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Abstract

Proper water management in Proton Exchange Membrane (PEM) fuel cell is impor-
tant to achieve high performance. Understanding the percolation of the produced
water at the cathode catalyst layer (CL) is critical for any robust water management
technique. In this study, an ex-situ experimental setup is used to study percolation
in the CL at different injection rates and relative humidity (RH) conditions. The
results show that increasing the flow rate force the liquid to flow through the bulk
of the pores due to the dominant viscous effect. On the other hand, at low injection
rates, the capillary becomes dominant and liquid flow along the roughness of pores
surfaces. At low flow rates, a big wetted area is captured, compared to high flow
rates tests, but the liquid saturation is lower. Another set of testing was done at a
fixed flow rate and a varied RH conditions, where permeability is calculated based
on the steady percolation pressure. The permeability of the CL for both gas and
liquid decreases as RH increases, and that more likely related to ionomer swelling. A
correlation between the permeability and water content is derived. A sharp decrease
in the permeability is observed at low water content (λ < 3), beyond that there are no
significant changes. Moreover, low and high RH condition shows a significant effects
on the structure of CL and flow regime. Static contact angle measurements at a range
of RH also indicate possible morphological changes in the CL.

In addition, fractional flow theory (FFT) model is adapted to study immiscible dis-
placement of two-phase flow in a porous medium. The resulting model accurately
predicts trapped saturation that occurs during imbibition and drainage of incom-
pressible fluids for any capillary number. It also accurately predicts the fluid-fluid
front displacement and critical capillary number at which trapped saturation begins
to decrease. The unique aspect of this model is incorporation of a scaling factor,
suggested by Médici and Allen [12], that captures the propensity for gas or liquid
holdup for any porous media and fluid pair.
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Chapter 1

Introduction

Immiscible displacement in porous media is found in applications such as oil recovery

[13, 14], subsurface and groundwater contamination [15–17], water management in

proton exchange membrane (PEM) fuel cell [18, 19], multiphase flow in packed bed

reactor under normal and low gravity [20, 21], and many other applications. During

the immiscible displacement, different forces exist. At the pore level, a force at the

fluid-fluid interface is the capillary force [22]. Viscous effect is another force that is a

measure of the resistance to flow. At a low flow rate, capillarity becomes dominant

and part of the displaced fluid may remain trapped in the porous media due to

preferential percolation path of the injected phase [23–25], while at high flow rates

viscous effects are dominant and the injected fluid invades most of the pores.

A Proton Exchange Membrane (PEM) fuel cell is an electrochemical device in which

hydrogen and oxygen react to produce electricity, water, and heat. A fuel cell consists

of an anode and cathode separated by PEM. The anode and cathode are thin porous
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materials, a few microns in thickness consisting of carbon supports where platinum

dispersed and thin ionomer films. The chemical structure of ionomer films consists

of an ionic domain of a hydrophilic sulfonic acid group, which is connected by a side

chain to a hydrophobic fluorocarbon backbone. The ionic domains in the ionomer

retain water and swell and that adds complexity to the structure and morphology of

the catalyst layer.

Water presence in the catalyst layer has a double rule. It is necessary to hydrate

ionomer films in the catalyst layer and PEM, and that increases proton conductivity.

On the other hand, an excessive amount of water as vapor or liquid results in high

resistance to mass transport [26–28]. This is could be related to the reduction in the

mean pore size of the catalyst layer due to ionomer swelling, which decreases as the

relative humidity (RH) increases [4, 29], or the presence of liquid water (trapped)

preventing the reactants to reach the reaction sites. Moreover, the absorption/release

of water to/from ionomer films due to RH cycling leads to structural stresses and

potential defect growth [30]. As the ionomer films interact with vapor this alters the

orientation of sulfonic acid side chains [31, 32], and that could change the wettability

of the catalyst layer.

1.1 Outline

The scope of the dissertation starts with a general introduction related to the porous

media and two-phase flow. Then, the experimental part includes SEM and TEM
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imaging for fuel cell catalyst layers (CL), adapting a Hele-Shaw setup to study two-

phase flow in a thin porous media, and a sessile drop method to measure the wettabil-

ity on the surface. Then, fractional flow theory (FFT) is revised and used to calculate

trapped saturation in two-phase flow in porous media. The dissertation ends with a

conclusion and recommendations.

The main focus of this research was to study liquid/gas transport in the catalyst layer

of PEM fuel cell. Proper water management at the cathode side is crucial to hold

the performance at an acceptable level in the fuel cell. Mass transport in a CL is not

well understood, due to the complex structure of the CL and the swelling of ionomer

as RH is varied. Therefore, a Hele-Shaw setup was adapted to study the liquid/gas

transport in the CL at a range of flow rates and RH conditions. The sessile drop

method is used to characterize the wettability of the CL at a range of RH conditions.

In addition, the FFT model was developed by including the viscous and capillary

effects in the formulation. The capillary term is simplified using a unique length scale

[12], which results in a model that can be used to calculate trapped saturation for

any two-phase flow and porous medium.

The research parts are elaborated in seven chapters as follows:

Chapter 1: Introduction: The motivations and the objectives of the project are listed.

Chapter 2: Porous Media Properties and Concepts: A general introduction to defin-

ing the properties and concepts related to the porous media.

Chapter 3: Catalyst Layer Structure: This chapter studies the structure and mor-

phology of the catalyst layer using SEM and TEM in conjunction with
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EDX.

Chapter 4: Ex-Situ Examination of Mass Transport Resistance in a Fuel Cell Catalyst

Layer: Using the Hele-Shaw setup to characterize the permeability of

Catalyst Layer.

Chapter 5: Ionomer Impact on Structure and Wettability of PEM Fuel Cell Catalyst

Layer: Using the sessile drop method together with the Hele-Shaw setup

to study the structure and wettability of the catalyst layer.

Chapter 6: Computationally Efficient Model to Calculate Trapped Saturation in

Porous Materials: This chapter details the FFT model and how to use

it to study and estimate trapped saturation of two-phase flow in porous

media.

Chapter 7: Conclusion and Recommendations: Includes the conclusion, contribution

and future work.
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Chapter 2

Porous Media Properties and

Concepts

A porous medium can be defined as a solid matrix with voids of interconnected pores

in a regular or random manner that enables fluid flow [25]. The porous media can be

as big as a petroleum reservoir, or as small as a catalyst layer (< 15µm) of proton

exchange membrane fuel cell [33]. This study focused on immiscible displacement of

fluids in porous media which are found in many applications, such as oil recovery

[25, 34] and water management in proton exchange membrane fuel cell [27, 35, 36].

The displacement process in porous media encounters a direct contact between fluids

and the pore surface, which leads to unique interactions defined by many concepts

that can be affected by different properties. Therefore, it is necessary to introduce

these properties and concepts before starting with the details of this study.
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2.1 Porous Media Properties

There are many properties that are used to characterize porous media. In this study,

porous media properties are divided into morphological properties and dynamic prop-

erty (permeability).

2.1.1 Morphological Properties

An important property used to describe a porous medium is porosity, which refers to

the total pore space that can store or conduct fluids. Porosity is defined as the ratio

of the pore volume to the bulk volume [25].

ε =
pore volume

bulk volume
(2.1)

The pores in porous media can be classified into three types: interconnected pores,

dead-end pores and isolated (closed) pores in Figure 2.1. Interconnected pores have

the essential contribution to the liquid movements throughout the porous media. A

porous medium could have a high porosity, but low conductivity to fluids due to

insufficient inter-connectivity. If considering only interconnected pores that can be

occupied by mobile fluids, then equation 2.1 is the effective porosity. Porous media

consist of three volumes, bulk volume, solid volume and pore volume, where the

porosity can be estimated by determining any two of these three volumes [24].
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Figure 2.1: A general sketch of a porous medium.

Another important property is the tortuosity, which is defined as the ratio of the

average flow path length (Le) to the length of the porous medium (L) as shown in

Figure 2.1 [37]. Tortuosity is used to adjust and correct the calculated permeability

and obtain a good agreement with experimental data [38, 39].

τ =
Le

L
(2.2)

Changes in the radius of a pore is another factor that affects the permeability of a

porous medium which is known as the constrictivity. This is the ratio between the

maximum and minimum cross section areas of a pore [40].

δ =
Apore × Athroat

1
2
(Apore + Athroat)

(2.3)

Pore size distribution is another factor that characterizes the porous media with
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more details than the porosity in terms of classifying the pore sizes (big, medium

and small). Estimating pore size distribution is important for consolidated porous

material, since grain size distribution can not be obtained. A popular method to

measure the pore size distribution is the mercury intrusion porosimetry, nevertheless,

many other measurements techniques can be used, such as photomicrography [41] or

x-ray computed tomography [42]. Pore size distribution gives information about the

relative abundance of each pore [43]. The first moment of this distribution is the mean

pore size [41]. Pore size distribution indicates the complexity of the structure, where

it can relates pore sizes to the particle sizes, for example, large pores are associated to

large particles. An important feature of the pore size distribution is the significance to

affect the porous media efficiency to transmit fluids [44], which make it an important

parameter to characterize any porous media.

2.1.2 Permeability

Permeability is the ability of a porous media to allow fluids to pass through. It

is a dynamic property that is characterized by flow experiments [45]. There is a

parallel relationship between permeability and porosity, where increases in porosity

generally increases the permeability. Other morphological parameters, like tortuosity,

constrictivity, and pore size distribution can also have a significant effect on the

permeability. Thus, permeability is an important property for any porous media.

Permeability can be determined in uni-directional or radial flow using the Darcy

form of conservation of momentum. For uni-directional flow, a Darcy formulation is

written as:
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q = −κA
µ

∆P

∆x
(2.4)

where q is the flow rate, κ is the permeability, A is the corss section area, µ is the

viscosity of the fluid, and ∆P/∆x is the pressure drop. The unit of the permeability

is the Darcy (D). A 1 cm3/s flow rate with a viscosity of 1 cP producing a pressure

drop of 1 atm through a cubic porous material of 1 cm side length, has a permeability

is 1Darcy. The conversion of 1Darcy to m2 is:

1Darcy =
1 cm3

s
. 1 cP (10−7 N

cm2 s)

1 cm2 . 1 atm
1 cm

(10.132N/cm2

atm
)
= 9.8697 · 10−9m2 (2.5)

Equations are derived to relate permeability to various physical properties of a porous

medium, such as porosity and average particle or fiber diameter [46, 47]. The Kozeny-

Carman equation is a method to estimate permeability from the pressure drop of fluid

across a packed bed under laminar flow conditions [37].

−∆P

L
=

9 b µ q′′

4D2
p

(1− ε)2

ε3

(
Le

L

)2

(2.6)

where b is the capillary shape factor, and Dp is the average diameter of the particles.

The values of b and Le/L are taken to be 40 and
√
2 [37, 48], respectively, and equation

2.6 becomes:

−∆P

L
=

180µ q′′

4D2
p

(1− ε)2

ε3
(2.7)
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Based on experimental results, Ergun and Orning [20] suggested 150 instead of 180.

Combining equations 2.4 and 2.7 gives an estimate of absolute permeability based on

particle diameter and porosity for uni-directional flow [49].

κ =
D2

p

180

ε3

(1− ε2)
(2.8)

In case of radial flow, Darcy’s equation can be written as:

q = −κA
µ

dP

dr
(2.9)

For a constant injection rate, q, through a cross section area, A = 2πrh. Integrating

between (r1 − r2) with respect to (P1 − P2) gives [24]:

q = − 2 π hκ

µ ln(r2/r1)
(∆P ) (2.10)

where r1 and r2 are the inner and outer radius of the sample at which the pressures,

P1 and P2 are measured, respectively, and h is the thickness of the porous medium.
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Figure 2.2: Forces at the fluid-fluid-solid interface and the contact angle.

2.2 Surface Tension, Wettability, and Capillary

Pressure

In immiscible fluid displacement, the existence of the forces at the fluid-fluid-solid

interfaces gives rise to what is known as surface tension. Figure 2.2 shows a drop of a

liquid and the forces at the interfaces are combined in equation 2.11, which is known

as Young’s equation. σLG, σSL and σSG are the interfacial forces at the liquid-gas,

solid-liquid, and solid-gas, respectively. θ is the contact angle, which is a macroscopic

manifestation of microscopic forces. θ is used to characterize the wettability of a fluid.

If θ is greater than 90◦ then the surface is characterized as a nonwetting surface. For

θ < 90◦, it is a wetting surface.

cos(θ)σLG + σSL − σSG (2.11)

Due to surface tension and interface curvature a pressure difference can exist at

the fluid-fluid interface. The pressure difference is known as the capillary pressure.

Capillary rise is an example to illustrate the capillary pressure as shown in Figure

2.3. Capillary pressure is influenced by surface tension, wettability, and the size of
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Figure 2.3: The effect of tube size and fluid wettability on the head and
the direction of the capillary pressure respectively.

the capillary tube, which are combined in what is known as Young-Laplace equation.

Pg − Pl = Pc =
2σ cos(θ)

r
(2.12)

where Pg is the gas pressure, Pl is the liquid pressure, Pc is the capillary pressure,

σ is the surface tension, r is the pore radius. The combination of fluid-fluid-solid

could result in a wetting (as in Figure 2.3(a)) or non-wetting (as in Figure 2.3(b))

configuration, where the capillary action tries to raise or suppress the liquid inside the

tube, respectively. The capillary pressure is related to the height (h) as Pc = ρ g h,

then equation 2.12 becomes,

h =
2σ cos(θ)

r ρ g
(2.13)

where g is the gravitational constant and ρ is the density of liquid. A small capillary

tube leads to higher h, as Pc ∝ 1/r.
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In immiscible displacement of two-phase flow in porous media, at the pore level,

capillary pressure is also exists at fluid-fluid interface. Capillary pressure affects flow

behavior and the distribution of the two-phase flow in pores, particularly at low

flow rates. By applying a force balance at the fluid-fluid interface, a relationship is

obtained between the capillary pressure and the injected-displaced fluids pressures:

Pi − Pd + αPc = 0 (2.14)

where the indices i and d refer to the injected and displaced fluids respectively, and α

indicates the direction of the injected fluid to specify the flow regime and the capillary

pressure direction. In case of wetting injected fluid, α = +1, the capillary pressure

applies in the same direction of the immsicible flow. This flow is called imbibition. For

non-wetting injected fluid, α = −1, capillary pressure applies against the imiscible

flow and the flow is drainage.

2.3 Fluid Saturation

Fluid saturation is an important parameter related to fluid flow in porous media. As

the porosity represents the capacity of the porous medium, fluid saturation specifies

the volumes of fluids occupying pores of a porous medium [50, 51]. In two-phase

flow, each phase can be calculated on the basis of the volumetric balance of the fluids

available in the pores which are written in term of fluid saturation. For example, if

phase 1 has a saturation of 25%, this means 75% of the pores are hold the other phase.

Furthermore, the importance of the fluid saturation is also related to the dependency
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of the capillary pressure and the relative permeability, which are typically expressed

in terms of the wetting phase saturation [2, 45]. Fluid saturation is defined as the

ratio of the fluid volume to the pore volume.

sj =
phase volume

total pore volume
(2.15)

where the index j refers to the fluid phase. Since each fluid saturation is scaled to

the pore volume, the total saturations of all fluids should be equal to 1.

∑
j

sj = 1 (2.16)

During immiscible displacement a portion of a fluid phase may become trapped inside

the pores. Thus, saturation can refer to both mobile and immobile fluids in the

porous medium. The trapped saturation that is related to the wetting phase is called

irreducible saturation, and the non-wetting phase is called residual saturation. These

saturations are usually refer to water-oil, where water is the wetting phase and oil is

the non-wetting phase.

2.4 Capillary Pressure and Saturation

During immiscible displacement capillary pressure also depends on fluid saturation

[52, 53]. This is related to the variation in the saturation of the injected-displaced

fluids, which cause changes in the pressure across fluid-fluid interfaces. Figure 2.4(a)
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Figure 2.4: (a) A simple sketch of a porous medium containing three pores,
where r1 > r2 > r3. Figure (b) shows the capillary pressure dependency on
wetting fluid saturation.

shows a simple porous medium consisting of a bundle of three capillary tubes, where

r1 > r2 > r3. In case of imbibition, capillary pressure works as a driving force

in the direction of the immiscible displacement (α = 1). The smallest pore (r3)

offers highest capillary pressure so it will be invaded first, then pore 2 and 1 are

invaded in sequence. Figure 2.4(b) shows the capillary pressure and the respective

saturation history of the injected (wetting) fluid for the simple porous medium. At
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the beginning, the maximum capillary pressure corresponds to minimum saturation

of the fluid inside the smallest pore (r3). Then capillary pressure decreases as the

fluid saturation increases. The dashed line is indicative of an actual porous medium

with a distribution of pore sizes. In the case of drainage (non-wetting injedted fluid),

capillary pressure counters the direction of the immiscible displacement. The injected

fluid starts to invade the pore with the lowest capillary resistance, pore 1. Then in

sequence pore 2 and 3 are invaded. The trend for drainage is similar to imbibition, but

in the opposite direction. In real porous media there is hysteresis between drainage

and imbibition due to trapped saturations of the fluids.

Relationships between the capillary pressure and fluid saturation are based on empir-

ical correlations. Leverett [52] provided a dimensionless function known by Leverett

J-function to describe a curvature-saturation relationship for unconsolidated sands.

Leverett J-function is obtained using the regression analysis to the interfacial curva-

ture and a correlation is developed in term of fluid saturation. This method attempts

to extrapolate capillary pressure-saturation data based on the porosity, permeability

of the porous medium, and the interfacial tension of the two immiscible fluids.

J(sw) =
Pc

σ

√
κ

ε
(2.17)

where sw is the saturation of the wetting phase. Correlations of Leverett J-function

[1, 54] are obtained from experimental data of Leverett [52]. Equation 2.18 is the

Leverett J-function suggested by Dong and Dullien [1].
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Figure 2.5: The Leverett J-fucntion for α = 2, β = 1.05 and γ = 2.5 [1].

J = α(β − sw) (2 s
γ
w − 2sw + β) (2.18)

where α, β and γ are the fitting coefficients that are equal to 2, 1.05 and 2.5, respec-

tively as shown in Figure 2.5. Capillary pressure is obtained by scaling the Leverett

J-function by 1/σ ·
√
ε/κ.

Brooks and Corey [2] also developed correlations for capillary pressure-saturation

based on immiscible displacement of water-gas in soil. The correlations depend on

two constants related to the porous medium, the pore size distribution index ξ, and

the bubbling (bubble point) pressure Pb, which is a measure of the maximum pore size

in the interconnected network in the porous medium. These constants characterize

the pore size distribution of the porous medium.

Pc = Pb s
−1/ξ
e (2.19)
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where sr is the residual saturation and se is the effective saturation of the injected

fluid which is given by:

se =
sw − sr
1− sr

(2.20)

Another model derived by Parker et al. [3] for sand and clay using three fluids non-

aqueous phase liquid (NAPL), air and water, where the wettability follows the se-

quence water > NAPL > air. The correlations are obtained based on the fluids pairs,

air-NAPL, air-water, and NAPL-water.

Pc = Pb (s
−1/m
e − 1)1−m (2.21)

where the parameter m is restricted to the range 0 < m < 1. Figure 2.6(a) shows

the capillary pressure based on both correlations of Brooks and Corey [2] and Parker

et al. [3] where the values of ξ, m, sr and Pb are 1, 0.5, 0, and 0.125 kPa, respectively.

2.5 Relative Permeability

Absolute permeability, κ, is for the case of single phase flow in a fully saturated

medium. In two-phase flow, the permeability for each phase is called the effective

permeability, κj. Effective permeability indicates that the medium can have a distinct

and measurable conductance to each fluid phase present in the medium. This means,
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Figure 2.6: ((a) Capillary pressure and (b) Relative permeability curves
are calculated based on the correlations of [2] and [3]. The assumed values
of ξ, m, sr and Pb are 1, 0.5, 0, and 0.125 kPa, respectively.

as the phase volume in the pores increases, effective permeability also increases. Ef-

fective permeability depends on the phase saturation as well as to the morphology of

the porous medium. Effective permeability is estimated for each phase using equation

2.22.

qj = −κj A
µj

∆P

∆x
(2.22)

In order to quantify the mobility of each phase in porous medium, it is necessary

to introduce and define another concept which is relative permeability, Kr. Relative

permeability is the ratio of the effective permeability to the absolute permeability,

and it is expressed as percentage or fraction [25].

19



Krj =
κj
κ

(2.23)

Krj is phase j relative permeability, κ is absolute permeability (porous media prop-

erty), and κj is the phase j effective permeability.

Two methods are commonly used to measure the relative permeability, steady-state

[45, 55] and unsteady-state [24, 56]. In both methods, the porous medium is saturated

with the wetting phase. To determine the irreducible trapped saturation, the porous

medium is flooded with the non-wetting phase. In case of the steady-state method,

volumetric ratios of both phases are tested to obtain sufficient data to cover the

whole range of saturation-relative permeability curves. In the unsteady-state method,

the fluid is displaced at a constant injection rate while the effluent saturations are

measured continuously. Due to the capillary end effect [57] or the associated piston-

like displacement with the unsteady-state method [24], the steady-state method is

the more common method to measure the relative permeability.

Correlations of relative permeabilities suggested by Brooks and Corey [2] are:

Kri = se
2+3ξ/ξ (2.24)

Krd = (1− se)
2(1− si

2+ξ/ξ) (2.25)

The correlations of relative permeabilities which are suggested by Parker et al. [3].
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are applicable to three-phase flow, and it can be reduced to expressions convenient

for two-phase flow [3, 58]:

Kri = s1/2e [1− (1− s1/me )m]2 (2.26)

Krd = (1− se)
1/2(1− si

1/m)2m (2.27)

Figure 2.6(b) shows the curves of the relative permeabilities based on both studies,

[2] and [3].

2.6 Immiscible Displacement Flow Regimes

The main forces that dominate immiscible displacement are viscous and capillarity.

These two forces are quantified in a dimensionless number known by the capillary

number, Ca = (vi µi)/σ, which represents the ratio of viscous effects to capillary ef-

fects, where vi and µi are the velocity and the viscosity of the injected fluid respec-

tively, and σ is the surface tension. Another dimensionless number that is used to

describe immiscible displacement is the viscosity ratio, M = µi/µd, which is the ratio

of injected to displaced fluid viscosities [59].

For both drainage and imbibition at high Ca, viscous effects are dominant. For high

viscosity ratio (M > 1), the displacement pattern of the injected fluid spreads evenly

in all directions in a stable displacement pattern, while at low viscosity ratio (M < 1),
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the immiscible displacement becomes unstable and is known by viscous fingering flow.

At low capillary number, capillarity is the dominant effect and immiscible displace-

ment is known as capillary fingering flow [59, 60]. In case of imbibition at a very low

capillary number, the pattern is a capillary fingering, but the domain is discontinu-

ous (corner flow) [59]. A comprehensive discussion of immiscible displacement flow

patterns in porous media has been published by Primkulov et al. [61].
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Chapter 3

Catalyst Layer Structure

Proton exchange membrane (PEM) fuel cells are low temperature (< 90◦C) electro-

chemical devices which combine hydrogen and oxygen to produce electricity, heat,

and water. A generic fuel cell consists of an anode and cathode separated by an

electrolyte layer, known as a proton exchange membrane, and all compressed by two

bipolar plates that serve to pass electrical current and heat as shown in Figure 3.1.

Each bipolar plate includes channels as a path for the reactants and products for

transport to and from the electrodes. The electrodes are porous catalyst layers (CL)

located between the PEM and the bi-polar plates. Additional porous layers, such as a

porous transport layer (PTL) and/or microporous layer, are often added between the

electrodes and the bipolar plates to support the CL and enhance mass transport. At

the anode side, hydrogen oxidation reaction (HOR) produces electrons to be collected

by bi-polar plates to supply an external load and protons of hydrogen that migrate

through the membrane to the cathode side. At the cathode side, the oxygen reduc-

tion reaction (ORR) completes the circuit with the protons and electrons to produce
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Figure 3.1: A general sketch for the components of fuel cell.

water. An excessive presence of water at the cathode side may significantly lower

the PEMFC performance and lifetime [62]. The behavior of liquid water percolating

through the porous CLs is still not well understood, where proper water removal is

crucial. This chapter and the next two are dedicated to study of the CL.

3.1 Conventional Catalyst Layers

A catalyst layer is a thin porous material (< 15µm) that is usually coated on both

sides of the membrane to form what is known as catalyst coated membrane (CCM)

or membrane exchange assembly (MEA). Figure 3.2(a) is an SEM image of the cross-

section of a conventional CCM. Figure 3.2(b) is an SEM image of the structure and

morphology of the CL surface, in which the spherical-like structure is the aggregation

of carbon, ionomer, and the catalyst (typically, platinum (Pt) or platinum alloy) that
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Figure 3.2: (a) Catalyst coated membrane. (b) Catalyst layer structure.

form what is known as agglomerates. The carbon particles are thermally and elec-

trically conductive and serve as a support to the catalyst aprticles of Pt. Nanometer

thick ionomer films work as a binder and assure protonic conductivity. Between and

withing agglomerates are pores that are a transport path for the reactants and water

as a vapor or liquid. The structure of agglomerates were examined using FEI 200kV

Titan Themis STEM. Figure 3.3 are bright field (BF) images of agglomerates where

the carbon is a substrate on which Pt particles are dispersed. Ionomer films are

identified at the edges as shown in Figure 3.3(e) and 3.3(f).

Energy-Dispersive X-ray (EDX) spectroscopy was used in the analysis of elemental

composition and mapping. Figure 3.4 shows the mapping for each element of the

conventional CL. High Angle Annular Dark Field (HAADF) (Figure 3.4(a)) shows

part of the conventional CL placed on a grid holder (seen in the background). By

disregarding the carbon and sulfur distribution in the grid holder, the distribution of

all elements appears to be evenly spread through the entire structure of the CL.
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Figure 3.3: BF TEM images showing carbon, catalyst particles (Pt),
and ionomer films. CL details are: CL name (10V 50E); Pt loading
(0.197mgPt/cm2); EW=PFBI-2; I/C = 0.9.

26
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Figure 3.4: Analysis of elemental composition and mapping for conven-
tional CL using Energy-Dispersive X-ray (EDX) in conjunction with the
STEM. CL details are: CL name (10V 50E); 0.197mgPt/cm2; EWPFBI-2;
I/C = 0.9.
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3.2 Dispersed Nano Structure Thin Films

The conventional CL relies on carbon particles (50nm) to support the nanoparticles

of platinum (2-5 nm), which could dissolve and agglomerate, and that cause reduc-

tion in the active surface area [63]. Dispersed Nanostructured thin film (dNSTF)

catlaysts are whisker ( 40nm × 500nm) comprised of a thermally and chemically

stable organic pyrelene red core coated with platinum and ionomer. Figure 3.5 shows

a porous cathode electrode in the cross-section view (Figure 3.5(a)) and surface view

(Figure 3.5(b)) comprised of whiskers and agglomerates, which consist only carbon

and ionomer. This type of CL has achieved an improved oxygen reduction activity

and reduced electrochemical corrosion [63–65]. STEM and TEM images are shown in

Figure 3.6. Figure 3.6(a) is a HAADF STEM image showing platinum particles that

are dispersed on the whiskers. Figures 3.6(b)-3.6(f) are BF TEM images for dNSTF

at low and high magnifications showing the geometrical shape of the whisker with

(a) Cross-Section View (b) Surface View

Figure 3.5: An SEM images for the dNSTF CL. (a) Cross section view
(b) The Surface area shows the whiskers (dNSTF) and the carbon-ionomer
agglomerates.
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Figure 3.6: (a) A HAADF STEM image for dNSTF CL, which mostly
shows the platinum distribution on the whiskers. (b-f) BF TEM images
at low and high magnifications show the whiskers, agglomerates, ionomer
films, and dispersed platinum. NSTF CL details are: CL name is HSC;
EW=PFBI-2; I/C = 0.9; Wh/C= 2.5.
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dispersed platinum on the surface. Carbon particles are both in a crystalline (Figure

3.6(e)) and amorphous (Figure 3.6(f)), while thin ionomer films are observed at the

edges of the carbon.

Figures 3.7 and 3.8 are EDX analyses for a group and single NSTFs. Carbon and

fluorine are distributed on the entire area, which is more likely related to their presence

on the whiskers themselves and on the agglomerates in the background. Sulfur and

platinum are more concentrated on the whiskers as shown in the Figures d and e of

both 3.7 and 3.8.

30



(a) HAADF (b) Carbon

(c) Fluorine (d) Sulfur

(e) Platinum

Figure 3.7: A HAADF STEM image for dNSTF CL. (b-f) Elemental com-
position and mapping for dNSTF CL. NSTF CL details are: CL name is
HSC; EW=PFBI-2; I/C = 0.9; Wh/C= 2.5.
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Figure 3.8: (a) A HAADF STEM image for a single whisker. (b-e) El-
emetal composition and mapping. NSTF CL details are: CL name is HSC;
EW=PFBI-2; I/C = 0.9; Wh/C= 2.5.
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3.3 I/C and EW Effects on Structure and Mor-

phology

The ionomer to carbon weight ratio, I/C, and the equivalent weight, EW can affect

morphology and structure of CL. EW is only related to the ionomer, which is the mass

of the backbone polymer to the moles of the proton-conductive side chain (sulphonic

acid group). Figure 3.9 shows SEM images of two CLs of different EW, and each

set includes CLs at different I/C. All the CLs layers are printed on Kapton layers.

Both EW, at I/C = 0.6 appear less porous as compared to higher I/C. The CL of

EW = 725 at any I/C are more porous than EW = 825. In addition, the roughness

of the surface appears greater for increased porosity.

Equation 3.1 is the relationship between porosity and ionomer ontent. The increase

in the ionomer contents, changing I/C, or any changes in its chemistry (EW) leads

to significant structural and morphological changes, which can affect the wettability

or the mass transport. Additional complexity added to the structure of the CL is

that water retention by ionomer films leads to an increase in the solid volume, and

that reduces porosity. The next two chapters focus on RH effects on permeability,

structure, flow regime transition, and wettability of the CL.

ε ↓= pore volume ↓
carbon + ionomer ↑ f(RH ↑) + pore volume ↓

(3.1)
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Figure 3.9: An SEM images for the top surface of conventional CLs. (a)
CLs of EW = 725 have a different I/C. (b) CLs of EW = 825 have a different
I/C.
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Chapter 4

Ex-Situ Examination of Mass

Transport Resistance in a Fuel Cell

Catalyst Layer

Gas/liquid transport in the catalyst layer (CL) is investigated experimentally in terms

of percolation pressure and corresponding wetted area. Ionomer films in the CL add

complexity because they interact with water and swell, which affects percolation. An

ex-situ setup is used to study mass transport in a CL at different injection rates

and relative humidity (RH). High injection flow rates force liquid through the bulk

of the pores and the dominant force is viscous. At low injection rates capillarity

is dominant, liquid flow along the surface roughness of the pores which results in a

larger wetted area with lower saturation as compared to high injection rates tests. In

the second set of testing the injection rate is fixed and RH is varied. The resistance

to gas/liquid flow changes due to ionomer swelling. The result is a significant change
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in the permeability of the CL that indicates a limit on reactant transport.

4.1 Introduction

Fuel cells suffer from poor water management which causes a reduction in the per-

formance [26, 66–70]. The water product at the cathode side has a counter effect.

It enhances the protonic conductivity of the ionomer films in the CL and the pro-

ton exchange membrane (PEM) [71], but an excessive amount of condensed water

will block the pores, which are the only paths for oxygen to reach the reaction sites

[26, 66]. Figure 4.1 shows an SEM image with a schematic for the conventional CL,

which is a thin porous material (< 15µm thickness) that consists of a heterogeneous

micro/nanostructure in which the ionomer films (4− 10nm thick [72, 73]) serve as a

binder to the carbon particles to form what is known by agglomerates. The catalysts,

usually platinum alloys, are dispersed on the carbon particles. Ionomer and carbon

are paths for protons and electrons, respectively. Pores up to 1µm [74] are produced

in-between the agglomerates and are known as secondary pores. Each agglomerate by

itself is a porous medium that contains mesopores, ⩽ 30nm [75], known as primary

pores. Both the primary and secondary pores are paths for oxygen and water (vapor

or liquid).

The structure of the pores [76] and the pore size distribution [77] are important fac-

tors to determine the fuel cell performance [76, 77]. Different fabrication techniques

are used to achieve better catalyst layer performance [78]. Porosity and thicknesses of

5µm [79] or 7.5µm [80] were found to improve mass transport. Ionomer content can

also affect the structure of the CL, where any increase in the ionomer content reduces
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Figure 4.1: An SEM image of the surface of the CL with a structure
schematic to show a blocked pore, liquid water prevent oxygen reach Cata-
lyst, and an active (opened) pore, where oxygen can reach the catalyst.

the number of secondary pores. Primary pores, however, are found to be indepen-

dent of ionomer content [74]. Increasing ionomer content leads to increased proton

conductivity and decreased oxygen diffusion, while the reverse is true at low ionomer

content [79]. Optimal ionomer content is sought to optimize fuel cell performance

[79, 81–83].

The sulfonic acid group in the ionomer interacts with water and it can retain up

to 15 molecules of water in the bulk [5]; less for thin films of ionomer [4, 84, 85]

when exposed to water vapor. This retention of water in the ionomer thin films

causes swelling [86–88] and that adds complexity to the structure and mass transport.

Several experimental studies have been carried out to investigate effects of RH on CL

performance [30, 71, 89, 90]. Wang et al. [71] experimentally showed that as RH

increased the O2 and H2O transport resistance increased, while the proton transport
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resistance decreased. In addition, as the water is retained by the ionomer films in the

CL a structural change occurs. With the RH cycling, agglomerates detach from each

other causing growth and propagation of cracks that has a significant impact on the

fuel cell performance and durability [30].

Despite these previous studies, the effect of RH on mass transport in a CL is not yet

understood. The experimental studies related to the transport are mostly focused

on the porous transport layer (PTL), also known as the gas diffusion layer (GDL).

This is related to the location of PTL at the flow field which allows a wide area for

clear visualization using many in-situ techniques [91–93]. In addition, a stiff porous

material like PTL with a relatively large thickness of 200−350µm, ex-situ experiments

can be easily achieved [36, 94–98]. CLs are thin, fragile materials that are difficult

to handle without a supporting layer. It is usually coated on the membrane, known

as catalyst coated membrane (CCM) [99]. The CL is concealed between the PTL

and membrane, which limits exploring mass transport with in-situ diagnostics to the

through-plane direction [69]. For in-plane studies, part of the PTL must be removed

[67]. Rotating disk electrode is another technique that is used to study the kinetics of

oxygen reduction reaction [100, 101] and the mass transport of O2 in term of corrected

current density [102].

In this study, gas/liquid transport in the CL is investigated experimentally in terms of

time-dependent percolation pressure and wetted area. The experiments are conducted

in two different types of testing. The initial tests investigated immiscible displacement

in the CL at a range of flow rates when the RH condition remains constant. The

second type of tests investigated in the CL in terms of permeability over a range of

RH conditioning when the injection rate remained constant.
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4.2 Experimental Description

4.2.1 Radial and Uni-directional Flow

Percolation maybe uni-directional (channel) or radial. Uni-directional flow can be in-

plane or through-plane, while the radial flow is limited to the in-plane direction [103].

The CL samples are a thin (a few microns thickness) fragile material that can not

be tested in the through-plane direction. Even for in-plane direction using channel

flow, there are some concerns related to the boundary effect on the fluids flow. In

this study, radial flow with a CL sample compacted between two platens and liquid

injected in the middle was used for percolation testing of catlayst layers.

4.2.2 Percolation Setup

Figure 4.2 shows a schematic for the percolation setup. The sample is placed be-

tween two square platens of Polymethylmethacrylate (PMMA), a transparent mate-

rial that allows visualization of liquid percolation. An air cylinder, Parker model:

TB2MAUVS19, is used to compress the PMMA platens, between which the sample

is sandwiched as shown in Figure 4.2. This is a Hele-Shaw arrangement designed

to assure fluid percolation throughout the pores of the catlayst layer instead of the

sample-platen interface. A stand-alone humidifier was used to bring dry N2 gas to the

required RH, which in turn was passed through the sample prior to the liquid perco-

lation. The condition of the gas N2 is measured using an accurate RH (±0.01%) and
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Figure 4.2: Experimental setup using Hele-Shaw flow to test CL of
PEMFC.

temperature (±0.1 ◦C) sensors, connected to Mega 2560-R3 board compatible with

Arduino. After conditioning the sample with the humidified N2 for several hours, per-

colation testing starts by injecting liquid using a syringe pump, Harvard Apparatus

model 2274. The test liquid is 3M Fluorinert (FC-3283). injection occurs through

2mm diameter hole located in the middle of the bottom PMMA plate.

Percolation testing begins by placing the meniscus of the liquid phase at a distance

from the sample (top-right of Figure 4.2). The gap between the liquid meniscus and

the sample contains gas (air or the conditioned N2). The syringe pump moves the

liquid at a constant rate, then by starts injecting gas at the beginning-of-percolation

(BOPg). The volume of the gas between the meniscus and the sample is sufficient to

percolate through the sample until reaching a steady injection pressure. The pressure

transducers, Omega PX309-V30G10V, record the percolation pressure during testing.

Hamilton three port valve (HV3-2), part number 86728, manages fluid flow from two

sources, the humidifier line and the syringe pump line. A CCD camera, Panasonic

GP-KS125, is used for imaging. The sample image is reflected by a square mirror
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(7.62 cm size) below the sample to the camera. Recorded images are used to estimate

the evolution of the wetted area of the liquid during percolation. To enhance image

contrast, a gooseneck illuminator is projected on the sample area.

4.2.3 Image Processing

The wetted area, A, of the liquid phase is obtained by imaging the sample during

percolation. A reference image of the CL taken before the percolation starts is sub-

tracted from subsequent images. An edge detection algorithm written in Matlab [60]

is used to define the liquid front. A threshold value is applied between the reference

image and other images so the liquid/gas interface is recognized and then the wetted

area is calculated. This process is done for each image to obtain the wetted area,

which is synchronized with the percolation pressure. The wetted area curve was used

to find the liquid beginning-of-percolation (BOPl) and the end-of-percolation (EOPl).

In addition, the wetted area with the percolation pressure were used to identify the

flow regime, estimate effective saturation, and determine the permeability of the CL.

4.3 Samples Specifications

3M provided two samples of CLs that had different ionomers for this study. The

samples properties are shown in Table 5.1, where they are named with respect to

the equivalent weight (EW) as EW825 and EW725. EW825 is a CCM; it only has

a cathode and the other side of the membrane is supported by a PTFE layer. The

second CL (EW725) is printed on a Kapton layer and it does not have dispersed
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Figure 4.3: The cross section for both CL samples. The top image is for
sample EW825, and the bottom one is for EW725. Both CLs are coated with
a 6nm conducting material to avoid charging at the Kapton and PTFE.

platinum particles. The supports for both samples, PTFE and Kapton, are to keep

the samples stiff and flat during testing. The thickness of EW825 and EW725 are

4.5µm and 12.5µm respectively, which are determined using SEM imagingas shown

in Figure 4.3. The total thickness with other layers 90µm and 72µm for EW825 and

EW725, respectively. The EW is different for both samples as well as ionomer-to-

carbon ratio, I/C. EW825 was maintained at a constant RH condition and tested at

different injection rates. EW725 was tested at different RH conditions and a single

injection rate.

Other properties of the CL, such as surface roughness, wettability and water reten-

tion, that could affect percolation pressure were investigated. Surface roughness was
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Table 4.1
Samples specifications.

Sample Pt-Loading
(mg/cm2)

EW I/C Thickness (µ)

EW825 0.19 825 0.9 90
EW725 no Pt 725 0.8 72

measured for both CLs using a laser surface profiler, COBRA model CB1053, at

different RH conditions. Figure 4.4(a) shows no significant changes in the surface

roughness, though, there is a difference between the two CLs. The wettability for

both samples was measured in terms of contact angle using di-ionized water as shown

in Figure 4.4(b). The contact angle is mainly affected by the surface roughness, while

the difference between the two CLs is related to the platinum in EW825.

Water can be retained by ionomer films, which can results in rapid changes to the

(a) Surface Roughness (b) Wettability

Figure 4.4: (a) The surface roughness of the two CLs, EW725 and EW825,
at different RH conditions. (b) The wettability of the CLs EW725 and
EW825 with respect to DI-water and FC-3283.
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structure of the CL [90]. Therefore, water was not used as a working fluid. FC-3283

is used instead because it does not interact with ionomer. Also, FC-3283 is a very

wetting fluid with a contact angle less than 5◦ on the surface of both CLs as shown

in Figure 4.4(b). This allowed probing of the smallest pores in the structure of the

CL to observe any changes when the RH condition changes.

4.4 Sample Conditioning and Testing

The experiments were run in two different types of testing as shown in Table 4.2. The

first one is to explore the percolation of air and FC-3283 when testing at a range of

injection rates. This testing was performed on the EW825 sample. Between test to

test, the CL is maintained at the ambient condition (22 − 25 ◦C, 17 − 20%RH) for

two days to allow the CL to fully dry before the next test. To assure reliable and

consistent results, more than three tests were repeated for each injection rate.

The second test of testing was to explore the RH effect on the permeability of the

CL using humidified N2 and FC-3283 as a working fluids, where the injection rate is

maintained constant. Sample EW725 is used for this set of testing because it does not

include a membrane so that any changes in the CL are only related to the ionomer

films in the CL. Before each test, the sample is conditioned to specific RH, while the

temperature is uncontrolled and remains in the range of 22 − 25 ◦C. The process is

done by injecting humidified N2 for three hours as shown in Figure 4.5.

In both of experiments recorded data included the transient percolation pressure and

the images of the wetted area. The transient pressure data included gas injection (air
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Figure 4.5: Relative humidity of N2 passing through sample EW725 prior
to percolation testing.

or N2) and FC-3283 injection. As the meniscus of the FC-3283-gas (air or N2) reaches

the CL, the BOPl of the FC-3283 starts, which also can be identified by a pressure

jump. The transient wetted area of the FC-3283 is calculated from the captured

images [60, 99]. The EOPl is only specified for FC-3283 when FC-3283-gas reaches

the edge of the sample.

Table 4.2
Conditions of the experimental tests.

Sample
Name

Size cm2 Conditioning
at 22-25 ◦C

Flow Rate
mm3/s

Flow Rate
Effect

EW825 3.81× 3.81

leaving the sample
at the ambient
condition,
(17− 20%RH)

0.525
0.097
0.025
0.0066

RH Effect EW725 6.35× 6.35

5− 7%RH

0.025
25− 27%RH
40− 42%RH
65− 96%RH
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4.5 Effect of Injection Rate on Percolation

Figure 4.6 shows the raw data for each flow rate speed, where the BOPg, BOPl, and

EOPl are indicated. The raw data includes air and FC-3283 percolation pressure,

while the sub-figures are only for air percolation in which the BOPg of all tests

are overlapped. At a high injection rate, 0.525mm3/s, the air percolation pressure

keeps increasing until reaching a plateau, the maximum steady pressure. As the

injection rates decrease, Figure 4.6(b)-4.6(d), the gas maximum pressures decrease

too. When FC-3283 starts invading the CL pores, BOPl, the percolation pressure

increases suddenly in a sharper slope than the gas phase (air) because of the high

viscous effect of the FC-3283, as shown in Figure 4.6. The relationship between the

percolation pressure and the injection rate for FC-3283 is similar to the air , where

the pressure increases as the flow rate increases, while the percolation time decreases.

All the tests for each injection rate are consistent until reaching the EOPl, there is a

slight change that could be related to the sample boundaries. The consistency in the

percolation pressure data provided confidence in the technique.

4.5.1 Liquid Imbibition in The CL

In Figure 4.7(a) and 4.7(b), the liquid percolation pressures and the wetted areas for

one test of each flow rate are combined. Only the data in the range of BOPl-EOPl

are included. Tests at injection rates of 0.025mm3/s and 0.0066mm3/s show some

wicking of the liquid before the sudden jump in the percolation pressure, and that

is why the wetted area does not start from zero. Figure 4.8 shows the detected area
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(a) ∀̇ = 0.525mm3/s (b) ∀̇ = 0.097mm3/s

(c) ∀̇ = 0.025mm3/s (d) ∀̇ = 0.0066mm3/s

Figure 4.6: EW825 tested three to four times for each flow rate, to confirm
data repeatability when the condition is fixed. The main figures include raw
data, gas then liquid percolation pressure, which are shifted to overlap the
BOPl of the repeated tests. The Sub-Figures are the percolation pressure for
the gas. The ambient conditions where the tests are conducted: 22− 25 ◦C
and 17− 20%.
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(a) Percolation Pressure (b) Wetted Area

Figure 4.7: The tests results of EW825 includes the data in the range
of BOPl-EOPl, where (a) is the percolation pressure at different injection
rates, and (b) is the coincided wetted area. The tests condition is 22− 25 ◦C
and 17%− 20% of RH.

‘

of the liquid EW825 at different times until the end of percolation for each injection

rate.

At high injection rates, 0.525mm3/s and 0.097mm3/s, the viscous effect is clearly

dominant throughout the entire percolation pressure, as the pressure keeps increasing

during the entire test, BOPl to the EOPl. This implies that the fluids flow through

the bulk of the pores, and the liquid front takes a shape of circle as shown in Figure

4.8(a) and 4.8(b) with a sharp edges compared to lower injection rates. At the lower

injection rates, specifically 0.0066mm3/s, the percolation pressure of FC-3283 shows

a preferential flow path in which the pressure levels off at low injection rates as shown

in Figure 4.7(a). The captured wetted area is also takes a circular shape, but with

a small fingers at the edges as shown in Figure 4.8(c) and 4.8(d). The wetted area

for the flow rate test 0.0066mm3/s at the EOPl, as shown in Figure 4.7(b), is higher
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(a) ∀̇ = 0.525mm3/s (b) ∀̇ = 0.097mm3/s (c) ∀̇ = 0.025mm3/s (d) ∀̇ = 0.0066mm3/s

Figure 4.8: A detected transient wetted area of EW825 at different injec-
tion rates.

than other flow rates tests, which is unexpected based on imbibition [59].
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4.5.2 Effective Saturation at EOPl

To understand the discrepancy in the wetted area shown in Figure 4.7(b), the effective

saturation for each injection rate is determined with respect to highest flow rate

test, 0.525mm3/s using equation 4.1 and 4.2. Effective saturation is based on two

assumptions, which are, first, assuming no changes in the CL porosity with respect to

flow rate. Second, all the permeable pores during the test 0.525mm3/s are assumed

to be filled with liquid phase in the wetted area calculation.

∀ = ∀̇ × tEOP l (4.1)

se =
(∀/AEOP l)

(∀/AEOP l)max

(4.2)

Here ∀ is the total injected volume, ∀̇ is the injection rate, tEOP l is the percolation time

at the EOPl, AEOP l is the wetted area at the end of percolation, and se is the effective

saturation of the liquid phase. The term (∀/AEOP l) represents the distribution of

liquid volume per unit area at any injection rate. Table 4.3 shows ∀ and se for each

flow rate. At low injection rate, although the captured wetted area is the largest, Low

∀ and se is obtained. This is back to the heterogeneous structure of the CL which

playing a role in the liquid percolation. These calculations assume that FC-3283 is

percolating along the surface roughness of the secondary pores, which is constructed

from the agglomerate and the binder of of the ionomer films [104, 105]. In addition,

the FC-3283 has preferential to flow throughout some pores and leave other pores

50



with the gas phase (N2) trapped. For the high injection rate the liquid phase invades

most of the pores and high saturation observed, though less wetted area is measured.

The calculated se values are marked at the end of the corresponding wetted area

curves as shown in Figure 4.7(b)

The consistent percolation pressures for each injection rate indicate that there is no

significant changes in the structure of the CL [90] when the RH condition remains

constant. This observation was necessary for the next type of testing where changes

are expected in the gas/liquid percolation pressure for the same injection rate when

the CL is conditioned at different RH.

Table 4.3
Liquid saturation calculation at the EOPl for sample EW825.

flow rate, ∀̇
(mm3/s)

0.525 0.097 0.025 0.0066

tEOP l (s) 30 91 154 390
AEOP l (cm2) 7.7 8.24 9.46 9.15
volume,
∀(mm3)

15.75 8.86 3.84 2.57

effective satu-
ration, se (%)

100.0 52.5 20 13.7

4.6 Effect of RH Conditioning on Percolation

EW725 was tested at a constant injection rate of 0.025mm3/s, but different RH

conditioning as shown in Figure 4.5. The results show that increasing RH during the

conditioning process leads to a significant increase in the percolation pressure for both

N2 and FC-3283 phases as shown in Figure 4.9. The increase in percolation pressure

is due to the retained water vapor by ionomer films. Since the CL is confined between
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(a) Percolation Pressure of Humidified N2 (b) Percolation Pressure of FC-3283

Figure 4.9: RH effect on the percolation pressure throughout EW725 for
both, (a) gas (N2) and (b) liquid (FC-3283) at constant injection rate of
0.025mm3/s, but different RH conditions.

platens, any swelling in the ionomer films is at the expense of mean pore size. The

maximum steady pressure of the N2 and the breakthrough pressure (EOPl) of the

FC-3283 at each RH condition are combined in Figure 4.10(a). The results show that

the increase in the percolation pressure is more likely realted to the increase in the

water content (λ) and the hygroexpansion (∆L/L) in the ionomer films [4], which has

the same chemistry of the ionmer in the tested sample (EW725), as shown in Figure

4.10(b).

The data of the FC-3283 in the range of BOPl-EOPl for pressure and the correspond-

ing wetted area are shown in Figure 4.11. For all tests, there is a continuous increase

in the percolation pressure, which means the viscous effect is dominant and FC-3283

percolate through the bulk of the pores. The wetted areas at the EOPl for the tests

of less than 40% RH, as in Figure 4.11(b), show minor variation, while it is higher

for the tests of 96% to 97.5% RH. The tests that are conditioned at high RH, 96 to
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(a) Pressure at EOPl (b) Water Content

Figure 4.10: (a) Maximum Percolation pressure of the gas and the pres-
sure of the liquid at the breakthrough, EOPl. (b) RH effect on the water
content(λ) and the hygroexpansion (∆L/L) of a 15nm thick PFSA EW725
ionomer [4].

97.5%, show unexpected results of a longer percolation time than other tests which

are conditioned at low RH, 5% to 40%, though, in previous testing for a smaller

sample size of 3.81 × 3.81 cm2 the percolation time was less for high RH condition

[90]. High RH conditioning results in smaller mean pore sizes as the ionomer films

swells. For a constant injection rate, less time is expected for the liquid to reach the

EOPl, yet the results of the current study show the opposite. This is likely related

to the sample size, where the resistance to flow increases in the radial direction and

that force the liquid to invade most of the neighbor pores instead of the one in the

radial direction. In addition, the gas-liquid interface length increases in the radial

direction which allows more liquid to evaporate and that could slow down the liquid

to reach the EOPl. The rate of evaporation was measured by flooding EW725 with

FC-3283 and left to evaporate. Figure 4.12 shows the evaporation rate, which can
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(a) Percolation Pressure (b) Wetted Area

Figure 4.11: Liquid percolation through EW725 conditioned at different
RH in the range of BOPl to EOPl. (a) Transient percolation pressure curves.
(b) Corresponding wetted area Curves.

become significant when the liquid front is near the edge of the sample.

4.6.1 Permeability and Relative Humidity

Permeability is a measure of a porous medium to transmit fluid, so it is considered a

dynamic property that is only characterized by conducting a flow experiment. There

are many methods to estimate the permeability, some of them could be used to

measure the permeability of the CL. For example, Washburn method estimates the

permeability based on spontaneous imbibition flow [106]. The Washburn method

is measures effective permeability instead of absolute because the driving force is

capillarity, where many pores that offer low capillary force (imbibition) will be left

filled with the gas phase. Another method to measure the permeability is the steady
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Figure 4.12: Evaporation rate for EW725 conditioned at an RH of 50%
and 22 ◦C. Liquid front retracts into the sample with time.

state method using Darcy equation. The measurement is done at high flow rate

(capillarity is negligible) to enforce fluid invation of all permeable pores until reaching

a steady state.

In this study, Permeability is determined using steady-state condition for radial flow,

equation 4.3,

κr2 =
µ ln(r2/r1) ∀̇
2π h∆P

(4.3)

where h is the thickness of the catalyst layer, which was measured at 12.5µm based on

SEM imaging (see Figure 4.3). κr2 is the radial permeability, which measured when

the percolation pressure reached to a steady state. ∆P is the pressure difference

corresponding to post end-of-percolation (steady), µ is viscosity, and r1 is the radius

of the hole where the liquid injected (1mm). In case of the gas N2, r2 taken as w/2,
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Figure 4.13: The permeability is calculated for sample EW725 based on
post end-of-percolation pressure of gas and liquid.

where w is the sample width. For liquid FC-3283 , r2 estimated based on the wetted

area using the formula r2 =
√
A/π. Permeability is calculated based on the steady

pressure for both gas and liquid. Figure 4.13 shows that the swelling of ionomer films

has a significant impact on flow conductance. As RH increases the radial permeability

decreases.

Percolation pressure at post-end-of-percolation testing when pressures are steady in-

creases linearly with RH at constant volumetric flow rates, as shown in Figure 4.14.

Equation 4.3 is re-organized as:

∆P =
µ ln(r2/r1)∀̇

2πh︸ ︷︷ ︸
constant wrt RH

1

κr2
(4.4)

All terms in equation 4.4 are constant with respect to relative humidity except for the

radial permeability, κr2 . Therefore, since ∆P increases linearly with RH, the inverse
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Figure 4.14: Steady percolation pressure at the post end-of-percolation for
both gas (N2) and liquid (FC-3283) versus RH for sample EW725.

of radial permeability must also linearly increase with increasing RH. Expressing this

as a linear regression,

1

κr2
=

1

κ0

(
a0 + a1RH

)
⇐⇒ κr2 = κ0

(
1

a0 + a1RH

)
(4.5)

where κ0 is a reference permeability. As shown in Figure 4.13, the minimum value of

radial permeability occurs at RH = 1. Therefore,

κ0 = κmin(a0 + a1) = κmax (4.6)

Substituting for κ0,
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1

κr2
=

1

κmin

(
a0 + a1RH

a0 + a1

)
⇐⇒ κr2 = κmin

(
a0 + a1

a0 + a1RH

)
(4.7)

Alternatively,

κr2 = κmin

(
1 + β

1 + β RH

)
(4.8)

where β = a1/a0. There are a variety of options for determining the correlation

constants. One option is to combine parameters for the left-most expression in equa-

tion 4.7 and use linear regression on 1/κr2 . Another option is to perform a non-linear

regression on equation 4.8. Through trial-and-error, the regression with the smallest

error with this set of data is the latter (equation 4.8). Both the linear and non-linear

regressions are shown in Figure 4.15.

N2 (gas) FC-3283 (liquid)

κmin 10.28±0.044 11.17±0.053

β 3.346±0.266 1.65±0.18

κmax 44.68 29.6

The data of λ versus RH was extracted from the work of Shrivastava et al. [4] so there

is some uncertainty in the values, particularly at low values of RH. Normalizing the

extracted data using equation 4.9 results in the linear trend shown in Figure 4.16(a).

(
RH− RHmax

λ− λmax

)
= a0 + a1RH (4.9)

In this process, it is assumed RHmax = 1 and λmax = 7. The latter is a rough estimate
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N2: kmin = 10.28±0.095, b = 3.35±0.068

FC3283: kmin = 11.17±0.053,b = 1.65±0.18

k = kmin*(1+b)/(1+bx)

(b) Nonlinear regression of κr2 .

Figure 4.15: Linear (eq. 4.7) and nonlinear (eq. 4.8) regressions of relative
permeability versus RH.

based on data trends.

The functional form of λ = f(RH) that results in the linear trend shown in Fig-

ure 4.16(a) is:

λ =
RH

b0 + b1RH
+ b3 (4.10)

At RH = 0, λ is presumed to be 0 so that b3 = 0. The relationship between the

a-coefficients in the linear regression (eq. 4.9) and the b-coefficients in the functional

form (eq. 4.10) is:

b1 =
a0a1
a0 + a1

– and – b0 = a0 − b1 (4.11)
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Figure 4.16: λ and RH for PFSA ionomer film at 30 ◦C [4]. (a) Linear
regression of normalized data. (b) λ = f(RH) data and equation 4.10 with
b0 = 1.299 and b1 = −1.158.

linear regression, equation 4.9 functional form, equation 4.10

a0 = 0.1405± 0.0018 b0 = 1.299
a1 = −0.1253± 0.0026 b1 = −1.158
r2 = 0.9997

Figure 4.16(b) is a plot of equation 4.10 using the b-coefficients that is superimposed

on the original data.

A correlation between radial permeability, κr2 and λ can be derived using the corre-

lations for κr2 = f(RH) (equation 4.8) and RH = f(λ) (equation 4.10).

κr2 = κmin (1 + β)

[
1− b1λ

1− (b1 − βb0)λ

]
(4.12)

The resulting expression for N2 is equation 4.13 and FC-3283 is equation 4.14.
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Figure 4.17: Permeability dependency on λ for a catalyst layer with PFSA
ionomer.

κr2 = 44.7

(
1 + 1.16λ

1 + 5.5λ

)
(4.13)

κr2 = 29.6

(
1 + 1.16λ

1 + 3.3λ

)
(4.14)

Figure 4.17 plots these two relationships against the original percolation test data

showing in Figure 4.15(b). There is a sharp decrease in radial permeability at low

values of λ, but κr2 is relatively insensitive for λ > 3. This is in contrast to Figure 4.15

in which there is a continuous decrease in κr2 with increasing RH.
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4.7 Conclusions

A Hele-Shaw setup is adapted to study two-phase flow in a thin porous catalyst

layer. The consistent results of the percolation tests at constant RH condition provide

confidence in the setup and makes a useful tool for testing thin porous materials.

The calculations of effective saturation for the percolation results at constant RH

condition suggest that FC-3283 imbibes along the surface of the pores when the flow

rate is low (capillarity is dominant) leaving most of the pores filled with the gas phase

(high trapped saturation of the gas). As the flow rate increases, FC-3283 invades

most of the pores (minimum trapped gas). These flow regimes are likely related to

the morphology and roughness of the secondary pore surface.

The permeability calculations at constant flow rate, suggests that there is considerable

impacts in the mass transport in the CL as the RH increases. Furthermore, the

derived correlation between the permeability and the water content λ shows that the

considerable impacts to the mass transport occurs at λ < 3, and beyond this value,

there is no significant change in the permeability. In other words, for λ > 3 the mass

transport in the catalyst layer pores is constant.
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Chapter 5

Ionomer Impact on Structure and

Wettability of PEM Fuel Cell

Catalyst Layer

Percolation testing and contact angle measurements have been used to investigate

the role of relative humidity (RH) on structure, mass transport, and wettability of a

PEM fuel cell catalyst layer and membrane. Four samples were tested, two catalyst

layers and two membranes. Structure and mass transport changes in the catalyst

layers resulting from RH changes were studied in terms of percolation pressure. A

clear change in the structure between low and high RH conditioning was observed.

RH cycling also impacted percolation pressures with an indication of catalyst layer

cracking. In addition, RH effect on wettability of both catalyst layers and membranes

were studied by measuring contact angles of sessile drops where the results indicates

a morphological changes.

63



5.1 Introduction

Ionomer in the catalyst layer form nano-scale thin films [73, 107] that often have

the same chemistry as the much thicker electrolyte membranes, though a distinctive

difference in properties such as water uptake and conductivity are observed [4, 108].

The chemical structure of the ionomer consists of hydrophilic sulfonic group clusters

that work as a protonic path, which are connected by a side chain to a hydrophobic

fluorocarbon backbone that keeps the ionomer both mechanically and chemically

stable [31, 109]. Transport properties of the ionomer are affected by hydration [4,

85, 110]. Both thin (7nm [73]) and thick (> 10µm [111, 112]) ionomer films interact

with vapor to alter the orientation of sulfonic acid side chains [31, 32]. This affects

wettability and conductivity in the ionomer films [113, 114].

The ionic domains in the ionomer retains water, where the number of water molecules

per sulfonic acid group can reach up to 8 as in ionomer thin films in the catalyst layer

[4], and 15 in electrolyte membrane [5, 112] when saturated with vapor. Thus, the

pore size distribution of a catalyst layer may be shifted towards a lower average

effective radius as the ionomer swells [29, 88]. This will have an impact on reactant

transport resistances [67, 69, 71]. Cycling the relative humidity of the catalyst layer

results in the absorption/release of water to/from ionomer films, which in turn leads

to structural stresses and potential defect (crack) growth [30].

The ionomer films effects on the structure, flow regimes, and wettability are investi-

gated over a range of RH conditions. The structure and flow regime are studied in

term of percolation pressure, injected fluid wetted area, and perimeter of fluid-fluid
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interface using percolation setup. While the wettability is studied in term of contact

angle (CA) measurements using sessile drop method.

5.2 Percolating Testing

This is a summary of percolation test results detailed in chapter 4. Two catalyst lay-

ers, as in Table 5.1, with equivalent weights (EW) of 725 and 825 (provided by 3M)

were tested over a range of RH conditioning at room temperature (22− 25◦C). Sam-

ples were conditioned at low (9%) and high (92% to 98%) RH for up to three hours.

Pertinent material properties for the catalyst layers are listed in Table 5.2. EW725

and EW825 refer to the catalyst layers with EW of 725 and 825, respectively. The

ionomer-to-carbon (I/C) ratio for EW725 and EW825 are 0.8 and 0.9, respectively,

and EW725 does not include any platinum catalyst.

Table 5.1
Samples specifications.

Sample Pt-Loading
(mg/cm2)

EW I/C

EW725 – 725 0.8
EW825 0.19 825 0.9

Table 5.2
The conditions for each test.

Sample Size (cm2) RH Condi-
tioning

Flow Rate
mm3/s

EW725

3.81× 3.81

9%

0.0066
EW725 95%
EW825 9%
EW825 92%
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5.3 Contact Angle Measurements

Wettability of the catalyst layers EW725 and EW825 as well as electrolyte membranes

with the same chemistry and EW, PEM825 and PEM825, respectively, was measured

using the sessile drop method. Drop profile images were measured using a long work-

ing distance microscope paired with a CCD camera and a uniform backlight as shown

in Figure 5.1. Consistent, accurate, and repeatable drop sizes were deposited using

a precision threaded syringe (Hamilton 1750TPLT) in which one plunger rotation is

equivalent to 5.27µL.

Catalyst layer and membrane samples were conditioned by first drying in a desiccator

for two days. Samples were then placed into a sealed chamber that enclosed the sample

platform. Humidified air flowed through the chamber for a minimum of 60 minutes

before drop deposition to ensure constant humidity conditions. The exception was

CCD 

Camera

1 mm

Microscope 

Syringe  

Projector 

(Light Source)   

Knobs to move the 

sample in three 

directions  

Micro Slide

The output 

image

Sample

Hot plate  

Chamber to 

control RH  

Figure 5.1: Experimental setup of sessile drop method for CA measure-
ments.

66



the 0% RH samples that did not use conditioned air circulation. RH measurements

were the same as for percolation testing (section 4.4). After conditioning, multiple

drops of deionized water were placed on the catalyst layer or membrane surface and

imaged.

Contact angles were determined by fitting a Laplace curve to the drop profile, then

intersecting the curve at the substrate location. The static contact angle is determined

by the value of the Laplace curve at the intersection. For each measurement, a

minimum of three independent images were captured within 5 seconds to minimize

effects of evaporation. The reported contact angle is the average of the three contact

angles and uncertainty is related to the standard deviation.

The rough, heterogeneous surfaces of catalyst layers results in a drop size dependence

of the measured contact angle [115, 116]. Therefore, drop deposition volume was

carefully controlled for consistency with 3.96µL for catalyst layers and 1.32µL for

membranes.

5.4 RH Effect on The CL Structure

Table 2 shows the details of the RH conditioning and percolation flow rate for each

test. Transient percolation pressure changes dramatically with RH conditioning, indi-

cating structural changes in the catalyst layer. Figure 5.2a shows percolation pressure

at low (9%) and high (95%) RH conditioning for EW725. The injection rate of FC-

3283 was 0.0066mm3/s for all tests shown. The percolation pressure curve for EW725

at 9% condition levels off after approximately 2500 s, whereas the 95% test exhibits
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(a) EW725 (b) EW825

Figure 5.2: Percolation pressure at low and high RH conditioning at con-
stant injection rate of 0.0066mm3/s for (a) EW725 and (b) EW825.

a continuous rise at much higher pressures. The difference in percolation pressure is

likely due to ionomer swelling resulting in a smaller average pore size. The result is

an increase in mass transport resistance within the catalyst layer at high RH con-

ditioning. A similar effect is observed in EW825, which had a defect (crack) in the

catalyst layer. The instant FC-3283 encountered this defect is easily detected in the

transient percolation pressure as shown in Figure 5.2b. After the defect, or crack,

fills, then the pressure curves exhibit a similar trend as for the EW725 sample.

Transient percolation pressure data in Figure 5.2a indicates that imbibition changes

with RH conditioning. At 9% conditioning, the pressure curves exhibit a classic cap-

illary fingering response and at 95% the pressure curves exhibit a stable displacement

response [60]. In stable displacement, viscous effects dominate the advancing liquid

front and liquid is invading most, if not all pores. For a fixed flow rate, the injection

pressure continuous to increase as the liquid advances. In capillary fingering, at the
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(a) Percolation Pressure (b) Wetted Area and Perimeter

Figure 5.3: The data include the BOPl until the breakthrough (EOPl).
(a) Transient percolation pressure and (b) scaled wetted area and wetted
perimeter for EW725 at an injection rate of 0.0066mm3/s. The perimeter
of the wetted area, p, is scaled by the perimeter of the catalyst layer sample,
2H + 2L.

liquid-gas interface, fingers form at a constant percolation pressure. The stable dis-

placement and capillary fingering response is reinforced in the imaging data. Figure

5.3a compares the injection pressure for EW725 at high and low RH conditioning

with wetted area and perimeter data for the same tests in Figure 5.3b. The wetted

area follows the same trend and is the same for high and low RH conditioning, which

is expected for a constant rate of injection. The rate that the liquid advanced is not

the same, with the 95% RH test ending earlier than the 9% RH test. A percolation

test ends when liquid reaches the edge of the catalyst layer sample. The wetted area

results are indicative of a smaller average pore size for the high RH sample as com-

pared to the low RH sample. There is less overall void volume in the high RH sample,

so at a constant rate of injection the test will end earlier.

The scaled perimeter (perimeter of the projected wetted area divided by perimeter
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of sample) in Figure 5.3b, like the pressure response, indicates a difference in imbibi-

tion flow regime. A dry catalyst layer, such as the 9% RH sample, has a relatively

large average pore size that more readily facilitates capillary fingering. In contrast,

the relatively smaller average pore size of the wet catalyst layer (95% RH sample),

resulting from the hypothesized ionomer swelling, increases the local viscous stresses

at the advancing liquid-vapor interface resulting in stable displacement.

The hypothesized shift in average pore size due to ionomer swelling in the catalyst

layer is supported by published data on ionomer water uptake. Figure 5.4 shows

the water content, λ, of Nafion for thick membranes [5, 6] and for ultrathin ionomer

films [4] with similar EW as EW725. As RH is increased, more water retained by

hydrophilic sulfonic acid clusters in the ionomer, which results in internal structural

changes. As RH decreases, absorbed water is released. Water uptake and release with

RH is repeatable, but the cyclic effect on catalyst layer structure might not be.

Figure 5.4: RH effect on the water content (λ) in the hydrophilic sul-
fonic acid side chain clusters for thick nafion membrane[5, 6] and ultra-thin
ionomer films [4].
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5.5 RH Effect on Wettability

Sessile drop contact angle measurements were conducted on catalyst layers (EW725

and EW825) and membranes (PEM725 and PEM825) for a range of RH conditioning,

see Figure 5.5. For both catalyst layer and membrane samples the static contact

angle increased then decreased with increasing RH conditioning. The lowest values of

contact angle for the catalyst layers occurs at 0% RH conditioning. This is also where

there is minimal difference between EW725 and EW825, less than 1◦ and within the

measurement uncertainty.

For both catalyst layers, as RH increases from 0%, there is an immediate difference in

static contact angle that can likely be attributed to the dispersed Pt catalyst particles

present in the EW825 sample, as shown in Figure 5.5a, where the maximum static

contact angle that occurs is approximately 50 to 60% RH. As RH is further increased

the static contact angle decreases. The difference in the I/C ratio between the two

catalyst layers does not appear to have any significant effect since the trends are the

same.

Despite good repeatability, changes in static contact angle for the heterogeneous

surfaces of these catalyst layers are difficult to explain. Based on preliminary re-

sults from laser surface profiling there is no measurable change in surface roughness

(0.29µm ± 0.37 for EW725, and 0.75µm ± 0.93 for EW825) with RH conditioning.

Our hypothesis is sulfonic acid side chains become less exposed at the catalyst layer

surface as the ionomer films take up additional water as RH conditioning increases.

For RH conditions above 50% − 60%, morphological alterations associated with the
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(a) Catalyst Layer (b) Membrane

Figure 5.5: Static contact angles on (a) catalyst layer samples and (b)
membranes for range of RH conditioning.

non-linear increase in water uptake, shown in Figure 5.4, a decreases in the catalyst

layer surface hydrophobicity.

Figure 5.5b shows the static contact angle measurements for the membrane samples

PEM725 and PEM825. The static contact angles are approximately 50◦ less than

those on the catalyst layer. This is largely due to the absence of surface roughness on

the membranes so there is no structural component to the contact angle measurement.

There is a slight increase in static contact angle with increased RH conditioning from

0% to 25%. Unlike the catalyst layer samples, static contact angles are relatively

constant with increased RH conditioning. The exception is at the highest RH of 90%

for which an absorbed water film may have begun to form on the membrane surface.

PEM725 exhibits overall larger contact angles as compared to PEM825, which was

unexpected, though this is consistent with the results of water content in the ionomer
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films shown in Figure 5.4. With higher EW there are less sulfonic acid groups (hy-

drophilic part) and less water content [117] [26]. There is a possibility of changes

in the chemical structure orientation in the membrane similar to the observations of

Bass et al. [31].

5.6 Conclusions

Changes in mass transport resistance and wettability of catalyst layers and mem-

branes were studied using macroscopic observations of percolation and contact angle

testing. Percolation pressure and liquid front dynamics for low and high RH condi-

tioning indicate structural changes are occurring in the catalyst layer samples. These

changes are significant enough to alter the imbibition flow regime for the same liquid

injection rates. Static contact angle measurements on the catalyst layer membrane

surfaces also indicate possible morphological changes.
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Chapter 6

Computationally Efficient Model

to Calculate Trapped Saturation in

Porous Materials

The study of immiscible displacement inside porous media has a broad range of ap-

plications such as in oil recovery [13], hydrology [25, 118], and fuel cell technology

[36, 53, 119–121]. During the immiscible displacement, a fraction of fluid can dis-

connect from the bulk volume and become trapped, surrounded by the second fluid,

inside a subset of pores. The dimensionless volume of trapped fluid, defined as the

ratio of the trapped volume to the total pore volume, is called irreducible or residual

saturation depending on whether the trapped phase is wetting or non-wetting to the

pore surface, respectively [122]. The importance and interpretation of these satu-

rations vary from application to application. For example, in the oil industry, the

interest is to recover the trapped oil in the reservoir, known as secondary oil recovery
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[14]. In a fuel cell that operates at 80 ◦C residual saturation of water in the non-

wetting porous transport layer should be minimized to facilitate reactant transport

[18].

In this work, fractional flow theory (FFT) is adapted to study immiscible displace-

ment of two-phase flow in a porous medium. The resulting model accurately predicts

trapped saturation that occurs during imbibition and drainage of incompressible fluids

for any capillary number. It also accurately predicts the fluid-fluid front displacement

and critical capillary number at which trapped saturation begins to decrease. The

unique aspect of this model is incorporation of a scaling factor, suggested by Médici

and Allen [12], that captures the propensity for gas or liquid holdup for any porous

media and fluid pair. The resulting simple, computationally efficient model is val-

idated using experimentally measured saturation in Berea sandstone. The model

accurately predicts trapped saturation and the critical capillary number for brine

displacing oil (incompressible fluids) in Berea sandstone.

6.1 Drainage, Imbibition, and Trapped Saturation

Immiscible fluid displacement is categorized as drainage when the injected fluid is

non-wetting to the pore surface, or imbibition when the injected fluid is wetting

the pore surface [59]. The pore surface wettability causes a force to appear at the

triple contact region between the fluid-fluid-solid interphases which is the capillary

force [22]. The other force that appears during immiscible fluids displacement is

due to the viscous stresses acting at the solid-fluid interphase, known as viscous

force [123]. The relative effect of capillarity to viscous force on an immiscible fluid

75



displacement is captured by the capillary number, Ca = µiui/σ, where µi and ui

are the viscosity and speed of the injected fluid, and σ is the surface tension. An

additional dimensionless number used to characterize immiscible displacement is the

viscosity ratio, M = µi/µd, where µd is the viscosity of the displaced fluid. At high

Ca, the viscous force dominates over the capillary force and the resulting flow patterns

are stable displacement or viscous fingering depending on whetherM is greater or less

than one, respectively. In contrast, at low Ca, the capillary force is dominant which

results in the injected fluid to percolate through a subset of preferential pores that

offer low capillary resistance [59, 60]. This flow pattern is called capillary fingering.

For drainage capillary fingering, the pores that offer the lowest flow resistance are

the largest. This preferential percolation path of the injected fluid can result in a

portion of the displaced fluid to be trapped in the porous medium [124]. A thorough

discussion of phase drainage diagrams has been published by Primkulov et al. [61].

The trapped saturation can occur due to the balance between the buoyant forces

[23] or flow driving force [24]. These are trying to move a fluid while the capillary

pressures resist these movements. Each component of capillary pressure, which are

interfacial tension, pore size, and wettability can affect trapped saturation. For ex-

ample, the trapped saturation of the wetting phase decreases with increasing the

interfacial tension [125], and as the pores become narrower more gas or liquid can

become trapped [23]. As the wettability decreases (uniform increase in the contact

angle) there a minor increase in the trapped saturation is observed [126]. In contrast,

for gas injection at a low flow rate, decreasing the wettability of the displaced liquid

enhances the stability of immiscible invasion of the gas phase and reduces trapped

saturation [127–129]. In addition, trapped saturation is effected by the degree of dis-

order of the pores [130], or the heterogeneity in the pore structure [126]. A porous
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medium with a uniform pore size gradient will suppress capillary fingering pattern to

stable displacement [131].

Experimental studies have investigated the relationship between capillary number and

the resulting trapped saturation. The curve that is used to depict the relationship

between capillary pressure and trapped saturation is called capillary desaturation

curve (CDC) [132–135]. The CDC curve is obtained for different types of porous

media, such as consolidated sandstone. The procedure starts by flooding the sample

with oil, then water [9] or gas [8] is injected. Initially, fluid is at a capillary numbers

less than 10−6 to assure a maximum trapped saturation of oil. Subsequent testing

gradually increases the capillary number to establish the critical capillary number at

which trapped saturation starts decreasing.

In this study, fractional flow theory is adapted to study the immiscible displacement

of two-phase flow in porous media, where both the viscous and capillary effects are

included in the formulation. A unique scaling is used to simplify the capillary term and

the results in model can be used to estimate trapped saturation and study immiscible

displacement of two phase flow in porous media.

6.2 Fractional Flow Theory

FFT model has been applied by many studies [136–140] to simulate the immiscible

displacement in oil reservoir together with the continuity equation (Buckley-Leverett

equation [7]). The model assumes a one-dimensional system with a uniform properties

with two immiscible fluids. The fluids are assumed to be incompressible and each
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phase occupies the volume in a pure state, i.e., there is no volume of mixed fluids

(no dispersion). One more assumption in these studies is that capillary pressure is

neglected. In this study, capillary pressure is considered.

6.2.1 Mass Balance

The starting point for the fractional flow theory is conservation of mass of two im-

miscible fluids in a porous medium, where the two phases are injected and displaced

fluids, indexed with the letters i and d, respectively. Applying a mass balance to the

injected fluid through a control volume (∆x, ∆y, ∆z), and a period of time ∆t for

the case shown in Figure 6.1.

∑
k=x,y,z

∆t(qiρi)k −
∑

k=x,y,z

∆t(qiρi)k+∆k = ∆x∆y∆z ε
(
(si ρi)

t+∆t − (siρi)
t
)

(6.1)

where k indicates the axis coordinate (x,y,z), q is the volumetric flow rate, ρ is the

density, ε is the porosity of the medium, and s is the phase saturation. By assuming

incompressible fluid flow and taking the limits of ∆k → 0 and ∆t → 0, equation 6.1

Injected phase

Displaced phase

𝜃

Figure 6.1: Immiscible displacement in a porous medium.
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becomes:

−∇q′′i = ε
∂si
∂t

(6.2)

where q′′ is flow rate per unit area.

The flow rate fraction for each phase is obtained by dividing phase flow rate to the

total flow rate,

fi,d =
q′′i,d
q′′T

(6.3)

where the total flow rate, q′′T , at any cross section area in the porous media is given

by:

q′′T = q′′i + q′′d (6.4)

Then, equation 6.4 can be written as:

1 = fi + fd (6.5)

Equations 6.4 and 6.5 indicates that the total saturation for both phases is always

equal to one, si + sd = 1 [52]. For confined, 1D flow equations 6.2 and 6.3 can be

written in terms of flow rate fraction of each phase.

−∂fi
∂x

=
ε

q′′T

∂si
∂t

(6.6)

−∂fd
∂x

=
ε

q′′T

∂sd
∂t

(6.7)
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6.2.2 Momentum Balance

The other governing equations are obtained from conservation of momentum, which

results in a general Darcy equation for flow rate of each fluid.

q′′i = − Kri κ

µi

(
dPi

dx
+ ρi g sin θ

)
(6.8)

q′′d = − Krd κ

µd

(
dPd

dx
+ ρd g sin θ

)
(6.9)

Here, Kr is the relative permeability, κ is the absolute permeability, µ is the viscosity,

P is the fluid pressure, g is the gravitational acceleration, and θ is the tilt angle

relative to gravity as indicated in Figure 6.1.

At the immiscible fluid-fluid interface there is a pressure jump due to capillarity. A

force balance is applied to relate the capillary pressure (Pc) with the injected-displaced

fluids pressures.

Pi − Pd + αPc = 0 (6.10)

where α is the direction of the capillary pressure based on the flow regime, imbibition

or drainage. In case of wetting injected fluid (imbibition) the capillary pressure applies

in the same direction of the injected fluid pressure, α = 1; otherwise, the opposite is

right, α = −1, where the flow regime is drainage.

To relate the capillary pressure to the pressures of the injected and displaced fluids

in the Darcy equations (6.8 and 6.9), the derivative is applied to equation 6.10 with
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respect to x-direction,

dPi

dx
− dPd

dx
+ α

dPc

dx
= 0 (6.11)

Here, the wettability of each phase is considered constant throughout the porous

media; i.e., α is constant.

Combining equations 6.3, 6.5 and 6.9 gives:

1 = fi +

[
−Krd κ

µd q′′T

(
dPd

dx
− ρd g sin(θ)

)]
(6.12)

By substituting equation 6.11 into equation 6.12,

1 = fi +

[
−Krd κ

µd q′′T

(
dPi

dx
+ α

dPc

dx
− ρd g sin(θ)

)]
(6.13)

Combining equations 6.8 and 6.13 results in:

fi =
1

1 + Krd

Kri

µi

µd

[
1 + α

Krd κ

µd q′′T

dPc

dx
+
Krd κ

µd q′′T
(ρd − ρi) g sin θ

]
(6.14)

Equation 6.14 is the general form of fractional flow theory. The capillary pressure

and gravitational potentials on the right side of equation 6.14 are scaled by viscous

effects. The solution to equation 6.14 requires knowledge of relative permeability for

both fluid phases and knowledge of the capillary pressure gradient dPc/dx.
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6.3 Viscous Model

The general form of fractional flow, equation 6.14, is often simplified by neglecting

gravitational effects (θ = 0) and capillary effects (α = 0). This simplified version is

referred to as the viscous model.

fi =
1

1 + Krd

Kri

µi

µd

(6.15)

Since relative permeabilities of the injected and displaced fluid, Kri and Krd, are

functions of saturation [2, 3], the fractional flow function, fi, is also a function of

saturation.

Saturation of the injected fluid, si, changes with location (x) and time (t) so that the

derivative is:

dsi =
∂si
∂x

dx+
∂si
∂t
dt (6.16)

The viscous model assumes a constant saturation at the moving fluid-fluid interface

such that dsi|front = 0. Combining equations 6.6 and 6.16 provides an expression for

the speed of the moving fluid-fluid interface.

∫
dx

dt

∣∣∣∣
front

dt =
q′′T
ε

dfi
dsi

∫
dt (6.17)
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Equation 6.17 shows that the front advance speed, dx/dt, depends on the derivative of

fractional flow function with respect to saturation. By integrating, the front location

(x) at any time (t) is obtained.

x =
q′′T
ε

d

dsi

(
1

1 + Krd

Kri

µi

µd

)
∆t (6.18)

Equations 6.15, 6.17, and 6.18 solve for the flow rate fraction, fluid-fluid interface

speed, and interface location, respectively, provided relative permeabilities (Kri, Krd)

are known.

6.3.1 Relative Permeability Correlations

There are numerous correlations for relative permeability in which the working fluids

are water (brine), non-aqueous liquid phase (NALP) (such as oil), and gas. In general,

water is a wetting phase and gas is a non-wetting phase while NALP wettability

depends on the second fluid wettability [3, 10]. This study deals with two flow regimes,

drainage and imbibition. All correlations will be written in terms of the injected fluid

saturation regardless to the wettability.

Brooks and Corey [2] derived a generalized empirical relationship for relative perme-

ability based on a characteristic constant related to the pore-size distribution, ξ.

Kri = se
(2+3ξ)/ξ (6.19)
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Krd = (1− se)
2(1− se

(2+ξ)/ξ) (6.20)

se is the effective saturation which is related to si by equation 6.21:

se =
si − sr
1− sr

(6.21)

where sr is the residual saturation. sr represents the end-point of the relative perme-

ability curves that is estimated using steady state method at high injection rate so as

to eliminate boundary effects due capillary discontinuity [141] and obtain a specific

value of sr [142]. Relative permeabilities are considered independent of fluid-flow rate

[143–145].

A generalized correlation of the relative permeabilities were applicable for three-phase

flow also derived by Parker et al. [3]. These correlations can be reduced to two-phase

flow [3, 58] as:

Kri = s1/2e [1− (1− s1/me )m]2 (6.22)

Krd = (1− se)
1/2(1− si

1/m)2m (6.23)

where the parameter m is restricted to the range 0 < m < 1.

The Brooks-Corey correlations (equations 6.19-6.21) are used to illustrate a typi-

cal dependency between relative permeability and saturation in Figure 6.2. In this
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Figure 6.2: Relative permeabilities and capillary pressure dependence on
saturation based on Brooks-Corey correlations [2] with ξ = 3, sr = 0 and
Pb = 0.125 kPa.

analysis the value of ξ and sr are assumed to be 3 and 0, respectively. However,

the analysis described here are not limited to Brooks-Corey correlations or the as-

sumed values of ξ and sr. For drainage, where the injected fluid is the non-wetting

phase, the correlations are rewritten in terms of the non-wetting phase saturation

with si = 1− sd.

6.3.2 Viscous Model Results and Interpretation

The fractional flow function and its derivative are solved using parameters listed in

Table 6.1 and the Brooks-Corey correlations (equations 6.19 and 6.20) with ξ = 3

and sr = 0. Figure 6.3(b) shows the solution of equation 6.18 where the impossible
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Table 6.1
Parameters values are assumed to apply the fractional flow model.

Constant Value
absolute permeability (κ) 500mDarcy

injected fluid viscosity (µi) 0.01Pa.s
displaced fluid viscosity (µd) 0.01, 0.001, 5.10−5 Pa.s

porosity (ε) 0.3
surface tension (σ) 0.025[N/m]
mean pore size ( r̄) 10µm

∆ρ 100 kg/m3

situation of two saturation at each location is resolved by identifying the saturation

at the front. This is done by drawing a tangent line from the initial condition to the

curve of fi satisfy the slope (dfi/dsi)front in equation 6.24, then (si)front is identified

as shown in Figure 6.3(a) [146]. Another method to define the front location is by

applying a mass balance between areas, ahead of the front (A1, part of it is not shown

in Figure 6.3(b)) and behind the front (A2) [7].
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Figure 6.3: (a) Viscous model and its derivative using the Brooks-Corey
correlation for relative permeabilities with ξ = 3 and sr = 0. (b) The solution
of fluid-fluid interface is calculated using equation 6.18, the Buckley-Leverett
solution [7].
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dfi
dsi

∣∣∣∣
front

=
fi,front − fi,initial
si,front − si,initial

(6.24)

where si,initial = 0 and fi,initial = 0. Both methods, shown in Figure 6.3, compute the

fluid-fluid front saturation as 0.72. Neither method compute the trapped saturation

behind th emoving front has ever been used to.

6.4 Viscous-Capillary Model

Trapped saturation can be calculated by including the capillary pressure gradient.

Neglecting any hydrostatic effects (θ = 0) in equation 6.14 results in the viscous-

capillary model.

fi =
1

1 + Krd

Kri

µi

µd

(
1 + α

Krd κ

µd q′′T

dPc

dx

)
(6.25)

The solution of viscous-capillary model, equation 6.25, requires correlations for rel-

ative permeabilities, Kr,i,j, and the capillary pressure, Pc. Including the non-linear

capillary term in fractional flow function adds more mathematical complexity.

Combining equations 6.6 and 6.25 gives,

∂si
∂t

= −q
′′
T

ε

∂

∂x

(
1

1 + Krd

Kri

µi

µd

(
1 + α

Krd κ

µd q′′T

dPc

dx

))
(6.26)

Equation 6.26 is a parabolic, nonlinear partial differential equation of a second order.

The complexity arises from the capillary term, which has excluded the development
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of exact analytical solutions and is the main cause of the instabilities in numerical

models. A variety of methods have been used to solve equation 6.26, which has been

used to caculate waterflood at low Ca and validate the solutions of numerical models

[58, 147–151]. None of the previous solutions show the possibility to calculate trapped

saturation [8, 9].

The dPc/dx is the spatial derivative of the capillary pressure. It can be estimated

using equation 6.27, which is obtained by combining equation 6.8, 6.9 and 6.11.

α
dPc

dx
=
q′′i µi

Kri κ
− q′′d µd

Krd κ
(6.27)

Equation 6.27, however, is only valid for an arbitrary flow rate ratio of the two phases

and can not be applied to equation 6.25, which considers variable flow rate fractions

for each phase.

Capillary pressure depends upon saturation, surface tension, mean pore size, and

wettability; all of which may vary with position in the porous media. Therefore, the

capillary pressure gradient becomes:

dPc

dx
=
∂Pc

∂si

∂si
∂x

+
∂Pc

∂σ

∂σ

∂x
+
∂Pc

∂r̄

∂r̄

∂x
+
∂Pc

∂α

∂α

∂x
(6.28)

For this study, surface tension (σ), mean pore size (r̄) and wettability (α) are consid-

ered to be constant throughout the porous media. Therefore, dPc/dx can be written

as:
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dPc

dx
=
∂Pc

∂si

∂si
∂x

(6.29)

6.4.1 Capillary Pressure Correlations

Capillary pressure correlations are available in terms of saturation and this is a stan-

dard porous media characterization test. The capillary pressure correlation suggested

by Leverett [52] converts pressure data to a general curve (the interfacial curvature)

which is known as Leverett J-function. The Leverett J-function is used to extrapolate

the capillary pressure data for other porous medium based on two-phase flow and the

porous medium properties [52].

J =
Pc

σ

√
κ

ε
(6.30)

where Leverett J-function is obtained using the regression analysis to the interfacial

curvature and a correlation is developed in term of fluid saturation.

Brooks and Corey [2] developed a correlation for the capillary pressure that depends

on two constants related to the porous medium: ξ and Pb, the bubble point pressure,

as shown in Figure 6.2.

Pc = Pb s
−1/ξ
e ; (6.31)
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Alternatively, Parker et al. [3] developed correlation for the capillary pressure as:

Pc = Pb

(
s−1/m
e − 1

)1−m
(6.32)

Leverett J-function and Brooks-Corey correlation are used in these analyses to illus-

trate Pc = f(si). Other capillary pressure correlations can be used in the fractional

flow function model.

6.4.2 Saturation Gradient

In equation 6.29, dsi/dx is the spatial dependency of saturation, which could be

estimated from combining equation 6.29 and 6.27 to give equation 6.33, but it is also

applied for a constant flow rate ratio [57].

dsi
dx

=

(
q′′i µi

Kri κ
− q′′d µd

Krd κ

)
1

α dPc

dsi

(6.33)

Mamghaderi et al. [152] attempted to resolve ∂Pc/∂si by approximating ∂si/∂x as:

dsi
dx

=

(
dsi
d lnx

)
x=L

1

L
(6.34)

where L is the length of the porous medium. This approximation estimates the

saturation at breakthrough (x = L) where the relationship between si and lnx does
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not change with time. For this study, dsi/dx is the spatial derivative of saturation at

the fluid-fluid interface as opposed to breakthrough.

6.4.3 Scaling the Saturation Gradient and Interpretation

The derivative dsi/dx represents the slope of the discrete change in saturation,

∆si/∆x, which can be approximated as −1/ψ since the maximum change in sat-

uration has a magnitude of one. The minus sign is to show the decrease in saturation

in the flow direction and ψ is length scale that depends on the porous medium and

the two phases properties. This simplification makes equation 6.25 a function of

saturation and solution is easily obtained.

The length scale ψ is equivalent to that determined for transition from capillary

fingering to stable displacement in drainage and imbibition by Médici and Allen [12].

ψ =

(
4

3
πr̄3
)1/3

Su (6.35)

The right side of equation 6.35 includes two parts, a characteristic pore size, 3
√
4πr̄3/3,

where r̄ is the mean pore size, and the Suratman number, Su.

Su =
|ρi − ρd|σ r̄

µ2
i

(6.36)

Here ρ is the density, σ is the surface tension, and µi is the viscosity of the injected
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fluid. The Suratman number is dimensionless and can be thought of as a damping ra-

tio on fluid-fluid front instabilities. Underdamped immiscible displacement have small

viscous effects relative to inertial (∆ρ) and capillary (σ) effects and results in a small

Suratman number. These conditions facilitate fingering instabilities and subsequent

holdup (trapping) of the displaced fluid. A large Suratman number indicates viscous

dominated flow that in the limit results in stable displacement and no trapping of the

displaced phase.

Using this scaling the capillary pressure gradient becomes:

dPc

dx
=

−1

ψ

dPc

dsi
(6.37)

and the viscous-capillary fractional flow function becomes:

fi =
1

1 + Krd

Kri

µi

µd

(
1− Krd κ

µdq′′T

α

ψ

dPc

dsi

)
(6.38)

This scaling of the saturation gradient makes the fractional flow function of the

viscous-capillary model as simple as the viscous model. The same assumption of

a constant saturation at the front, (dsi)|front = 0, can be considered for the viscous-

capillary model subsequently,

x|front =
q′′T∆t

ε

d

dsi

(
1

1 + Krd

Kri

µi

µd

(
1− Krd κ

µd q′′T

α

ψ

dPc

dsi

))
(6.39)
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Non-dimensional front position x∗ = x/L and time t∗ = ∆t q′′T/L, where L is the

length of percolation path results in a simple expression that allows for comparison

for front location under different times and wettabilities.

x∗ =
t∗

ε

d

dsi

(
1

1 + Krd

Kri

µi

µd

(
1− Krd κ

µd q′′T

α

ψ

dPc

dsi

))
(6.40)

6.4.4 Viscous-Capillary Model Results and Interpretation

The results of the fractional flow function for both viscous model (f v
i ) in equation 6.38

and the viscous-capillary model (f vc
i ) in equation 6.15 are shown in Figure 6.4(a) using

the Brooks and Corey [2] correlations. The viscous-capillary model (f vc
i ) is shifted to

the left of the viscous model (f v
i ), due to capillarity. The results of both models are

qualitatively similar to the analytical solution developed by Schmid et al. [150].

To compare the derivative of fractional flow function for viscous model (df v
i /dsi)

in equation 6.15 and viscous-capillary model (df vc
i /dsi) in equation 6.38, the same

flow rate and fluids properties in Table 6.1 are applied. Figure 6.4(b) shows a clear

deviation from the df v
i /dsi due to the capillary term. From the viscous model solution

in equation 6.18, shown in Figure 6.3(b), the term q′′T∆t/ε is constant with respect to

saturation. In other words, the solution to obtain the saturation (si) at any distance

(x) is the result of the term q′′T∆t/ε times dfi/dsi as shown in Figure 6.3(b). This

means that the negative part in the plot of the df vc
i /dsi in Figure 6.4(b) can not be

a solution. Therefore, the negative part indicates the limit of fluid displacement and

is considered trapped saturation, so = 1 − si at dfi/dsi = 0. For this example, the

trapped saturation is so = 0.33.
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Figure 6.4: Comparison between the solutions of the viscous model and
viscous capillary model for (a) fractional flow function and (b) derivative
of fractional flow function. The applied capillary number, viscosity ratio,
mean pore size, Suratman number and the results in length scale are: Ca =
5.6 · 10−5, M = 1, r̄ = 10µm, Su = 0.25 and ψ = 4.03 · 10−6m, respectively.

Figure 6.5(a) shows the fractional flow function solutions versus saturation at different

flow rates for both f v
i and f vc

i . For both imbibition and drainage, as the flow rate

decreases, the solution of f vc
i deviates from f v

i and exceeds the maximum possible

value of 1, which is not physical. At high flow rates where the viscous force is dominant

the two solutions, f v
i and f vc

i , become identical. A similar result can be observed for

the derivative of the fractional flow function, as shown in Figure 6.5(b). At high

flow rate the viscous effect is dominant and both solutions, df v
i /dsi and df

vc
i /dsi, are

identical. The viscous force diminishes at low flow rates, and the capillary term in

equation 6.38 has a dominant effect, which causes the deviation.

The solution of df vc
i /dsi in Figure 6.5(b) is part of equation 6.39, which specifies the

position of the fluid-fluid interface. x in equation 6.39 is the expansion of df vc
i /dsi by

the constant q′′T/ε at any time step ∆t. This means the negative part of df vc
i /dsi also
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Figure 6.5: The results of the viscous-capillary model shows the effect of
capillary numbers on (a) fractional flow function and (b) the derivative. The
applied capillary numbers, viscosity ratio, mean pore size, Suratman number
and the results in length scale are: Ca = 2.58 · 10−5 − 3.25 10−4, M = 1,
r̄ = 10µm, Su = 0.25 and ψ = 4.03 · 10−6m, respectively.

leads to a negative part in the solution of x, which represents an impossible physical

situation that contradicts the boundary condition at the inlet, si = 1. As a conse-

quence, only the positive part of the curve is considered to be of physical relevance.

This condition imposes a limit on the maximum level of the saturation that can be

reached to invade the displaced fluid for a particular flow rate. This limiting value of

the maximum saturation is representative of what is normally referred to as intrinsic

trapped saturation. The intrinsic trapped saturation is the result of the injected fluid

preferential percolation path on pores with the least interface displacement resistance.

This preferential percolation path leaves some of the high interface resistance pores

filled with the displaced fluid. Since the interface displacement resistance depends on

the local interface velocity, the intrinsic trapped saturation depends on the capillary
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number. At a low capillary number this displaced fluid remains trapped. Increas-

ing the capillary number causes increasing effects resulting in a reduced volume of

displaced fluid left trapped.

The intrinsic trapped saturations are calculated based on Figure 6.5(b). To obtain

the capillary desaturation curve, CDC, the trapped saturations values (so) are gath-

ered with the correspondence capillary numbers (Ca) as shown in Figure 6.6(a). The

maximum intrinsic trapped saturation of the displaced phase, so, occurs at low capil-

lary numbers (less than 10−6). As the Ca increases, the injected fluid starts invading

some of the pores still filled with the displaced fluid phase, reducing the intrinsic

trapped saturation. The capillary number at which an increase in the flow rate starts

decreasing the intrinsic trapped saturation is known as the critical capillary num-

ber. Once the critical capillary number is reached, any increase in the flow rate will

result in a decrease of the intrinsic trapped saturation. The difference in intrinsic

trapped saturations between imbibition and drainage for the same value of M is due

to switching the correlations in the governing equations based on the injected and

displaced fluids. This changes the mobility term (Kr/µ) in fractional flow function.

Although the capillary hysteresis has an effect, it is not considered in these correla-

tions for simplicity. In addition, the model shows the maximum trapped saturation

at a different viscosity ratios, M . An increase inM , decreases the maximum intrinsic

trapped saturation as shown in Figure 6.6(a).

There have been many studies that investigated trapped saturations experimentally

[8, 9, 124]. Trapped saturation in sandstone for oil and gas with respect to the

injected-displaced fluids pairs: brine-oil, brine-gas, and oil-gas are shown in Figure

6.6(b), where the same trend of the experimental data [8, 9] is predicted by the
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Figure 6.6: (a) Intrinsic trapped saturations predicted by the viscous-
capillary model for drainage (α = −1) and imbibition (α = 1) at a different
viscosity ratios (M) and capillary numbers (Ca). The applied mean pore
size, Suratman number and the results in length scale are: r̄ = 10µm,
Su = 0.25 and ψ = 4.03 · 10−6m, respectively.(b) The trapped saturations
are estimated experimentally for many sandstones, at a range of Ca and M
[8, 9].

viscous-capillary model. For the trapped saturations of the gas phase, the critical

capillary number is not clear due to the compressibility of the gas during injection,

or the dissolvability in the injected liquid phase, which is brine [8]. The FFT model

assumes that the fluids are incompressible.

Equation 6.40 is solved for both viscous model (α = 0) and viscous-capillary model

(α = ±1) as shown in Figure 6.7. The transient fluid-fluid interface profile is cal-

culated for a fixed capillary number of Ca = 10−5 at different dimensionless times.

The physical mechanism that originates the intrinsic trapped saturations is also re-

sponsible for the increase in the value of the immiscible fluid-fluid front displacement

for both flow regimes, imbibition (as shown in Figure 6.7(a)) and drainage (as shown
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Figure 6.7: The transient interfaces of the immiscible fluids are calculated
at different dimensionless times. The solution based on Leveret J-function for
capillary pressure (equations 2.18 and 6.30) and Brooks-Corey correlations
(equations 6.19 and 6.20) for relative permeabilities. The applied capillary
number and viscosity ratio are Ca = 1 · 10−6 and M = 1, respectively. (a)
Wetting injected fluid, (b) Non-wetting injected fluid. Red lines indicate the
viscous model, and blue lines indicate the viscous-capillary model predic-
tions.

in Figure 6.7(b). For the same amount of injected fluid volume, in case of viscous-

capillary model (α = ±1), the front displacement will reach further into the porous

medium when compared to the viscous model solution (α = 0). Therefore, these

simulations show the dominant effect of the capillary forces at low capillary number

which have not been captured by previous models.

6.4.5 Validation of the Viscous-Capillary Model

The residual saturations of Berea sandstone have been reported for both oil and

gas for which brine is the injected fluid [8]. Relative permeability and capillary
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pressure in terms of fluid saturation have also been reported for Berea sandstone

[10, 11]. The data from these publications were extracted from the published figures

using Grabit™2016 (The Mathworks, Inc). Regression analyses were completed on

the extracted to obtain correlations of relative permeabilities and capillary pressure

as shown in Figure 6.8 and Figure 6.9, respectively. The regression coefficients are

listed in Table 6.2. There is some uncertainty when extracting the data from figures.

However, it does not affect the reliability of the correlations. Correlations for capillary

pressure are adapted from [2] and relative permeabilities are adapted from [1].

Pc = Pb s
−1/mid

e,id ; (6.41)

Kri = s2i se,i
mi (6.42)

Krd = (1− se,d)
md (6.43)

where se,id, se,i and se,d are giving by the following relations:

se,id =
si − 0.15

1− 0.15
(6.44)

se,i =
si − srd
1− sri

(6.45)

se,d =
si − sri

1− sri − srd
(6.46)

The parameters related to the porous medium are the mean pore size (r̄), the porosity

(ε) and absolute permeability (κ). The parameters related to fluid properties are

viscosities of the injected (µi) and displaced (µd) fluids, densities of the injected (ρi)

and displaced (ρd) fluids, and the surface tension (σ). Properties not available in Ding

et al. [8] were obtained from Bera et al. [153], Shi et al. [154] for the same sandstone
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and fluid pairs as shown in Table 6.2.
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Figure 6.8: Experimental data of the relative permeabilities for brine-gas
(a) and bine-oil (b) conducted on Berea sandstone [10]. The dashed lines are
the fitting curves of the relative permeability correlations.

Data from Ding et al. [8] of intrinsic trapped saturation, so for brine displacing air

in Berea sandstone are shown in Figure 6.10(a). The maximum intrinsic trapped

saturation of air (displaced fluid) is 0.244 which occurs at a capillary number of

1.63 · 10−9. When Ca = 3.5 · 10−5, the intrinsic trapped saturation of air is reduced

to 0.025. Despite air being compressible, the viscous-capillary model predicts these

limits remarkably well. Brine displacing air at room temperature has a Suratman

number of Su = 492.15 which in Berea sandstone results in a saturation length scale

of ψ = 5.33 · 10−3m. The corresponding gradient in the capillary pressure expansion

is ds/dx = −1.87 · 102m−1.

Intrinsic trapped saturation data for oil in brine displacing oil in Berea sandstone [8]

are shown in Figure 6.10(b). The viscous-capillary model matches the overall intrinsic
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Figure 6.9: Experimental data of the capillary pressure conducted on Berea
sandstone [11]. The dashed lines are the fitting curves of the capillary pres-
sure correlations.

trapped saturation trend by Ding et al. [8] using the correlations shown in Figures

6.8(b) and 6.9. The viscous-capillary model accurately predicted the maximum in-

trinsic trapped saturation of oil (so = 0.497), which occurs at a capillary number of

4 · 10−9. The critical capillary number of Ca = 8.1 · 10−6 is also captured. Even

the gradual and then rapid decrease in the intrinsic trapped saturation after reaching

critical capillary number are same. The Suratman number, Su = 46.96, results in a

length scale of ψ = 5.08 · 10−4m, where the corresponding gradient in the capillary

pressure expansion is ds/dx = −1.96 · 103m−1.

There is an increase in maximum trapped saturation of oil as compared to air due

to many factors but this is due to decrease in the viscosity of the displaced fluid

which reduces the viscosity ratio from M = 55.9 to M = 0.139. The Suratman
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Table 6.2
Constants and correlation coefficients for viscous-capillary model.

Constant brine displacing air brine displacing oil
κ (mD) 400 [8] 400 [8]

µi,b (mPa.s) 1 [8] 1 [8]
µd,g (mPa.s) 0.017 −−−
µd,o (mPa.s) −−− 7.2 [8]

ε 24.01% [8] 24.01% [8]
σ (mN/m) 72.53 [8] 35 [153]
ρi,b (kg/m

3) 1010.9 [8] 1010.9 [8]
ρd,g (kg/m

3) 1.16 −−−
ρd,o (kg/m

3) −−− 811.2 [8]
r̄ (µm) 6.72 [154] 6.72 [154]
Su 492.15 46.96

ψ (m) 5.33 · 10−3 5.08 · 10−4

srb 0.285 0.285
srg 0 −−−
sro −−− 0.225
mbg 0.5 −−−
mbo −−− 0.473
mb 2.3 2.3
mg 3.37 −−−
mo −−− 1.9

number is an order of magnitude larger for brine displacing air, compared to brine

displacing oil. This means the dynamics at the interface are more stable for brine-air

than brine-oil. In other words, the displacement is more stable and that leads to

less maximum trapped saturation. The same explanation can be used to clarify the

minimum intrinsic trapped saturation for both air and oil show in Figure 6.10(a).

6.5 Conclusions

A unique length scale is used to simplify the capillary term in the fractional flow

theory model. The simplification makes the viscous-capillary model as simple as the

102



10-8 10-6 10-4

Ca

0

0.04

0.08

0.12

0.16

0.2

0.24

0.28

 s
o

Ding et al. (2007)
Viscous-Capillary Model

(a) Brine-Air

10-8 10-6 10-4

Ca

0.38

0.4

0.42

0.44

0.46

0.48

0.5

0.52

 s
o

Ding et al. (2007)
Viscous-Capillary Model

(b) Brine-Oil

Figure 6.10: The predicted trapped saturation by viscous-capillary model
for (a) air and (b) oil compared to the experimental data by Ding et al. [8].

viscous model. The uniqueness of the results in model arises from the capability to

estimate trapped saturation accurately at any capillary number and viscosity ratio.

Furthermore, the model can be used to evaluate other models that ignore the capillary

effect, like the viscous model, or to validate the numerical models.
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Chapter 7

Conclusion and Recommendations

Experimental and theoretical methods were used to study the immiscible displacement

of two-phase flow in porous media. In the experimental part, a Hele-Shaw setup is

adapted to study liquid FC-3283 and air percolation in porous catalyst layers of PEM

fuel cell. The irregular structure of a catalyst layer, which is designed to facilitate

reactant transport to catalyst sites, has roughness at the pores surfaces as observed by

SEM and TEM that affects mass transport. At a fixed RH condition, when flow rates

are low the liquid percolates along the surface roughness of the pores leaving most of

the pores filled with the gas phase (high trapped saturation of the gas). As the flow

rate increases, FC-3283 flows through the bulk of the pores, where most of the pores

are invaded (minimum trapped gas). These two flow regimes, flow along the surface

roughness or through the bulk of the pores are related to whether capillary or viscous

effects are dominated on the flow behavior. Catalyst layer conductance relative to

mass transport was measured in terms of permeability at different RH conditions

and fixed flow rate. The permeability decreases as RH increases due to ionomer
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swelling. A correlation of permeability relationship to water content has been derived

and it indicates that low ionomer water content (λ < 3) significantly improves mass

transport through the pores of the catalyst layer. Above λ = 3 there is little change in

permeability, which remains at the minimum value. Percolation pressure and liquid

front dynamics for low and high RH conditioning indicate structural changes are

occurring in the catalyst layer. These changes are significant enough to alter the

imbibition flow regime for the same liquid injection rates. Static contact angle was

also measured at different RH conditions. The measurements on the catalyst layers

and membranes surfaces indicate possible morphological changes.

The theoretical study adapted fractional flow theory to calculate trapped saturation

of a displaced fluid in a porous media. Both viscous and capillary effects are included

in the formulation. A unique length scale, based on the Suratman number and char-

acteristic pore size, enabled the viscous-capillary formulation to easily solved and

validated against published test data. The uniqueness of the results in this model

come from the ability to calculate trapped saturation accurately at any capillary num-

ber and viscosity ratio and, therefore, can be used to obtain capillary desaturation

curves with the minimal inputs and computational cost.

Scholarly contributions from this work are summarized below:

1. An ex-situ technique to characterize reactant transport in fuel cell catalyst

layers has been developed. This technique, based on a Hele-Shaw configuration,

provides repeatable results for gas and liquid permeability in extremely thin

(< 15µm) porous materials.

2. This technique was used to study how relative humidity affects mass/reactant
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transport in fuel cell catalyst layers. The results indicate that there is a critical

value of RH (≈ 50%) corresponding to a critical ionomer water content (λ ≈ 3)

above which mass transport resistance is at a maximum value.

3. A computationally efficient model for immiscible displacement has been devel-

oped that can, for the first time, accurately calculate trapped saturation for any

porous media. This model is based on fractional flow theory and integrates a

unique length scale to capture the saturation gradient at the moving fluid-fluid

front. The length scale incorporates the Suratman number, which characterizes

the degree of damping of interface instabilities that lead to trapped saturation.

7.1 Recommendations

The efforts presented herein can be extended. The following is a list of tasks that can

be further pursued:

1. Use the Hele-Shaw technique to develop a new transient method to estimate

relative permeability for two-phase flow in thin porous material. The method

depends on the transient percolation pressure and the correspondence wetted

area. This method can be also used to create relative permeability curves in low

gravity conditions, where there is no need for weighing the sample to determine

saturation.

2. The percolation analysis in this study is related to two types of catalyst layers.

The ionomer to carbon ratio (I/C) and the equivalent weight (EW) could affect

the mass transport. This technique can be used to study a wider range of a
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catalyst layer structure, morphology and chemistry.

3. The fractional flow model could be extended to study immiscible displacement

in porous media other than sandstone. Applications include the following:

(a) product water drainage and holdup porous transport layers, microporous

layers, and catalyst layers of PEM fuel cells at various temperatures and

relative humidity, and

(b) liquid holdup in packed bed reactors in normal and low-gravity environ-

ments. There is a lack of predictive capability with existing computational

models and tools that prevents robust design of packed bed reactors for

space applications.
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