results in an irregular invasion front.

The pore-network is further filled with liquid water in the following time steps as shown

in Figure 9.14 for 0.02 s.

Here, the free flow still remains with low water vapor concentration.

In Figure 9.15, the configuration at 0.038 s is shown. At this time step, some of the top

row network pores are invaded by the liquid water but none of the interface pores yet.

We see a sight increase in the water concentration in the free flow domain (∆xH2O
g =
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Figure 9.13: Saturation in the pore bodies, water volume flux through the pore throats of the
pore-network. In the free flow domain the mole fraction of water vapor in the
gas phase is presented. The visualization shows the state at t1 = 0.01 s.

Figure 9.14: Saturation in the pore bodies, water volume flux through the pore throats of the
pore-network. In the free flow domain the mole fraction of water vapor in the
gas phase is presented. The visualization shows the state at t2 = 0.02 s.

3 ·10−10). Once the interface pores are invaded and droplets are forming at the interface

between pore-network and free flow domain, the water vapor concentration in the free

flow domain increases noticeable as shown in Figure 9.16. The visualization shows the

state at t4 = 0.043 s. In Figure 9.18, the radii of the droplets forming at the interface

between pore-network and free flow domain are visualized. For a better overview only

the first drop forming in every second interface pore are are plotted. Additionally,

the investigated time steps are marked in the plot. At t4 = 0.043 s, we see that only

the interface pores at the left side (upstream direction of free flow) are invaded. This

matches well with the increased water vapor concentration in this upstream part as

presented in Figure 9.16.
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Figure 9.15: Saturation in the pore bodies, water volume flux through the pore throats of the
pore-network. In the free flow domain the mole fraction of water vapor in the
gas phase is presented. The visualization shows the state at t3 = 0.038 s.

Figure 9.16: Saturation in the pore bodies, water volume flux through the pore throats of the
pore-network. In the free flow domain the mole fraction of water vapor in the
gas phase is presented. The visualization shows the state at t4 = 0.043 s.

In Figure 9.17, the configuration at t5 = 0.05 s is presented. Now, even more interface

pores are invaded and more droplet contribute to evaporation into the free flow do-

main. The water vapor concentration accumulates downstream from several droplets

resulting in the increasing mole fraction of water vapor in the gas phase downstream.

However, the gradient of the concentration changes at pore 9. This results from the

not-yet-invaded interface pores at the right end of the network as shown in Figure 9.18.
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Figure 9.17: Saturation in the pore bodies, water volume flux through the pore throats of the
pore-network. In the free flow domain the mole fraction of water vapor in the
gas phase is presented. The visualization shows the state at t5 = 0.05 s.

Figure 9.18: Drop radius of first droplets in the interface pores. Visualization of every second
pore.

9.1.4 Discussion

The presented coupled PNM-FF model is able to capture interface processes between

the pore-network domain ΩPNM and the free flow domain ΩFF including advective and

diffusive gas transfer in interface pores that are not invaded by liquid and the forma-

tion, growth and detachment of droplets at the interface between the two domains. The

single-droplet example presents how evaporation from the pore-network and especially

the droplet surface is captured. Phase change takes place based on the chemical equi-

librium between both phases. We observe a diffusive mixing in the domains and at the
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interface between gas and liquid based on the local concentrations and diffusion coeffi-

cients. The phase diffusion coefficients depend on the phase’s composition, temperature

and pressure. At the interface Henry’s law is fulfilled with the temperature dependent

Henry coefficient H. As shown in Figure 9.6, the model is able to capture the influence

of ambient temperature and relative humidity on the drop growth behavior.

The second example (Section 9.1.2) shows that also the influence of gas flow in the

channel and the interaction of multiple droplets can be investigated with the presented

model. The evaporation from the upstream droplet’s surface influences the behavior of

the downstream drop due to its location in the water vapor plume.

In the last example (Section 9.1.3), the pore sizes (pore bodies and throats) have a sim-

ilar size as the largest pores we observe in the considered MPL-free GDL representing

pore-networks but a less heterogeneous pore size distribution is chosen. Heterogeneous

pore and throat sizes cause numerical issues that result in tiny time step sizes or di-

vergence of the solvers. An explanation for this behavior might be the occurrence of

Haines instabilities which are sudden jumps of the fluid interface once the capillary

entry pressure is overcome and are accompanied by fluid redistribution and a transient

pressure response. The Haines jumps result locally in high fluxes through the pore

throats and short but large pressure fluctuations. These transient pressure fluctuations

influence the local chemical equilibrium which has to be adapted quickly. In a hetero-

geneous pore-network, Haines jumps occur at multiple time steps in different locations

while in a homogeneous network, the pore body rows are invaded simultaneously.

A low water vapor concentration is applied initially to encourage evaporation rather

than condensation in the pore-network. Therefore, high liquid water influxes are ap-

plied to the inlet pore bodies. Liquid water breakthrough occurs at several locations at

the interface ΓFF between pore-network ΩPNM and free flow domain ΩFF. Here, droplets

are forming, growing and are finally detached by the drag force resulting from the gas

flow in the free flow domain ΩFF.

Difficulties arise when the model is applied to a realistic GDL pore-network. From

experience it is known that droplets, which form from the produced excess water in

the PEM fuel cell, only occur in the downstream parts of the gas distributor channels.

Here, the water vapor concentration in the gas flow is too high to take up the water in

vapor form. This means, we expect droplets to form on the PEM fuel cell cathode only

at high water vapor concentrations in the gas phase or for very high water production

rates which are above the representative range for PEM fuel cell operating conditions.

High water vapor concentrations in the gas phase result in condensation in the pore-
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network pores with unconnected liquid phase. Condensation is favored in the smallest

pores where the pore-local capillary pressure is highest. Here, the saturation pressure

is lowered following the Kelvin equation [139]

pκsat,Kelvin = pκsat exp

(

− pcM
κ

ρliqRH2OT

)

,

with the saturation pressure of the component κ, pκsat, the pore-local capillary pressure

pc, the molar mass of the component Mκ, the liquid phase density ρliq, the gas constant

for water vapor RH2O = 461.6 J/(kgK) and the temperature T . Nevertheless, in the

smallest pore, small non-wetting phase (liquid) saturation already result in relatively

high pore-local capillary pressures. If this small pore is connected to another pore by

a throat with relatively large cross-sectional area, this throat might be invaded by the

liquid phase due to the condensation process. This results in percolation paths of small

pores which have a high resistance and high snap-off tendency. The high resistance to

the liquid phase flow makes these paths not favored for droplet formation at the interface

but increases the risk of numerical instabilities. Therefore, to investigate the formation

of droplets in a coupled system of pore-network representation of MPL-free GDL and

gas distributor channel, a two-phase simulation is favored neglecting the influence of

multi-component transport and phase change. The results of this investigation are

presented in the following section.
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9.2 Coupling pore-network with REV-model domain

including drop interaction

In this section, we investigate the interaction of a pore-network with an REV domain.

In contrast to the previous section, here, a two-phase model is used in the channel rep-

resenting REV domain but we do not consider component transport nor phase change,

i.e. coupling of 2p pore-network with 2p REV domain.

Again, we are interested mainly in the interface processes between the pore-network

and the channel representation which is an REV domain, here. For the droplet in-

teraction again the following contact angles are applied: θ = 145.6◦, θa = 120.5◦ and

θr = 154.7◦ [138].

The porosity Φ is always set to 1.0 to represent an open channel. For the intrinsic per-

meability, we use an approximation based on the Poiseuille equation for a cylindrical

tube

Q =
πr4 (pin − pout)

8µgL
,

with the gas phase volume flux Q, the tube radius r, the inlet and outlet gas phase

pressures, pin and pout, respectively, the gas phase dynamic viscosity µg and the tube

length L.

Comparing this formulation to the Darcy equation Section 3.2.2, yields a representing

intrinsic permeability K of the tube

K =
πr4

8
, (9.2)

with the hydraulic radius of the channel r = 2A/P , the area A and the perimeter P of

the cross-sectional area. This is now applied to the rectangular channel.

In all examples, we consider isothermal conditions at a temperature of 60◦C.

In the following, first, a setup with a single droplet forming at the interface between

pore-network and REV domain is presented. Here, we investigate the droplet growth

and compare the results to the uncoupled setup as well as the drop detachment and

two-phase transport in the REV domain. Afterwards, the interaction of several droplets

in a small network is considered. In the last section, we show the two-phase interaction

of a pore-network representing a GDL sample with a REV domain representing a gas
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distributor channel including droplet formation, growth and detachment.

9.2.1 Regular lattice network coupled with Darcy flow including

single droplet interaction

For the single-droplet investigation, the same pore-network is used as for the uncou-

pled setup (see Figure 8.1), which allows a direct comparison of the uncoupled and

coupled results. We use cubic pore shapes (pore inscribed radius Ri = 3.745 · 10−4m,

interface pore inscribed radius Rinterface = 0.003m) and pore throats with circular

cross-sectional area (pore throat radius rij = 7.5 · 10−5m, interface throat radius

rinterface = 1.459 · 10−3m). The pore-network is coupled with a REV domain at the

interface pore, where a droplet can form. The REV domain has the following dimen-

sions: x = 12mm, y = 10mm, z = 3mm, with a grid resolution of 10× 1× 2 cells. From

Eq. (9.2), we get a permeability of 2.3 · 10−3m2. The setup is visualized in Figure 9.19.

The pore-network is initially invaded by the non-wetting liquid phase with a pore-local

saturation of 0.1 in each pore body. In the inlet pores a liquid phase saturation of 0.9 is

applied to speed up the simulation time. In the REV domain initially no liquid water

is present. Both domains are initialized with a gas phase pressure of 105 Pa. As inlet

condition, a mass flux of 9.833 · 10−8 kg/s is applied to each pore. The overall liquid

water inflow into the pore-network equals the source flux used in the experiment and

uncoupled simulation (see Section 8.1.1). In the REV domain, we apply Neumann con-

ditions for the inlet with an influx of gas of 20 kg/(m2s) and of liquid of 0.001 kg/(m2s).

At the outlet Dirichlet conditions are applied to create an outflux condition with zero

liquid saturation and a gas pressure of poutg = 105 Pa. This results in a flow from front

left to back right.

In Figure 9.20, the resulting drop growth is compared to the drop growth in the un-

coupled setup.

We see a different behavior at the beginning of the drop formation which might result

from numerical inaccuracies at the coupling with low water saturation in the interface

pore. Nevertheless, the overall behavior shows a good match between the coupled and

the uncoupled setup with respect to the drop growth.

In Figure 9.21, the behavior of the system after the first drop detachment is presented

in three different time steps. The saturation in the REV domain is locally increased
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Figure 9.19: Setup to investigate the behavior of a pore-network coupled with an REV domain
including droplet formation, growth and detachment. Here, only the occurrence
of a single droplet is considered.

due to the liquid phase source from the drop detachment. Due to the gas flux in the

channel, the liquid phase is transported out of the domain based on the relative perme-

abilities (see Eq. (3.33)). We also observe some spreading due to the applied capillary

pressure-saturation relation.

In the pore bodies of the pore-network, the pore-local liquid phase saturation is shown.

The outer pores in the top row contain low water saturation since the liquid water

can easily leave the pore-network domain through the relatively wide interface throat

(green) and is not pushed to the pores in the edges.

In Figure 9.22, several periods of drop formation, growth and detachment are visual-

ized. Right after the detachment, a new drop is forming in the interface pore. Here,

this is due to the very simple network and the constant inflow at the inlet pores. Since

the interface throat stays invaded, the new drop radius grows fast again.
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Figure 9.20: Radius of droplet forming, growing in the interface pore at the coupling inter-
face between pore-network and REV domain compared to a droplet forming and
growing in an uncoupled pnm (see Section 8.1.1 Figure 8.2). The droplet forma-
tion and growth is not influenced directly by the REV domain but the pore gas
pressure is coupled with the REV domain gas pressure.

Figure 9.21: Liquid phase saturation (water) in the REV domain and the pore-network (dark
pores with higher saturation than scaled) right after the detachment of a droplet
which has been formed in the interface pore. The visualizations show three time
steps after detachment (t1 = 64.5 s, t2 = 65.5 s and t3 = 66.5 s).
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Figure 9.22: Radius of droplet forming, growing and detaching in the interface pore at the
coupling interface between pore-network and REV domain. The droplet is de-
tached based on the gas flow velocity in the REV domain.

9.2.2 Simple pore-network coupled with Darcy flow including

multiple-droplets interaction

After the description and evaluation of a single droplet interaction, we apply the de-

veloped concept to a multiple-droplets setup. Here, three interface pores of a small

pore-network interact with the REV domain representing a flow channel. The investi-

gated setup is presented in Figure 9.23. The visible pore bodies have an inscribed radius

of Ri = 5 · 10−4m and pore throat radii of rij = 5 · 10−5m. The interface pores (not

visible in Figure 9.23) have an inscribed radius Rinterface = 0.005m. The three interface

pores are fed by interface throats with different radii ri1 = 3 · 10−5m, ri2 = 2.8 · 10−5m

and ri3 = 2.5 · 10−5m. The numbers of the interface pores are labeled in Figure 9.23.

The REV domain has the following dimensions (x = 30mm, y = 11mm, z = 10mm)

and is discretized with a resolution of 30× 1× 5 (x× y × z) cells. The permeability is

again calculated based on Eq. (9.2) and results in k = 2.6 · 10−3m2. We consider flow

from right to left in the REV domain. Here, we apply Neumann conditions defining

the inflow of liquid and gas (water and air), qinliq = 20 kg/(m2s) and qingas = 1kg/(m2s).

At the outlet Dirichlet conditions are applied to create an outflux condition with zero

liquid saturation (Sout
liq = 0.0) and a gas pressure of poutg = 105 Pa. This results in a gas

flow velocity of approximately 16m/s.
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The pore-network is initially invaded by the non-wetting liquid phase with a pore-local

saturation of 0.1 in each pore body. In the inlet pores, an initial liquid phase satura-

tion of 0.95 is applied to speed up the simulation time. As a boundary condition an

inflow of 10−4 kg/s is set. In the REV domain initially a liquid water saturation of

0.03 is present. Both domains are initialized with a gas phase pressure of 105 Pa. As

inlet condition a mass flux of 10−4 kg/s is applied to each inlet pore. The overall liquid

water inflow into the pore-network again equals the source flux used in the experiment

and uncoupled simulation (see Section 8.1.2). The maximum time step size is set to

max(∆t) = 10−3 s.

Figure 9.23: Setup to investigate the behavior of a pore-network coupled with an REV do-
main including droplet formation, growth and detachment at multiple interface
throats. Here, the occurrence of three droplets at the interface is considered.

In Figure 9.24, the fluid configurations at six different time steps are presented. In

Figure 9.25, we see the evolution of the drop radii during the simulation time. The

time steps shown in Figure 9.24 are marked.

In Figure 9.24,in the channel-representing REV domain, the liquid water saturation is

shown. At t1, we observe the initial conditions still present in the whole domain. At t2,

droplets have been detached and we see a local increase in the liquid water saturation,

which is transported out of the domain to the outlet of the channel in the back left.

The time steps t1, t2, t3 and t4 are close together and we can observe the detailed

behavior of liquid phase saturation in the channel domain after the drop detachment.

At the detachment, the liquid water volume of the droplet has been transferred from

the pore-network to the REV domain. However, due to the flow applied to the channel
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representation (REV domain), the liquid water is transported out of the domain such

that we return to the initial saturation as presented in t6. At t5, some liquid phase

saturation can still be found near the outlet. Nevertheless, the time step t6 presents

a time step after which another drop detachment occurs (see Figure 9.24). Therefore,

we observe a repeating behavior for this simplified setup including multiple-droplets

formation, growth and detachment.

Taking a more detailed look at the drop radii of droplets occurring in the three interface

pores, we realize that the droplets grow with different rates but all detach at the same

simulation time for the first time. This behavior might result form pressure and flux

fluctuation at the beginning of the simulation before the setup is fully equilibrated. The

detachment of all droplets at the same time can also be observed in Figure 9.24, where

we see a strong increase of the saturation in the REV domain at the REV nodes near

the interface pores. Afterwards, the droplets detach at a certain drop size dependent

on the channel flow velocity (here approx. 16m/s). After the first detachment, the

droplets detach one by one following the drop growth rates which depend on the inter-

face throat properties. The detachment of single droplets result in a similar behavior

as presented in Figure 9.24 but with an increase of the local liquid phase saturation

only near one interface pore such that the overall increase in liquid phase saturation in

the REV domain is less strong.

In Figure 9.25, we clearly see how drop 3 has the fastest growing rate, which results

from the largest interface throat radius.

9.2.3 GDL representation coupled with gas distributor channel

In this section, we now apply the developed coupling concept to a pore-network repre-

senting a sample of a GDL structure which is exchanging fluids with a channel of a gas

distributor. The gas distributor channel is represented by a REV domain. We chose

an extension of the channel domain in downstream direction to be able to observe the

liquid water transport after drop detachment in the channel.

First the details of the considered setup are described. A visualization of the setup is

presented in Figure 9.26.

The pore-network is extracted from a MPL-free GDL sample structure generated using

GeoDict➤[66]. The details on pore-network generation are described in Section 3.1.4.

The resulting size of the pore bodies of the pore-network is indicated by the colors in
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Figure 9.24: Liquid water saturation in the channel (REV domain) and the pore bodies of
the pore-network. The saturation is scaled for the channel. The saturation in
the network pores is approximately sliq = 0.99. The pore throats are colored
according to the volume flux of liquid water passing through them. Different
time steps before and after drop detachment are shown.
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Figure 9.25: Drop radii of the three droplets forming in the interface pores. The red dashed
lines refer to the time steps visualized in Figure 9.24.

Figure 9.26: Computation setup for coupled MPL-free GDL representing pore-network and
REV domain for gas distributor channel to investigate the two-phase interaction
including droplet formation, growth and detachment.

Figure 9.26. The REV domain represents a channel with three dimensions (x = 5mm,

y = 0.5mm, z = 0.5mm) with a grid resolution of (30×1×1 cells), and again, a poros-

ity of Φ = 1.0 is applied to represent an open channel. The pore-network is coupled

with the REV domain through the pore bodies located at the contact area of GDL
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and gas distributor channel. Here, based on the pore body inscribed radii Ri, interface

throats with a length of 2 ·10−6m and throat radii of rinterface = Ri− ε with ε = 10−6m

are applied. The inscribed radius of the interface pore is 0.5mm. We apply a mass flux

boundary condition at the bottom of the network (blue arrow in Figure 9.26). There-

fore, as in the previously described GDL representing setups, an additional boundary

pore is added to the network. This inlet pore is connected to each pore at the bottom

side of the pore-network. The connecting throat radii are based on the pore body sizes

at the pore-network bottom (rinlet = Ri−ε with ε = 10−6m). This distributes the inlet

liquid flow according to the pore bodies at the bottom of pore-network which represents

a MPL-free GDL. In the pore-network, initially no liquid phase is present. In the inlet

pore a liquid phase saturation of 0.981 is applied to speed up the simulation time. In

the REV domain initially a liquid water saturation of 0.03 is present. Both domains

are initialized with a gas phase pressure of 105 Pa. As inlet condition a mass flux of

9.33 · 10−10 kg/s is applied to the inlet pore.

In the REV domain, we apply Neumann conditions for the inlet with an influx of gas of

10 kg/(m2s) and no liquid influx. At the outlet Dirichlet conditions are applied to cre-

ate an outflux condition with zero liquid saturation and a gas pressure of poutg = 105 Pa.

This results in a gas flow velocity of approximately 8m/s. The maximum time step

size is max(∆t) = 10−2 s.

For this coupled GDL- gas distributor sample only one droplet is forming at the in-

terface between the two domains. The resulting, time-dependent evolution of the drop

radius in the interface pore is presented in Figure 9.27. Three of the five states, which

are considered in more detail in the following, are marked.

Since we investigate a setup with constant inflow of liquid water at the bottom of the

pore-network, a repeating drop occurrence, growth and detachment can be observed.

The first rise of the drop radius happens quite fast. As in the previous examples, this

results from the invasion of the interface throat and might also be influenced by nu-

merical pressure fluctuations in the pore-network. Some small fluctuations also occur

at the early state of drop growth starting from the third drop formation. However, the

influence of these small fluctuations is negligible in the overall system behavior.

Figure 9.28 presents the state after the second droplet detachment at t1 = 52 s. We

see a pore-local saturation distribution of liquid water in the pore-network. The devel-

opment of preferential flow paths through this heterogeneous pore-network is already

known from previous investigations (see Section 7.1). In the REV domain, a local in-

crease of the liquid phase saturation is observed due to the droplet detachment and
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Figure 9.27: Droplet radius evolution with simulation time. Droplet forming, growing and
detaching at the interface between coupled GDL representing pore-network and
REV domain for gas distributor channel.

transmission of the liquid phase mass of the droplet into the REV domain.

Figure 9.28: Liquid water saturation in the pore bodies of the GDL pore-network and the
REV domain of the gas distributor channel at t1 = 52 s.

The next time step is presented in Figure 9.29. The detached droplet is transported

through the REV domain. We also observe a slight spreading of the liquid phase in

the channel. In the pore-network, the configuration of liquid water does not change

significantly. In the figures, the inlet side of the pore-network is shown. However, on

the interface side (interface between pore-network and REV domain), we only see vari-

ations in the pore-local saturation at the formation of the first droplet. This behavior

is analyzed and described in Section 8.1.
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Figure 9.29: Liquid water saturation in the pore bodies of the GDL pore-network and the
REV domain of the gas distributor channel at t2 = 53 s.

With further progressing simulation time, the liquid water is transported more and

more to the outlet of the REV domain. In Figures 9.30 and 9.31, also the spreading

is visible. The liquid phase is not transported as a block but distributes locally. The

applied gas phase stream acts as a shear force on the liquid phase resulting in the

movement. There is no pressure gradient applied to the liquid phase. In Figure 9.32,

Figure 9.30: Liquid water saturation in the pore bodies of the GDL pore-network and the
REV domain of the gas distributor channel at t3 = 55 s.

we see the detached liquid phase volume of the next droplet which has been formed

at the interface between pore-network and gas distributor. There is still some liquid

phase volume from the previous drop left in the channel but the local increase in liquid

phase saturation near the interface pores is clearly visible. This behavior is repeating

with the constant mass flow at the inlet pores.

The presented setup shows the behavior of a small PEM fuel cell unit cell at constant

operating conditions, where a current density of approximately 2A/cm2 is produced.

Here, the excess water is produced and removed in liquid phase.
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Figure 9.31: Liquid water saturation in the pore bodies of the GDL pore-network and the
REV domain of the gas distributor channel at t4 = 60 s.

Figure 9.32: Liquid water saturation in the pore bodies of the GDL pore-network and the
REV domain of the gas distributor channel at t5 = 70 s.

9.2.4 Discussion

The model captures the two-phase flow interaction between a pore-network and an REV

domain. The results of the model for the formation and growth of a single droplet shows

good agreement with the corresponding uncoupled simulation. Also droplet detachment

is captured by the presented model. In contrast to the uncoupled model which is pre-

sented in the previous section, the coupled pore-network REV model captures the drop

behavior also after the detachment when the drop mass is transported away by the gas

flow in the channel. The interaction of several droplets can be represented as well. As

expected, this results in higher water saturation in the channel.

The two-phase implementation of pore-network and REV domain was successfully ap-

plied to a PEM fuel cell unit cell, which represents a small sample of a MPL-free GDL

and a corresponding piece of the gas distributor channel.
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The REV model allows an efficient representation of the two-phase flow in the channel.

As described in Chapter 3, modeling two-phase flow in gas distributor channels is a spe-

cial challenge. Different flow configurations can occur dependent on the local amount

of liquid water and the gas flow velocity. Here, we do not focus on the details of fluid

flow in the gas distributor but on the interface processes, especially droplet formation,

growth and detachment. Therefore, an averaged representation of the two-phase flow

in the channel is sufficient here. The Reynolds numbers of the gas phase in the channel

domain ΩREV in the three investigated examples (Sections 9.2.1 to 9.2.3) are Re1 ≈ 550,

Re2 ≈ 605 and Re3 ≈ 275, such that we only consider laminar flow in all cases and we

can use the Darcy based formulation for the REV domain. In Section 3.2.2, the used

upscaled formulation of liquid film flow and gas flow is introduced. InFigure 9.28 to

Figure 9.32, the liquid water transport through the REV channel domain is shown.
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9.3 Comparison of the coupling approaches

The PNM-FF coupling model combines a pore-network model domain ΩPNM, which

represents a porous material on the pore-scale with a free flow domain ΩFF, which

represents a gas flow channel. Two-phase two-component flow (2p2c) is considered in

the pore-network domain ΩPNM, while single-phase two-component flow (1p2c) is solved

in the free flow domain ΩFF. At the interface, the advective and diffusive exchange fluxes

of the components are captured as well as the formation, growth and detachment of

droplets. The droplets form at liquid phase breakthrough locations at the interface

due to liquid phase flow through the pore-network. We use ghost pores as part of

the pore-network model to describe the droplet behavior and its influence on the flow

in the pore-network ΩPNM. The droplets only influence the free flow domain ΩFF by

evaporation from the drop surface. However, once the droplet is detached, it is no

longer observed in the simulation.

The PNM-REV coupling model allows to capture two-phase flow in both computation

domains, the porous domain ΩPNM and the channel domain ΩREV. Here, an REV-based

model formulation is used to describe flow in the gas flow channels. It is assumed, that

the droplets attach to the hydrophilic channel walls after detachment and form a liquid

film flow at the channel walls. The REVmodel allows to track the detached drop volume

in the channel domain without resolving the interface between the two phases in the

channel. However, component transport has not been modeled to create faster results

and stabilize the simulation. Additionally, considering component transfer between

two multi-phase domains, it is a special challenge to formulate accurate and physical

meaningful but stable interface conditions [45].

To model the interface processes between a GDL and a gas distributor channel in a PEM

fuel cell cathode both models have their justification but are applicable for different

operating conditions. At high relative humidities in the gas channel, e.g. downstream

of a gas distributor channel in a cell, if the main focus of the investigation lies on

local water contents, blockage of GDL or gas distributor channel and the water outtake

occurs mainly in liquid form, the PNM-REV coupling model is more suitable. However,

at intermediate humid operating conditions, e.g. front part of a gas distributor channel

in a cell, if locally liquid water is present in the system but a lot of water is removed

from the GDL through evaporation and the gas phase, the PNM-FF coupling model

is the more accurate choice, since it allows to capture component transport in both
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domains. Nevertheless, at dry operating conditions, liquid water is evaporating fast

and does not occur at the interface between GDL and gas distributor. In this case,

single-phase simulations are sufficient to capture advective and diffusive transport at

the interface. This case is also captured by the coupled PNM-FF model.



10 Summary and Outlook

10.1 Summary

PEM fuel cell operating vehicles are a promising technique to reduce greenhouse gas

emissions caused by traffic. Fuel cells drive a major part of the transformation of the

mobility sector and the usage of hydrogen for energy generation. To improve the ro-

bustness and efficiency of the technology, modeling techniques are used to describe and

understand the transport processes, which influence the water management in the cells.

The aim of this thesis is to develop simplified model concepts for the analysis of coupled

porous media - free flow models on the pore-scale. We investigate the highly dynamic

interface conditions at the interface between GDL and gas distributor. We have devel-

oped and present different interface model concepts that are applied and discussed on

selected examples. The developed models capture efficiently the two-phase transport

in-between the porous, hydrophobic GDL and the hydrophilic gas distributor on the

cathode side of a PEM fuel cell.

The occurring interface phenomena are highly complex and simplified models are nec-

essary to represent the dynamic processes.

In this work, a model family is presented that describes the pore-local flow and transport

processes at the interface between a porous GDL and a channel-structured gas distrib-

utor in the cathode of a PEM fuel cell. The coupling concept is based on the approach

presented by [45] which is a further development of the sharp interface concepts devel-

oped by [101, 77, 4] applied to a pore-network model. We distinguish between different

interface configuration which include the interaction between gaseous free flow and two-

phase porous media flow and different interaction phenomena due to mixed-wettability

at the interface between hydrophilic gas distributor and hydrophobic GDL. The devel-

oped interface conditions are applied to an uncoupled and two different coupled models.
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Chapter 2 introduces the basics of modeling porous media systems with a special focus

on pore-scale processes in PEM fuel cells. The centerpiece of the presented model is the

pore-network model, which allows us to capture pore-scale effects in the porous GDL

and at the interface between GDL and gas distributor. In Chapter 3, the conceptual

and numerical models used for the single domains are discussed. Here, the details of

the pore-network model representing an MPL-free GDL (fibrous GDB) are described.

Additionally, two modeling concepts to describe flow in the second domain, gas distrib-

utor channels, are introduced. Chapter 4 focuses on the boundary and special interface

conditions to design a model that combines flow in the MPL-free GDL and the gas

distributor. The presented pore-network model has been extended to describe droplet

formation, growth and detachment in the PNM context using a particularly derived

pore-local capillary pressure-saturation relation. Additionally, it captures hydrophobic-

hydrophilic interaction at the channel side wall using saturation thresholds and flow

formulations based on the PNM principles as well as the influence of mixed-wet pores by

trapping of liquid phase and an alternative capillary pressure-saturation relation. The

developed interface conditions are integrated in coupling approaches, which combine

the pore-network model domain ΩPNM with a free flow description of the gas distributor

channel flow in ΩFF (see Chapter 5) and with a REV flow description of two-phase flow

in the channel domain ΩREV (see Chapter 6).

We use the Box method for both pore-network domain ΩPNM and REV channels ΩREV

and a staggered-grid scheme was employed for the free-flow domain ΩFF. The coupled

models are implemented in the open-source simulation toolbox DuMux.

First, the adequate representation of a MPL-free GDL with a pore-network model

is created and we evaluate the influence of structural and flow characteristics of the

fibrous MPL-free GDL or GDB material in Section 7.1. We investigate the pore shapes

based on the extracted network properties and the influence of contact angle variations

on the global capillary pressure-saturation curve. In Section 7.2, the influence of gas

distributor properties such as channel width and pressure differences between the chan-

nels is analyzed using single-phase simulations.

In Chapter 8, the developed interface conditions are applied to an uncoupled pore-

network. Here, the gas distributor is roughly included by a boundary condition into

the model. Each interface condition is first considered separately investigating its influ-

ence on the flow through the pore-network. Therefore, we apply each interface condition
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first to a simplified pore-network and later on a pore-network representing a MPL-free

GDL sample. The formation, growth and detachment of a droplet on a porous surface,

applied to the pore-network model is compared to experimental data and numerical

CFD investigations. The experimental data shows good agreement with the results of

the pore-network model while the CFD model considers a different detachment crite-

rion without contact angle hysteresis. This impedes the comparison but the results

are discussed in detail in Section 8.1.1. The hydrophobic-hydrophilic interaction at the

channel side walls is implemented using saturation thresholds. These thresholds are

derived analytically and compared to numerical CFD investigations. The CFD sim-

ulations gain a better insight into the behavior at different contact angles while the

analytic derivation is restricted to strongly hydrophobic pore bodies. For the analysis

of the influence of mixed-wet pores at the interface between land parts of the gas dis-

tributor and GDL, stationary simulations are performed which show the accumulation

based on the mixed-wet pores at the interface. In some fuel cell designs, the land parts

of the gas distributor are coated hydrophobically which prevents this accumulation of

liquid water. All developed interface conditions are applied together on a unit cell,

which consists of a 1mm×1mm MPL-free GDL sample attached to one channel and

two half-ribs (land parts) of a gas distributor. This example shows the interaction of

the different interface condition and time-dependent behavior.

Chapter 9 presents the simulation results of the coupled pore-network domain ΩPNM

with either a single-phase free-flow domain ΩFF or a two-phase REV domain ΩREV,

which represents a gas distributor channel, respectively. The coupled PNM-FF model

includes component transport and phase change as well as droplet formation, growth

and detachment at the interface between the domains ΓFF. It is applied to different

examples to investigate evaporation and drop formation behavior at different ambient

temperatures and relative humidities. The coupled PNM-REV model considers only

two-phase flow without component transport, which makes the model more efficient

and numerically stable. However, it takes two-phase flow in the channel into account

and allows to capture the droplet behavior in the channel after detachment from the

interface ΓREV between the pore-network domain ΩPNM and the REV channel ΩREV .

In summary, with the analysis of the different coupling concepts, we gain new un-

derstanding and knowledge that can be used for simplified coupling concepts. The

analysis shows the advantages and disadvantages of the different strategies to describe

droplets at the interface between porous domain and free flow and the fluid interaction
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between differently wetting structures. The presented analysis enables industry re-

search to strengthen the predictive power of their PEM fuel cell models, where detailed

information of transport phenomena at the interface between GDL and gas distributor

has been missing in the past. This allows to improve the water management in PEM

fuel cells based on modeling results.

10.2 Outlook

PEM fuel cells are highly complex systems with a potential for further optimization. To

develop a strong and robust water management and to describe the detailed transport

phenomena in the cells, further research is necessary. The following aspects have been

identified as key factors which are missing to improve PEM fuel cell modeling:

Overcome poor data on PEM fuel cell materials If more information on pore-local

GDL properties is available, the predictive ability of the developed model can be further

improved. The presented model can capture more complex pore shapes and contact

angle distributions can be applied if the material data is available. Also, it is known that

the GDL deforms due to the high compression of the cells after stacking of the different

layers. This compression yields a deformation of the GDL in the channel-land structure

of the gas distributor. At the land parts, a stronger compression is observed while the

GDL is bulging into the open channels. However, to take these effects into account

either a better understanding of the mechanical properties of the GDL is necessary

to calculate the behavior in simulations or high resolution ct-scans of the compressed

PEM fuel cell need to be used to generate the pore-network representation. The latter

one is difficult due to the different reflection behaviors of carbon GDL and metal gas

distributor in a ct-scan.

Statistical data of interface conditions for REV scale models Sampling of unit

cells with different GDL structures and varying inflow conditions to generate statistical

interface data which can be applied to an upscaled model, e.g. REV-scale models.

These models can then be used to represent larger parts of a PEM fuel cell and analyse

the cell behavior during different operating conditions. Currently available REV-scale

models lack on accuracy of the interface condition between the layers or require several
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fitting parameters to match with experimental data which are often not available.

The presented model can be used to calculate representative, dynamic interface fluxes

which are then applied to currently available (e.g. mortar-interface based) REV models

[101, 77, 4].

Non-isothermal simulations As explained in Section 4.1, the reactions taking place

in PEM fuel cells produce a noticeable amount of heat. But the materials in the cell,

primarily the catalyst layers and the membrane, are sensitive to heat which favors age-

ing processes. Therefore, cooling channels are added in the bipolar plates, where also

the gas channels are located. This results in a temperature gradient across the cell

layers which needs to be taken into account for detailed predictions of fuel cell behav-

ior. Nevertheless, several parameters influence this non-isothermal behavior. Heat is

conducted not only through the void space and the fluids but the solid phase as well.

Here, heat conduction coefficients of the single materials, but also many contact fac-

tors between the layers, need to be taken into account. Dual pore-networks allow to

take the void and the solid parts of a porous medium with their pore-local properties

into account[140]. However, in particular at the cooling channels, where humid gas is

condensing, the thermal equilibrium assumption might not be fulfilled anymore.
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