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Transients in Polymer Electrolyte Membrane (PEM) Fuel Cells

Atul Verma

Abstract

The need for energy efficient, clean and quiet, energy conversion devices for mobile and
stationary applications has presented proton exchange membrane (PEM) fuel cells as a potential
energy source. The use of PEM fuel cells for automotive and other transient applications, where
there are rapid changes in load, presents a need for better understanding of transient behavior.
In particular at low humidity operations; one of the factors critical to the performance and
durability of fuel cell systems is water transport in various fuel cell layers, including water
absorption in membrane. An essential aspect to optimization of transient behavior of fuel cells
is a fundamental understanding of response of fuel cell system to dynamic changes in load and
operating parameters. This forms the first objective of the dissertation. An insight in to the time
scales associated with various transport phenomena will be discussed in detail. In the second
component on the study, the effects of membrane properties on the dynamic behavior of the
fuel cells are analyzed with focus on membrane dry-out for low humidity operations. The
mechanical behavior of the membrane is directly related to the changes in humidity levels in
membrane and is explored as a part third objective of the dissertation. Numerical studies
addressing this objective will be presented. Finally, porous media undergoing physical
deposition (or erosion) are common in many applications, including electrochemical systems
such as fuel cells (for example, electrodes, catalyst layers, etc.) and batteries. The transport
properties of these porous media are a function of the deposition and the change in the porous
structures with time. A dynamic fractal model is introduced to describe such structures
undergoing deposition and, in turn, to evaluate the changes in their physical properties as a

function of the deposition.
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Chapter 1: Introduction

This dissertation explores fundamental understanding of transients of PEM fuel cells,
specifically the performance and mechanical behavior (durability) at low humidity conditions.
At first we explain the functioning of a PEM fuel cell in brief followed by a description of

challenges to be addressed in subsequent chapters.

I l— Load —Il
e e’

Anode Current Collector
Anode GDL

Anode Catalyst Layer
Membrane

Cathode Catalyst
Cathode GDL

Cathode Current Collector

S0 ot B GORO =

Carbon Support
Particle

O,

Carbon Cloth

Nafion Water

Solution Hydrophobic

Agent (PTFE) H,0
Figure 1: Cross-sectional schematic of PEM Fuel Cell
A PEM fuel cell is composed of membrane electrode assembly (MEA), covered by porous
gas diffusion layer (GDL) on either side, followed by gas channels which are grooved in
serpentine or interdigitated way in to the bipolar plates. Humidified hydrogen (H:) and oxygen
(O2) or air is transported, through anode and cathode flow channels and diffusion layers

respectively, to react at catalyst layers. A membrane, normally made of Nafion (DuPont),

1



separates the reactant gases and conducts proton. Fuel cell performance is critically related to
the membrane hydration as it affects the proton conductivity through membrane, with higher
water content (number of water molecules per sulfonic acid group) in the membrane leading to
higher conductivity. Too much water can flood electrodes, blocking the reacting sites to the
reactant gases, whereas electro-osmotic drag or low humidity operation can cause membrane
dryout. Hence water management is critical to fuel cell performance. Under low- humidity
operations, suitable for automotive applications, electro-osmotic drag, back-water diffusion and
rate of water supply or removal through humidified reactants interact in complex way over
different time scales to affect the transient behavior of PEM fuel cells.

Due to major improvements in catalyst loading and membrane technology, PEM fuel cells
have seen increased usage in various applications. A further reduction in cost can be achieved
through better design, improved performance, and improved durability of the fuel cells. This
objective has generated lot of interest for research in control and optimization of transport and
electrochemical processes of fuel cells. While most of the research has been focused on steady-
state operation, the use of PEM fuel cells for applications with rapid changes in load (e.g.
automotive), presents a need for better understanding of transient behavior. The first part,
Chapter 2, presents an insight in to the transient operation of PEM fuel cells focusing on the
time scales associated with various transport phenomena. A detailed, model-based parametric
study is carried out to analyze the effects of operating conditions on the time taken for a single
cell system to reach steady state. Based on the studies, design windows are presented that limit
the time taken to reach steady state to a desired value. Optimum parameter combinations that
minimize the transient time are also identified from the studies. In addition, Chapter 3, the
effects of changes in operating parameters on the power density are presented and are
optimized with an objective to match the power requirements for US06 drive cycle. The intent is
to explore the operation of fuel cells, if they were to run dry that is with minimal auxiliary
systems required to humidify the feed streams which might be different from mode of current
operation in various applications.

In the second part, Chapter 4, numerical simulations for a single channel PEM fuel cell
undergoing changes in load, were carried out by subjecting the unit cell to step change in
current were carried out with the goal of understanding the effects of membrane properties on

the dynamic behavior. The complex interaction between cell voltage response and water



transport dynamics for various membrane properties is explored in detail, where the
performance is critically related to the water content of the membrane. Detailed computational
fluid dynamics (CFD) simulations are carried out to show that step increase in current density
leads to anode dryout due to electro-osmotic drag, and to investigate the dependence of
transient behavior on the variations in membrane properties. The results show that water
uptake by the membrane is a crucial factor in determining the occurrence of anode dryout and
hence voltage reversal, and can be avoided by improvement in design of membranes studied. In
addition the effects of interfacial mass transfer on the fuel cell transients are also presented.

One of the major barriers for polymer electrolyte membrane (PEM) fuel cells to be
commercially viable for stationary and transportation applications is the durability of
membranes undergoing chemical and mechanical degradation over the period of operation.
Toward understanding the effects of operating parameters on membrane durability, the third
part (Chapters 5 and 6) of the research presents numerical simulations for a single channel PEM
fuel cell undergoing changes in load, by subjecting a unit cell to step changes in voltage. The
objective is to elucidate the mechanical response of membrane, which is subjected to hygral
(water) loading and unloading cycles at constant temperature. Detailed three-dimensional (3D)
computational fluid dynamics (CFD) simulations are conducted, taking in to account the
complex interactions of water transport dynamics and load changes, to accurately capture the
water content in the membrane with changes in cell voltage. The water content obtained
through CFD simulations is, in turn, used to carry out a two-dimensional (2D) finite element
(FE) analysis to predict the mechanical response of the membrane undergoing cyclic change in
water content, as the operating voltage is cycled. The effects of cyclic changes in cell potential
on the stresses induced, amount of plastic strain and its localization are analyzed for various
inlet cathode humidity values for two sections along the length of the fuel cell.

The porous layers in fuel cell over the time period of operation is subjected to changes
owing to deposition (fouling) and erosion in certain cases. The above processes lead to change
in porous structure and needs to be accounted for in the modeling. In this part of work we
develop and present a dynamic fractal model to describe the changes in porous structure as a
function of saturation. The model is then used to predict the changes in diffusivity for different
levels of saturation. A review on the current state of research and the relevance to the challenges

explored is presented in the corresponding chapters.



Chapter 2: Effects of Operating Parameters on the Transient Response of Proton Exchange

Membrane Fuel cells Subject to Load Changes

This chapter presents an insight into the transient operation of PEM fuel cells focusing on
the time scales associated with various transport phenomena. A detailed model-based
parametric study is conducted to analyze the effects of operating conditions on the time taken
by the single cell system to reach steady state. Based on the studies, design windows are
presented that limit the time taken to reach steady state to a desired value. Optimum parameter
combinations that minimize the transient time are also identified from the studies. In addition
the effects of changes in operating parameters on the power density are presented and are

optimized with an objective to match the power requirements for US06 drive cycle.

2.1 Introduction

Under low-humidity operations, suitable for automotive applications, electro-osmotic drag,
back-water diffusion and rate of water supply or removal through humidified reactants interact
in complex ways to affect the transient behavior of PEM fuel cells presenting different time
scales. Operating conditions play an important role in determining the membrane water content
and thus the time taken for a system to reach steady state for given load changes. For rapid
changes, the time taken to reach steady state can be minimized or can be limited to a certain
desirable value by designing operating windows.

Several experimental and numerical studies have been carried out in the literature to
understand the performance and water management in PEM fuel cells [3-13]. The previous
studies mainly dealt with steady state operation. Due to the transient operation of fuel cells in
various applications it is critical to study the dynamic behavior. Transient behavior of fuel cells
has been studied by several researchers. Amphlett et al. [14] developed a lumped-parameter
based thermal model to predict the transient response. Their analytical model was based on
unsteady thermal model with steady-state electrochemical process. Pathapati et al. [15] and Xie
et al. [16] developed simplified system level models for their transient study. Ceraolo [17] used
a simplified one dimensional model to study the dynamic behavior, considering only the
cathode side. These models were simplified and lacked detailed representation of complex
interactions during transient operations. A detailed two-dimensional computational fluid

dynamics (CFD) model by Um et al. [4] studied briefly the transient response for fully hydrated



membrane, thus capturing the transients of gas transport. A more complete model was
developed by Wang et al. [18,19], extending the model used in Refs. [4,6,7] to include the effects
of water accumulation and electrochemical double layer discharge. The transient model
explored the dynamic behavior for step change in humidity and voltage, emphasizing the
different time scales characteristic to transport and electrochemical process. Transient 3D
simulations were conducted by Shimpalee et al. [20]. The results showed the occurrence of
overshoot in current density for a given change in the electrical load. Zou et al. [21] numerically
examined the effect of channel width fraction, porosity of the gas diffusion layer, pressure drop
and the surface over-potential of the catalyst layer on the dynamic performance by modeling
only the cathode side of fuel cell. Peng et al. [22] used 3D single-phase and non-isothermal
numerical model to investigate the effect of stoichiometric flow rates on the overshoot and
undershoot of the current density. Qu et al. [23] examined the effects of air stoichiometry on the
dynamic behavior and suggested ways to limit undershoot. Shah et al. [24] proposed a one-
dimensional transient non-isothermal model to investigate fuel cell transients. Dokkar et al. [25]
used a single-phase 3D model to analyze the effects of pressure on oxygen concentration and
water removal. Cho et al. [26] focused on the effects of micro-porous GDL architectures on the
transient response of PEM fuel cells. Gomez et al. [27] examined the effect of anode and cathode
inlet conditions on the stack performance using a transient two-phase model. A comprehensive
review of recent developments in multi-scale modeling techniques with focus on transport
phenomena, transient response behavior and cold start process can be found in the paper by
Song et al. [28]. Although the primary focus of the current article is underline the transients for
dry operating conditions where the flow is mostly single phase a comprehensive review of
modeling detail for two phase flows and the flow behavior in GDL's can be found in Refs. [29-
34].

This chapter presents a model based study of transient behavior of PEM fuel cells, over
different operating parameters for dry feed given specified load changes, with the objective of
elucidating the effects of operating parameters on fuel cell transients, water content in
membrane and determining operating conditions to limit the fuel cell transients to a desired
value. Numerical models reported in the literature [18,19] and used in our recent study [36] to
clucidate the effect of membrane properties on transients, are used to study the effects of
pressure, relative humidity and stoichiometric flow rates on the anode and cathode sides on the

water content in the membrane and time taken to reach steady state for step change in voltages.



While the work by Wang and Wang [18] clucidated the membrane hydration/ dehydration
behavior for a step change in inlet humidity values at cathode and thus the time scales
associated with the process, the effects of operating conditions on the hydration and
dehydration process for specified load changes, encountered in practical applications, and their
optimization has not been reported in earlier studies and forms the primary focus of the present
work. Design windows on operating parameters are constructed to limit the transients to a
desired value and the optimum values are identified within the design windows. The primary
contribution of the article is not on new numerical modeling, but instead on the use of available

models to obtain design insights into the transient behavior of PEM fuel cells.

2.2 Mathematical Model
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Figure 2.1: Schematic illustration of a PEM fuel cell
Figure 1 shows a schematic of a two-dimensional section of a PEM fuel cell. Gas channels,
gas diffusion layers and catalyst layers on the anode and cathode side separated by a selectively
permeable membrane forms seven different regions for this study. A comprehensive two-
dimensional, single phase, transient, isothermal model based on studies reported in the
literature [1,5,7,18,19,35] is used to simulate the fuel cell dynamics. The model takes into

consideration important transient processes such as gas transport, water accumulation and
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electrochemical double layer discharge. The plane formed by axes across the membrane and
along the channel for a single channel forms the computational domain for this study.
The dynamics of fuel cell behavior is governed by the conservation equations of continuity,

momentum and species, are as follows [5, 18]:

V.i=0 (1)
1[ou 1 —— _ D
- E+;V (uu)] =-V. (;) +V.T+Su (2)
eZE 1 V.(iCy) = V. (DI VC) + Sk 3)

where U is the superficial velocity vector or volume averaged velocity, €, the porosity of the
porous media, is unity in gas channels, and the source term S, incorporates the effect of porous
media on flow and is expressed in Table 1. A constant density is assumed with no mass source
terms, following the assumptions justified in Ref. [18]. Further, C, represents the molar
concentration of species k namely H,, O, and H,O, and the effective porosity D;ff is given by
[36]:

DT = el Dy (4)
in which, Dy, the diffusivity of each species, can be expressed as a function of temperature T

and pressure p by the relationship [18]:

T\ (1
Di = Direr (555) 5 5)
Eq. (3) is used to describe water transport in the MEA by expressing ¢ as:

acin pm RT dA
E=¢gptep———— =t eEm—— —
g9 = "M gqc, g9 = "M Egw psat da

(6)
where p,, is the density of the dry membrane, subscripts g and m represents gas and membrane
phase, R is the gas constant and EW is the equivalent weight of the dry membrane, taken to be
1.1 kg/ mol. The membrane water content, A, can be calculated from [37]:

0.043 + 17.81a — 39.85a% + 36.0 a® 0<ac<1
A=4 14+14(a—-1) 1<ac<3 (7
16.8 3<a

sat

with the water activity, a, and the saturation pressure for water, p°?*, expressed as:

CwRT
= psat (8)

log,opS® = —2.1794 + 0.022953(T — 273.15) — 9.1837 x 1075(T — 273.15)?
+1.4454 x 1077 (T — 273.15)3

Coupled with the governing equations, Eqgs. (1)—(3), the charge transport equation governs

©

the voltage and current density of the fuel cell and is given by:



V(o Vp) + S =0; i=sm (10)
where subscripts s and m represent the solid and membrane phase respectively, ¢;is the i-phase
potential, aieffrepresents effective charge conductivity for i-th phase. Since the time constant for
electrochemical double layer discharging is order of micro- to milli-seconds, the transient term
in Eq. (10) may be neglected for the present study. This treatment leads to instantaneous change
in current density given a change in ¢s. The EDL (usually of nm thickness) is not modeled
separately but is a part of the MEA, which is accounted for in the continuum modeling. As
mentioned previously, the mathematical model in this study is based on the work of Wang and
Wang [18], in which they clearly discuss the above assumption. The source term S, is function of
transfer current density (j) in catalyst layers and is expressed in Table 1. The current generation
in catalyst layers is governed by Butler-Volmer equation, which when simplified can be

expressed as:

. . C atac
ja=Ja"! <Cf;f> ) (11)
Hy
and
o c oF
je=Je! <—Cfﬁf> exp (“7) (12)
02

In the above equations subscripts a and ¢ denote anode and cathode, respectively, j is the
reference volumetric exchange current density, « is the transfer coefficient, Cy, and Cp,are the
molar concentration of H, and O,, respectively, F' is the Faraday constant, and 7 is the surface
over-potential given by:

N=¢s— Gm— Vies (13)
where Vyr is 0 at the anode side and is equal to the open circuit voltage, Vycy, at the cathode

side, is given in terms of temperature T as:

Vocy = 1.23 — 0.9 X 1073(T — 298) (14)
The diffusivity of water in the membrane is determined using the following relationship [38]:
2346
. 3.1 x 10754(e%2%% — 1)e™ T 0<1<3 (15)
DW = 2346
417 x 10782(1 + 161e e T 1>3

The ionic conductivity of the membrane g, is given by [39]:

1 1 (16)
om = (0.0051391 — 0.00326)exp [1286 (— - —)]

303 T



Equations (1) to (4) form a complete set of governing equations with nine unknowns: % (three
components), p, Cy,, Co,, Cy,0, ¢s, ¢m- The governing equations are subject to appropriate
boundary and interface conditions and are discussed in the next section.

The inlet velocities at the gas channel inlets are expressed by the respective stoichiometric

flow ratios, i.e. {5 and (. defined at a reference current density, If, as:

CH,PaVi , A
¢, = Stabatinata a7
2F

and
Co,PcVin,cAc

(¢ =T — (18)

4F

where A, and A, are the flow areas of the anode and cathode gas channels respectively. The
molar concentrations at flow inlets are determined by the inlet pressure and humidity according
to the ideal gas laws. At the flow outlet boundaries, fully-developed or no-flux boundary

Ou _ 9Ck _ 3%m _ 9¢s _ 0, and at the walls of the domain,

conditions are applied such that = on p P

Odm

%k =% _ 9%m _ ) At the GDL and catalyst layer interfaces: O = 0. The steady state

U= == om
field reached by starting at zero serves as the initial condition for the transient simulations.

The governing equations and the associated boundary conditions are solved using a control
volume based commercial fluid dynamics (CFD) package, ANSYS Fluent®, employing the
Pressure-Implicit with Splitting of Operators (PISO) algorithm. The governing equations 1, 2, 3
and 10, and the corresponding source terms are implemented through user-defined functions
and user-defined scalars (species and phase potentials). A systematic mesh size convergence
study was conducted to determine the discretization for which the difference in the results was
less than 0.5% with further reduction in mesh size. An 80 (across the cell) x 40 (along the
channel) grid was found to be optimum in terms of accuracy and computational time, with the
solution, for a particular time step, converging as the residuals reduce to 10° for all the
equations. A step load change is performed at # = 0 by specifying the change in cell potential as
boundary condition. The simulation proceeds from the specified steady state point, £ =0, to a

new steady state point, ¢ = ¢, determined by the change in current density with time, /= 0.995

S8
I,.. The geometrical, physical and electrochemical parameters used in this study are listed in
Table 2. Numerical simulations were carried out to analyze the effects of anode and cathode
pressure, anode and cathode stoichiometric flow ratio, and relative humidity at anode and

cathode inlet, on the time taken to reach steady state for step changes in voltage. The ranges of



values for the operating conditions used in this study are listed in Table 3. The results of the

simulations are discussed in the next section.

2.3 Results and Discussion
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Figure 2.2: Verification of the numerical PEM fuel cell model with numerical data from Ref.
[19] for step change in current density from 7= 0.1 to 0.4, 0.5, 0.6, 0.7 A/cm’. The results of the
model in this study are represented by solid lines, while those from Ref. [19] are shown as
dashed lines.

The numerical model discussed in Section 2 was first validated with the work of Wang and
Wang [19], as presented in Fig. 2. The model used by Wang and Wang in Ref. [19] is 3D whereas
the current model is 2D, neglecting the rib channel effects. The reference exchange current
densities for anode were fitted so as to closely match the observed behavior in Ref. [19]. The
values for the parameters used in the current model are stated in Table 2. The results of the
model in this study are represented by solid lines, while those from Ref. [19] are shown as
dashed lines. Figure 2 shows the cell voltage variation with current density for step change in
current density from /= 0.1 to 0.4, 0.5, 0.6, 0.7 A/ cm’. It can be seen that the cell voltage drops
instantaneously owing to the time-scale associated with the electrochemical double layer
discharge, on the order of micro- to milli-seconds. In addition, at low-humidity operating
conditions, the voltage response is seen in Fig. 2 to exhibit an undershoot, with the degree of

undershoot increasing as the magnitude of current change is increased. For /= 0.7 A/ cm’, Fig. 2
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Figure 2.3: Dynamic response of average current density for step change in voltage to EL) (a)

cell
0.50 V and (b) 0.60 V.

shows that the voltage drops to zero, indicating a voltage reversal. The undershoot in the
voltage response can be attributed to the jump in water electro-osmotic drag, which increases
proportionally to the step change in the current density. This causes the anode to dryout and, in
turn, increases the membrane resistance, leading to further drop in the voltage to a minimum.
As the membrane at anode is rehydrated, the membrane resistance decreases, leading to
increase in voltage and achieving steady state. The time scale associated with the back-diffusion
of water dictates the time taken for the voltage response to improve, and is on the order of 0.7 s
for the parametric combination considered. The Fig. 2 shows close agreement between the

voltage response obtained for the present simulations and those reported in Ref. [14].
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To elucidate the fuel cell dynamics for step changes in voltage, numerical simulations were
conducted, with the values of the operating conditions fixed to the base values in Table 3, as
presented in Fig. 3. It should be noted that the reference current density at the cathode was
modified to match the experimental values of current density in Ref. [5] and the results
presented in further discussions are based on the new value of reference current density of 100
A/ m’ for the cathode while other parameters are fixed to that specified in Table 2. Figure 3(a)
shows the dynamic response of the average current density for a step change in voltage to E{}?
= 0.50 V from initial cell voltages, E%,;; = 0.60, 0.70 and 0.80 V, with a dry cathode (RH, = 0%).
Owing to the difference in membrane hydration, the initial jump is higher for step change from
0.60 V, as compared to step change from 0.70 and 0.80 V. As the water produced at the cathode
catalyst layer further hydrates the membrane, improving the cell performance, the current
density increases, reaching steady state at around 30 s, as seen in Fig. 3(a). Operating under dry
inlet condition at cathode, the water generated at cathode catalyst layer is readily removed
through the gas channel resulting in a longer time to hydrate the membrane for changes from
higher cell voltages to 0.50 V. The time taken to reach steady state is longest for change from
0.80 V.

Figure 3(b) shows the dynamic response of the average current density for step change in
voltage from 0.5, 0.7 and 0.8 V to 0.6 V. The steady state current densities for 0.70 and 0.80 V are
0.16 and 0.05 A/ cm’, respectively. It can be seen in Fig. 3(b) that for step change in voltage from
0.5 to 0.6 V, the current density shows an initial instantaneous drop followed by an overshoot
and a decrease in current density till steady state is reached. The overshoot observed in Fig. 3(b)
can be attributed to the lower oxygen concentration at the reaction sites, while operating at 0.50
V. As the oxygen is replenished at the catalyst layer, it leads to an increase in current density
causing the overshoot. With a decrease in water production rate, the membrane dehydrates
further, leading to decrease in the current density till a steady state is reached, as seen in Fig.
3(b). The time taken to reach the steady state is defined as tgs for the discussion in this article
and represents the time taken for the current density of the fuel cell system to reach 99.9% of the
steady state value numerically. Similar to the observation for step change in voltage from 0.70
and 0.80 V to 0.50 V (Fig 3(a)), it can be seen in Fig. 3(b) that the initial jump in the current
density is slightly higher for the change from 0.7 V compared to that from 0.8 V, owing to the
difference in water content in the membrane. The operation at drier conditions (RH. = 0%)

favors water removal from the membrane, implying faster dehydration, whereas hydration of
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Figure 2.4: Membrane water content, A, along the membrane centerline for steady state
conditions for (a) p, = 1.5 bar (b) p, =4.0 bar(c) (,=1.5,(d) {(,=3.0(¢) RH, =50% and (f)
RH, = 100%.
the membrane is impeded by the loss of water generated at catalyst layer to the dry flow,
implying shorter tgg for change from 0.50 to 0.60 V (Fig. 3(b)) in comparison to that observed for
change to 0.50 V from 0.60 V (Fig. 3(a)). In general, it is seen in Fig. 3 that following the change
in voltage, the current density drops instantaneously owing to the response time associated

with the electrochemical double layer discharge. The overshoots and undershoots observed are

13



related to the diffusion of the species, whereas in most of the cases the transient behavior is
governed by the transients of water transport, in particular relating the hydration or
dehydration of membrane. The effects of anode and cathode pressure, anode and cathode
stoichiometric flow ratio, and relative humidity at anode and cathode inlet, on the time taken to
reach steady state, tgg, for step changes in voltage are examined in the following discussion.

Figures 4(a) and (b) show the water content along the membrane centerline, for p, = 1.5 bar
(Fig. 4(a)) and 4.0 bar (Fig. 4(b)), respectively, for various cell voltages. It can be seen from Fig.
4(a) that there is a significant increase in the water content along the membrane length for 0.50
V compared to that observed for other higher voltages, > 0.60 V. It is also noted from Fig. 4(a)
that there is relatively small difference in water content values for 0.60, 0.70 and 0.80 V
compared to that for 0.50 V. This is can be attributed to the differences in the current density
and the removal rate of water generated at the cathode catalyst layer though the dry cathode
feed. A comparison of Figs. 4(a) and 4(b) also shows that there is significant reduction in water
content values with increase in pressure, for 0.50 V. For a specified stoichiometric flow ratio,
increase in anode pressure leads to decrease in inlet velocity, implying decreased water supply
rate to anode catalyst layer and, in turn, reduced membrane water content and low current
densities.

Figures 4(c) and (d) depict the effects of anode stoichiometry ( {,) on the variations in the
membrane water content, 4, along the membrane centerline for {, = 1.5 (Fig. 4(c)) and {, = 3.0
(Fig. 4(d)). A change in the anode stoichiometric flow ratio is accomplished by increasing the
mass flow rate at anode, while the other operating conditions are fixed at the base values listed
in Table 3. For a constant pressure, change in stoichiometry is realized by changing the inlet
velocities at the inlets. An increase in the anode stoichiometry leads to an increase in the rate at
which hydrogen and water are supplied in the anode channel. for £, = 0.50 V, it can be seen
that there is significant increase in the membrane hydration along the length of the fuel cell,

whereas the change in water content of the membrane is relatively small for £ = 0.60 V, 0.70 V

el
and 0.80 V. The effects of relative humidity at anode, RH,, are discussed in Fig. 4(e) and (f).
Fully humidified and dry inlet corresponds to 100% and 0% RH, respectively. Figures 4(e) and
(f) show the membrane water content values along the membrane centerline for RH, = 50%
(Fig. 4(e)) and RH, = 100% (Fig. 4(f)). There is a significant reduction in water content value for

RH, = 50% (Fig. 4(e)), compared to when operating at a fully humidified anode feed RH,=

100% (Fig. 4(f)). This can be attributed to decrease in water supply rate to anode layers at lower
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inlet humidity leading to increase in the membrane resistance, hence lower current density and

water content values.

Figure 5(a)—(f) presents the effects of the operating parameters at the cathode on the

membrane water content along the membrane centerline. Figure 5(b) shows a significant
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increase in the membrane water content along the length compared to that observed for p.=1.5
bar (Fig. 5(a)). It can be seen from Fig. 5(b) that the membrane gets fully saturated at the near
end region for £ = 0.60 V and is saturated, for y > 0.02 m, for £ _,= 0.50 V. Increase in pressure
leads to higher gas density and hence higher concentration of reactants per unit volume. For a
specified cathode stoichiometric flow ratio, increase in cathode pressure also leads to reduced
velocity at cathode inlet (Eq. 15), affecting the rate at which the water generated at catalyst layer
is transported out by bulk gas channel flow. Thus, an increase oxygen concentration, implying
higher reaction rate at cathode catalyst layers, along with the decrease in the rate at which water
is transported out of the cathode leads to an increase in the membrane water content, for
increase in cathode pressure.

Figures 5(c) and (d) present the effects of cathode stoichiometric flow ratio, {., on the water
content along the membrane centerline, for {. = 1.5 (Fig. 5(c)) and {,. = 3.0 (Fig. 5(d)). Increase
in stoichiometric flow ratio, is specified as an increase in cathode mass flow rate and, in turn, an
increase in cathode inlet velocity. There is a significant drop in the water content values for 0.50
V when cathode stoichiometry increases from 1.5 to 3.0, as seen from Figs. 5(c) and (d). Change
in stoichiometric flow ratio affects the rate at which water generated at the cathode catalyst
layer is removed by bulk mass flow in the gas channel. Increase in the cathode inlet velocity
would increase the effective water removal rate through cathode feed, thus affecting the
membrane hydration, which otherwise would retain higher water due to lower removal rate.
Increase in (. also leads to an increase in the rate of supply of oxygen to the cathode catalyst
layers.

Figures 5(e) and 5(f) show the membrane water along the membrane centerline for RH. =
0% (Fig. 5(e)) and RH, = 75% (Fig. 5(f)). There is a significant increase in the membrane water
content values both at inlet and along the channel with the increase in RH., owing to the
cumulative effect of humidified feed and high current density, as seen from Figs. 5(¢) and (f). It

can be seen from Fig. 5(f) that membrane is almost saturated all along the length for £ = 0.50

cel
V, whereas for £ ,= 0.60 V the membrane is saturated for y > 0.025 m. It can be noted from Fig.
5 that relatively higher cathode pressure and RH at cathode inlet leads to saturation of
membrane and can further lead to a two phase flow in the fuel cell system, which may be
considered in a future study. Figure 6 shows the variation of steady state time, tgg, for step

changes in voltage, as a function of anode pressure, p, (Fig. 6(a)), anode stoichiometric ratio, {,
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(Fig. 6(b)) and relative humidity at anode inlet, RH, (Fig. 6(c)). In each case, other than the
parameter being studied,all operating conditions were fixed at the base values as in Table 3.

Figure 6(a) presents the variations in tgg for step change in voltage from 0.50 V to EL? =
0.60, 0.65, 0.70 and 0.80 V, and shows that the variations are non-monotonic. It is noted that, for
step change in voltage, the time taken to reach steady state at first decreases, reaching minimum
for a certain anode pressure, and then increases as the pressure is increased further. The initial
decrease in tgs can be attributed to the decrease in water content values with the increase in p,
(Fig. 4(a) and (b)). Further increase in anode pressure is accompanied with decrease in the rate
at which water is transported out of the fuel cell system through anode gas channel leading to
an increase in tgs for increase in anode pressure, as seen in Fig. 6(a). The anode pressure that
minimizes the time to reach steady state decreases as the step change magnitude, EL — E2,;,
increases from 0.1 V to 0.3 V. It can further be seen from Fig. 6(a) that for p, < 3 bars, the voltage
increase from 0.50 V to 0.60 V takes the longest to reach steady state. As established earlier,
water generation hinders the dehydration process, but with decreasing water production rate,
beyond a certain anode pressure, it no longer has significant effect on the d ehydration process
and the time taken is instead governed by the absolute difference in water content values.
Hence for the higher anode pressure, p, > 3.5 bars, it takes longer for the system to reach steady
state for change in voltage from 0.50 V to 0.80 V than it takes for the change to 0.60 V.

Figure 6(b) shows the variations in tgs as a function of anode stoichiometric flow ratio, g,
for EZ,;; = 0.50. In contrast to the observation in Fig. 6(a), it can be seen from Fig. 6(b) that there
is monotonic increase in the time taken to reach steady state with the increase in (g, for a step
change in voltage from 0.50 V to higher cell voltages. For the changes in voltage from EZ,; =
0.50 V to higher values, the membrane undergoes dehydration, with the difference in water
content being minimized for the lower anode stoichiometric flow ratios. The increase in tgs with
{, can be attributed to the increase in difference in water content values, as the anode
stoichiometry is increased (Figs. 4(c) and (d)). It can be seen from Fig. 6(b) that for a given (g,
tgs is maximum for change in voltage to 0.60 V and minimum for change to 0.80 V. This
behavior can be attributed to the fact that the current generation hinders the dehydration
process, resulting in longer time for the fuel cell system to reach steady state for change to 0.60
V in comparison to that observed for 0.70 or 0.80 V. Figure 6(c) presents the variation in tgg, as a
function of RH, for EZ,; = 0.70 V and shows that the variations are non-monotonic. It can be

seen from Fig. 6(c) that tgs at first decreases with the increase in RH,, reaching a minimum
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followed by an increase in tgg for further increase in RH,. Unlike that observed in Figs. 6(a) and
(b) it is noted from Fig. 6(c) that the membrane undergoes hydration for change to EL;? = 0.50,
0.60 and 0.65 V, with the lower anode humidity conditions resembling the scenarios with high
anode pressure. It can be seen from Fig.6(c) that it takes the cell longest for step change to 0.50
V. The anode inlet relative humidity that minimizes the time to reach steady state increases as

the step change magnitude, E£;)

— E2,,,, increases from -0.2 V to 0.1 V. It is also noted from Fig.
6(c) that the tgg falls below 5 s for RH, > 70% for EL2) = 0.80 V implying faster dehydration at
higher humidification values compared to that observed for lower values of anode
humidification.

While Figure 6 focused on the effects of operating parameters at the anode, Fig. 7 discusses
the effects of operating parameters at the cathode namely, the cathode pressure, stoichiometry
and relative humidity at inlet. Figure 7(a) shows the variation of tgs as a function of cathode
pressure, p., for step change in voltages while other operating conditions are fixed at the base
values in Table 3. Figure 7(a) presents the variations for step change in voltage from EZ,; = 0.50
Vto EEZ0=0.60 V, 0.65 V, 0.70 V and 0.80 V. Owing to the significant increase in water content
values (Fig. 5(b)) in comparison to that observed in Fig. 4, it can be seen from Fig. 7(a), that the
time taken to reach steady state increases significantly. The value of tgs increases with the
increase in cathode pressure, owing to the increase in current density leading to increase in time
taken for the dehydration of membrane, as seen in Fig. 7(a). Figure 7(b) presents the variation in
tgs as a function of (., while other operating conditions are fixed at base values in Table 3. The
results correspond to step changes in voltage from EZ,;; = 0.70 V to EL? = 0.50, 0.60, 0.65 and
0.80 V. It can be seen that tgs decreases with the increase in ¢, for all the load changes owing to
the decrease in difference in the membrane water content. With the increase in the cathode flow
rate, the system dehydrates rapidly and, correspondingly, the time to reach steady state shows a
monotonic decrease. It is also noted that for lower values of (., the time to reach steady state for
hydration is much higher for a load change from 0.70 V to 0.50 V compared to that for other
load changes. This behavior can be attributed to the larger difference in water content values for
0.50 and 0.70 V compared to that observed for other voltages.

Figure 7(c) presents the variation in tgs as a function of relative humidity at cathode
inlet, RH., while the other operating conditions are fixed at base values in Table 3. It can be seen
from Fig. 7(c) that for the range of RH, considered in this study, tgs generally exhibits a non-

monotonic variation with increase in cathode relative humidity (RH.). The increase in tgg can be
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attributed to increase in current density, delaying the dehydration process. Also, since the feed
is humidified, it is further difficult for the membrane to lose water, compared to when the feed
is completely dry. The decrease in tgs for E{Z? = 0.50, 0.60 and 0.65 V (Fig. 7(c)) at higher
relative humidity can be attributed to the diminishing difference in water content values at
higher RH,. (Figs. 5(e) and (f)). Also, the fact that the inlet front of the membrane, which
responds quickly to voltage changes, shows the major difference in water content for higher
RH, values (Fig. 5(f)), contributes to the decrease in tgs for EL? = 0.50, 0.60 and 0.65 V (Fig.
7(c)). It is also noted from Fig. 7(c) that for step change from E2,;; = 0.70 V to E!2? = 0.80 V, tgg
increases monotonically with increase in RH. over the range studied. The non-monotonic trends
in the variations for the other values of E;? in Fig. 7(c), suggest that a decrease in the time to
reach steady state may be observed for RH, > 75%, although it may not be of practical interest.

The variations in Figs. 6 and 7 may be used to identify upper and lower bounds on the
operating parameters at the anode and the cathode for which the time to reach steady state is
maintained within a specified value, for given load changes. For this study, the desired value is
chosen to be 10 s as an example, i.e., tgs < 10 s, implying that given an instantaneous load
change, it does not take more than 10 s for the system to reach steady state. For example, Fig.
6(a) shows that for E5;) = 0.80 V, tgg < 10 s for anode pressures between pgmi = 1.8 bar and
Pamax = 4.3 bar. It is also seen in Fig. 6(a) that this range increases as E!Z? decreases to 0.60 V.
Similarly, the other variations in Figs. 6 and 7 define either lower bounds (Figs. 6(c) and 7(b)) or
upper bounds (Figs. 6(b), 7(a) and 7(c)), based on this example of tgs < 10 s. In these cases, the
corresponding upper or lower bounds are taken to be the (upper or lower) ends of the ranges of
the parameter considered. Based on the identified upper and lower bounds, design windows
can be constructed for the operating conditions, as presented in Figs. 8 and 9 for the anode and
cathode parameters, respectively.

Figures 8(a), (b) and (c) present the operating windows for the anode pressure, anode
stoichiometric flow ratio and relative humidity at anode inlet, respectively, as a function of the

change in the voltage, AE;,; = (Ef:l? - Ecoell). Each figure is divided in four zones, with each

zone representing the design window for different EZ,; (0.8, 0.7, 0.6 and 0.5 V). It can be seen
that, for step change from E%; = 0.8 V to EL;) = 0.5 V, AE,,; = —0.3 V, there exists no anode
operating parameters, over the range studied, that result in tg¢ < 10 s. It is also seen that for
change to 0.5 V from EZ,; = 0.7, the design window does not present any operable range for

anode stoichiometry (Fig. 8(b)) and relative humidity (Fig. 8(c)). It is noted in Fig. 8(a) that the
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Figure 2.8: Operating window, such that tgg < Figure 2.9: Operating window, such that
10 s, for (a) anode pressure, p,, (b) anode tgg <10 s, for (a) cathode pressure, p., (b)
stoichiometric flow ratio, {,, and (c¢) anode cathode stoichiometric flow ratio, {., and
relative humidity RH,, as a function of cell (c¢) cathode relative humidity RH., as a
voltage change, AE_.;, with the variations in function of cell voltage change, AE_.y,
optimum time (tg5) and operating parameters with the variations in optimum time (tg)
(a) p, (b) {; and (c) RH; superimposed with superimposed with dotted lines.

dotted and solid lines, respectively.

upper and lower limit for EZ,;; = 0.6 and 0.5 V show monotonic decrease for step change to

higher voltages (AE ;> 0), shifting the operating window towards lower pressure. In contrast,
for EZ,;; = 0.70 V, the upper limit decreases, with increasing lower limit, narrowing the feasible

region of operation for step change to lower voltages (AE.; < 0), whereas for step change to
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higher voltage (AE,.;; > 0) lower limit remains fixed with decrease in upper limit, indicating that
hydration time for membrane is minimized for higher anode pressure.

Figure 8(b) presents the design window for anode stoichiometric flow ratio, in which the
lowest value used for the study forms the lower bound for the window, for all the cases,
whereas the upper bound is either varying or fixed by the highest value used for study. It is
noted that the change from 0.60 V to other loads does not take more than 10 s over the entire
range of study, as seen in Fig. 8(b). In contrast to the observation for EZ,; = 0.60 V in Fig. 8(b),
for E2,;; = 0.80, 0.70 and 0.50 V, the upper limit increases monotonically with increase in AE..,
presenting wide range of operation for higher AE,,;;. Figure 8(c) presents the operating window
for relative humidity for anode inlet (RH,). Recalling from discussion of Fig. 6(c), tss at first
decreases with increase in RH,, followed by increase in tgs as RH, is increased further,
presenting a wide range for operation for which tgs <10 s. For EZ,;; = 0.50, the lower and upper
limits show monotonic increase with increase in AE.,;, indicating that the response to a step
change to relatively higher voltage is faster at the higher RH,. Similar to the observation in Figs.
8(a) and 8(b), the design windows in Fig. 8(c) exhibit a wide range of operability for the change
to higher voltages from a given initial voltage, such that tgs <10 s.

Design windows similar to those in Fig. 8 are constructed for the cathode operating
parameters, as presented in Fig. 9. Figures 9(a), (b) and (c) show the operating windows for

cathode pressure, stoichiometric flow ratio and relative humidity, respectively, such that 7, <

10 s. It can be seen from Fig. 9(a) that the lower limit for cathode pressure is fixed by the lower
limit on the operating range in Table 3, that is p_ = 1.5 bar, and remains fixed for all the cases
with changing AE_.;. This can be attributed to the monotonic behavior of tss as a function of
cathode pressure (Fig. 7(a)). The upper limits show a monotonic increase with increase in AE_.,
for E2,;; = 0.80 V, 0.70 and 0.50 V, whereas it is non-monotonic for 0.60 V. It can be seen from
Fig. 9(a), that a wider operating range is obtained as AE.,; increases for all EZ;;. The steady
state time, tgs, shows a monotonic decrease with the increase in cathode stoichiometric flow
ratio (Fig. 7(b)), thus fixing the upper limit for operating window for {; in Fig. 9(b) to 3.0, which
is the upper limit of the range studied (Table 3). On the other hand, the lower bound of the
design windows show a monotonic decrease for increase in AE..;, resulting in a wider
operating range for higher AE.,; in Fig. 9(b). Figure 9(c) shows the design windows on the

cathode relative humidity, RH.. Increase in cathode relative humidity results in significant

increase in membrane water content for E2,;; = 0.50 V, thus increasing tgs. Hence, for EZ,; = 0.50
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V, there exists no window for which tgs < 10 s; also, tgs for step change to 0.50 V from 0.70 and
0.80 V is greater than 10 s, and is not seen in the operating window. With increasing membrane
hydration, the steady state time for step change from 0.60 to 0.50 V falls below 10 s at around
75% RH, and is thus represented as a narrow region for E2,;; = 0.60 V in Figure 9(c).

In addition to identifying the design windows for operation, based on limiting the transient
duration to a desired value, Figures 6 and 7 may also be used to identify the optimum values of
the operating parameters—py, {5, RH;, ps, {» and RH;—for which the time to reach steady state
is minimized, tgs. In cases where the variation of tgg is non-monotonic, the optimum value
occurs in the middle of the range of the parameters (such as p; in Fig. 6(a) and RH; in Fig. 6(c));
for tgs variations that are monotonically increasing, the optimum values occur at the lower end
of the range, as in the case of {; and p; in Figs. 6(b) and 7(a), respectively; for the monotonically
decreasing tgs variation with the cathode stoichiometric ratio, the optimum value, {;, occurs at
the upper end of the range, as in Fig. 7(b). In the case of the cathode relative humidity, Fig. 7(c),
the optimum relative humidity, RH;, is at the lower end of the range, 0%, for Ef;? > 0.60V, and
at the upper end of the range, 75%, for E529=0.50 V.

The variation of the optimum values of the operating parameters with AE_.,;, for the
different E2,; values are superposed as the solid lines on the plots in Figs. 8 and 9. The
corresponding minimum times to reach steady state, tgg, are indicated by the dotted lines at
different AE_.; values along each of the lines. From Fig. 8(a) it is evident that the optimum

anode pressure decreases monotonically with AE,,; for all values of EZ,;; studied. The optimum

anode pressure, pg, lies between 2.0 to 4.5 bar for E2,;; = 0.80, 0.70 and 0.60 V, whereas for EZ,;; =
0.50 V, it varies over a narrower range, 3.0 to 4.5 bar, indicating that it is easier to dehydrate
membrane for lower membrane water content. It is also noted from Fig. 8(a) that for step change
to lower voltages from EZ,; = 0.80 V, the optimum time (t55) decreases monotonically with
increase in AE.,;, emphasizing the dominance of membrane water transport in the transient
process for step change to lower voltages. For EZ,;; = 0.50 V, the optimum time first increases
with AE,.;, reaching a maxima at AE.,; = 0.2 V and then decreases for AE..; = 0.3 V. The
increase in tgg with AE,; can be attributed to the fact that the minima for AE..; < 0.2 V occurs
at relatively higher anode pressure, implying that the dehydration time is proportional to the

absolute difference in water content values, whereas the minima for AE_..; = 0.3 V occurs at

relatively lower anode pressure. The observed curves and window are a result of smoothening
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of the data for upper and lower limits, thus the above window for a voltage change of 0 V.
Ideally, a discontinuous behavior is to be observed as no data exist in the near 0 V change.

Figure 8(b) presents the variation of optimum anode stoichiometry, {;, as a function of
AE..; superposed on to the design window. It can be seen that for the step load changes
considered, {; = 1.0, except for change in cell voltage from 0.80 V to 0.60, 0.65 and 0.70 V, for
which the {; = 1.44, 1.49 and 1.53, respectively. For EZ,;; = 0.80, 0.70 and 0.50 V, the optimum
time, tsg, decreases monotonically with increase in the AE,,;, whereas tis for ES,;; = 0.60 shows
a non-monotonic behavior, as seen in the values mentioned in Fig. 8(b). It is noted that, in
general, the optimum occurs when water content is low, reducing the dominance of membrane
water transport on transient process.

Figure 8(c) presents the superposed variations of the optimum anode inlet relative humidity
(RH}) and the corresponding time (tgg) with AE..; for different EZ,;. It can be seen that, for
EZ2,; = 0.80 V, RH; increases with the increase in AE_,;, whereas the optimum time shows a
monotonic decrease with increase in AE_,;. The observed variation shows an inverse trend with
respect to that for the anode pressure, in that high anode pressure operation resembles low
humidity conditions. It can be seen that the optimum time for AE..; = —0.3 V occurs at relatively
low humidity (RH; ~ 60%), ensuring low membrane water content for faster humidification,
whereas for change to 0.70 V, the fastest response is observed for RH; = 100%. Similarly, for
E2,;;= 0.50 V, the optimum time occurs for low humidity operation, for which dehydration is

cell —

rapid and membrane water content is low. It is noted here that RH varies from 60-100% for

ES;;=0.80 V and 0.70 V, whereas for E’

cell

=0.50 V, RH; varies from 60-80%, with EZ,;; = 0.60 V

showing the widest range for RHy from 50% to 100%. It is also seen that for Eg;; = 0.5V, tgg
varies over the range of 7-8 s, whereas other E2,;; values are associated with a wider variation
for tgs.

Figure 9(a) shows that p; = 1.5 bar is the optimum cathode pressure that minimizes the time
to reach steady state, for all values of EZ,;; and AE_,;. For a fixed stoichiometric flow ratio, there
is increase in the molar concentration of oxygen accompanied by decrease in inlet flow velocity,
for increase in cathode pressure. This leads to reduction in the rate at which water generated at
cathode catalyst layer is removed through bulk flow in cathode gas channel. Hence the
minimum for tgs occurs at lower cathode pressures (Fig. 7(a)), which in this case is p; = 1.5 bar.
For EZ,;; = 0.80, 0.70 and 0.50 V, the optimum time, tgg, decreases monotonically with increase in

the voltage change value, whereas for EZ,;; = 0.60 V, tss shows a non-monotonic behavior. It is
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also seen that the tgs ranges from 1 to 8 s, indicating the reduced dominance of membrane water
transport process for low cathode pressures.

Figure 9(b) shows that due to the monotonic decrease of tg¢ with ., seen in Fig. 7(b), the
optimum stoichiometric ratio that minimizes the time to reach steady state is at the upper end
of the range of . studied, i.e., {; = 3.0. At {. = 3.0, the water content difference is minimized for
the range studied, reducing the time associated with membrane water uptake or dehydration.
The corresponding values of tgg, indicated in Fig. 9(b) as a function of AE,,;;, demonstrate a
similarity to the trend observed for the anode stoichiometric flow ratio (Fig. 8(b)). However, the
values of tgg range between 1 to 7 s in Fig. 9(b), in comparison to the higher values in Fig. 8(b),
indicating that the transients at the higher {, are faster than those observed for the lower ;.

Figure 9(c) presents the variations in RH; and the corresponding optimum times, tgg, as a
function of AE.;, superposed on the design windows. The optimum relative humidity at
cathode inlet (RH;) is 0%, except for changes to 0.50 V from higher voltages (EZ,; = 0.80, 0.70
and 0.60 V), for which RH; is 75%, as seen in Fig. 9(c). This behavior can be attributed to the
increased membrane hydration and high current density for humidified feed at cathode (RH, >
0%), leading to faster hydration of the membrane in comparison to that observed for lower RH,,
whereas transients for other changes are much quicker at RH.= 0%. It can be seen that tgg
decreases monotonically with increase in AE,,;;, for all the cell voltages, EZ,;;, studied.

From Figs. 8 and 9, it can be seen that operating at higher cathode stoichiometric flow rate
leads to least transient time for all the combination of EZ,; and AE,.; studied. It is noted that
the least transient time occurs for cathode stoichiometric flow ratio of 3.0, {; = 3.0, with other
operating parameters fixed to base value in Table 3. The optimum values for parameters
leading to least transient time are p, = 2 bar, p; = 2 bar, {5 = 2.0, {; = 3.0, RH; = 100% and RH; =
0%. The increase in flow rate at cathode side leads to minimization of difference in water
content values accompanied with rapid dehydration for change from lower to higher voltages,
thus presenting the observed minimum.

The power density can be directly obtained based on the results of current study and is
related to the cell voltage. The design windows are presented as a function of load change,
expressed in terms of the voltage change in the study, but can just as easily be expressed in
terms of the change in the power. Correspondingly, the design windows can be easily
converted in to windows based on power change, although the design window would be the

same as that presented for the specified design objectives considered. An analysis of efficiency
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would require consideration of a stack and systems required to maintain the flow conditions
such as pressure, flow rate, humidity, which may be treated in a future work. The power
density corresponding to the optimum curves in Figs 8 and 9 is presented in Table 4 for EZ,;; =
0.50 V and 0.70 V. The power density for a given load change AE.,; from EZ,;; are denoted by
P55 and PJ in Table 4, respectively. It can be seen from Table 4. that PS decreases with the
increase in anode pressure whereas for increase in RH, the power density shows an increase.
Although the variation of power density for other operating parameters is not visible from
Table 4, it is to be noted that with the increase in operating values for anode stoichiometry,
cathode pressure and cathode relative humidity, power density increases whereas the power
density decreases for increase in cathode stoichiometry.

It was seen from Fig. 3-9 that the fuel cell transients, and the time taken to reach steady
state, are a strong function of water transport process, which in turn in is strongly correlated to
the operating conditions. Undershoots and overshoots in the current are observed for the step
change in voltage owing to the different time scales associated with the transport process. The
results presented in this article offer insight into the effects of various operating conditions on
the dynamic behavior of the fuel cell system for specified load changes. The effects of load
changes on the mechanical behavior of membrane are also significant, as presented in Ref.
[40,41]. Future work could include a two-phase model to account for higher values of cathode
relative humidity, which was not the focus of current study. The effects of membrane properties
can be studied to provide better insight into controlling the transient behavior. Also, an
optimization of the fuel cell parameters as shown in Ref. [42] can be conducted with the
transient model, in contrast to the traditional use to steady state models. The current framework
is computationally expensive and could be simplified using network models to enhance the
computational speed, to be used in control and optimization algorithms. The current study is
limited to co-flow operations only. The effects of counter-flow operation could be analyzed as it
would significantly affect the water distribution and thus the transient behavior. These aspects

will be examined in a future study.

2.4 Nomenclature
a  water activity or effective catalyst area per unit volume [m?/ m’]

A superficial electrode area [m”]
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C, molar concentration of species k [mol/ m’]
D  mass diffusivity of species[m?/ s]

E.enp  cell potential or voltage [V]

EW equivalent weight of dry membrane [kg/ mol]
F  Faraday Constant [96,487 C/ equivalent]

current density [A/ m’]

j  transfer current [A/ m’]
K  permeability [m’]

ng electro-osmotic drag coefficient [H,0/ H']
p  pressure [bar]
R  gas constant [8.314 J/ mol K]

RH relative humidity [%]

S source term in transport equations
t  time [s]
T  temperature [K]
u  velocity vector
Greek letters

a transfer coefficient

porosity

M

surface overpotential [V]
membrane water content
viscosity [kg/ m s]

stoichiometric flow ratio

density [kg/ m’]

A T AN T S 3

electronic conductivity [S/ m]

shear stress [N/ m’]; time constant; tortuosity

<

phase potential [V]

Superscripts and subscripts
a anode

c cathode
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cell single fuel cell

e electrolyte
eff effective value

g  gasphase

in inlet

k  species

m  membrane phase

0 t = 0 s, initial state
ref reference value

s electronic phase
sat saturated value
SS  steady state

t time>0s

w water
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Table 2.1: Source terms in the governing equations

Domain SV S,» S’ Sm
Gas channels 0 0 0
) . u
Diffusion layers - 0 0
Kepi
Anode Anode
J . )
—ﬁ (i=H) Ss=—jg <0
0 (i=0,) Sm=4j, <0
v ("; le) (i=H0)
M b
Catalyst layers X
apL Cathode Cathode
0 (i=H) Sg =4+j.>0
J . ,
—ﬁ (i=0, Sm=—j. <0
jc ndie> .
I v A =HO
<y ( ) ((=HO)
o
Membrane - 0 0
KepL
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Table 2.2: Geometrical and physical parameters used in the numerical simulations [5,18]

Parameter [units] Symbol Value
Gas channel depth [mm] 1.0
Diffusion layer thickness [mm] 0.3
Catalyst layer thickness [mm] 0.01
Membrane (N112) thickness [mm] 0.051
Fuel cell/ Gas channel length [mm] 100.0
Temperature [K] T 353
Permeability of diffusion layer [m’] Kepr 10"
Permeability of catalyst layer [m’] KcL 10"
Gas diffusion layer porosity £6DL 0.6
Catalyst layer porosity &L 0.4
Volume fraction membrane in catalyst layer Em 0.26
Anode reference exchange current density [A/ m°] Jaref  5.00x 10°
Cathode reference exchange current density [A/ m’] Jeref 500
H, diffusivity membrane [m?/ s] Dy, mem 2.59x 107
H, diffusivity in gas [m”/ s] Dy,rer 1.1x10"
0, diffusivity in membrane [m? s] Do, mem 8.328x 10
0, diffusivity in gas [m’/ s] Do,rer  3.2348x 107
H,0 diffusivity in gas [m?/ s] Dy,oref 735X 107

Table 2.3: Base values and ranges considered in the parametric studies

Parameter Base Value Range Studied

T [K] 353 constant
Dq [bar] 2.0 1.5<p, <7.0
{a 2.0 1.0<{;<3.0
RH, [%] 100 50<RH, <100
p. [bar] 2.0 1.5<p.<4.0
¢ 2.0 1.5<¢,<3.0
RH, [%] 0% O<RH.<75
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Table 2.4: Power density corresponding to the voltage change and optimum parameters in Figs. 8§ and 9

Optimum Optimum
0 AE Py P3 cett AE P P}
Parameter cell cell  parameter d | d | cell cell parameter d | d |
V] V] Value [W/em?] [W/em’] V] [V] Value [W/em’] [W/em]
0.10 4.5 0.247 0.170 -0.20 4.5 0.090 0.247
Anode 0.15 4.2 0.255 0.133 -0.10 3.1 0.101 0.191
Pressure 050V 0.20 3.1 0.295 0.101 0.70 -0.05 3.0 0.101 0.146
[bar] 0.30 29 0.305 0.035 0.10 2.2 0.106 0.035
0.10 1.0 0.279 0.186 -0.20 1.0 0.098 0.279
Anode 0.15 1.0 0.279 0.141 -0.10 1.0 0.098 0.186
Stoichio- 050V 0.20 1.0 0.279 0.098 0.70 -0.05 1.0 0.098 0.141
metry 0.30 1.0 0.279 0.035 0.10 1.0 0.098 0.035
0.10 64.6 0.277 0.183 -0.20 57.6 0.091 0.255
RH at 0.15 68.2 0.283 0.142 -0.10 80.9 0.102 0.198
Anode Inlet 050V 0.20 81.6 0.319 0.102 0.70 -0.05 81.6 0.102 0.149
[%0] 0.30 81.6 0.319 0.034 0.10 83.0 0.104 0.362
0.10 1.5 0.293 0.196 -0.20 1.5 0.106 0.293
Cathode 0.15 1.5 0.293 0.153 -0.10 1.5 0.106 0.196
Pressure 050V 0.20 1.5 0.293 0.106 0.70 -0.05 1.5 0.106 0.153
[bar] 0.30 1.5 0.293 0.038 0.10 1.5 0.106 0.038
0.10 3.0 0.287 0.198 -0.20 3.0 0.102 0.287
Cathode 0.15 3.0 0.287 0.147 -0.10 3.0 0.102 0.198
Stoichio- 050V 0.20 3.0 0.287 0.102 0.70 -0.05 3.0 0.102 0.147
metry 0.30 3.0 0.287 0.035 0.10 3.0 0.102 0.035
0.10 0.0 0.383 0.225 -0.20 75.0 0.211 0.799
RH at 0.15 0.0 0.383 0.163 -0.10 0.0 0.110 0.225
Cathode Inlet 0.50V 0.20 0.0 0.383 0.110 0.70 -0.05 0.0 0.110 0.163
[%] 0.30 0.0 0.383 0.034 0.10 0.0 0.110 0.034
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Chapter 3: Analysis and Optimization of Transient Response of Polymer Electrolyte
Fuel Cells

This chapter focuses on elucidating the transient response of a PEM fuel cell for specified
changes in operating parameters namely voltage, pressure and stoichiometry at the cathode and
the anode. Transient numerical simulations are carried out for a single-channel PEM fuel cell to
illustrate the response of power as the operating parameters are subjected to specified changes.
These parameters are also optimized with an objective to match the power requirements of a

automotive drive cycle over a certain period of time.

3.1 Introduction

Owing to different time scales of transport mechanisms in the transient process, change in
operating conditions present a complex interaction between dynamic behavior and transport
process. The operating parameters affect the rate at which reactants are supplied to catalyst
layer thus determining the performance. Also operating conditions affect the amount of water
stored in membrane which in turns affects the performance of fuel cell. Transient operation of
fuel cells requires the operating parameters to be controlled dynamically to meet the power
requirements subject to change in loads. Understanding the transient behavior and effect of
dynamically changing operating parameters is of paramount importance for PEM fuel cells to
be successfully deployed for mobile applications [1-5].

Several researchers have studied the effect of operating parameters on PEM fuel cell
behavior numerically and experimentally. Wang et al. [6] experimentally investigated the effect
of various operating parameters on polarization curve highlighting the interrelationship
between observed behavior and transport mechanisms. Zhang et al. [7] performed numerical
studies to investigate the effects of porosity, permeability, thickness of GDL and stoichiometric
flow ratio on steady-state performance of fuel cell and optimized the parameters for higher
interface potential. Mawardi et al. [8,9] used a one-dimensional model to optimize operating
parameters with the objective to maximize power density subject to constraints and study the
effects of parameter uncertainty on the performance variability. Yan et al. [10] concentrated on
the steady-state performance and transient response in both single fuel cell and stack

configurations for varying loading cycles and range of operating conditions. Zhang et al. [11]
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Figure 3.2: Schematic of model domain and associated boundary conditions.
numerically studied the effects of operating parameters on the variation of local current density

and developed design windows maximizing current density. An operation-relevant one

dimensional model was developed Hung et al.[12] developed to elucidate the effects of
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operating parameters on cell performance. Design and modeling parameters were obtained via
regression of experimental data and validated for changing operating parameters. Amirinejad
et al. [13] experimentally investigated the variations in cell performance by using dry and
humidified hydrogen and oxygen for various operating conditions. Previous numerical studies
used simplified steady state models and lacked detail representation of complex interactions
during transient operations. The model by Um et al. [14] assumed constant water content and
investigated the transient response of fuel cell, emphasizing the effects of reactant diffusion.
Wang and Wang [4,5], extending the model used in Ref. [14] to include the effects of water
accumulation and electrochemical double layer discharge. The transient model explored the
dynamic behavior for step change in humidity, voltage and current, emphasizing the different
time scales characteristic to transport and electrochemical process. Yuan et al. [15] used a three-
dimensional computational fluid dynamics (CFD) model to study the effects of operating
parameters on the fuel cell performance indicating that the best performance occurs at moderate
air relative humidity while the hydrogen is fully humidified. In our previous work [16] the
effects of membrane properties on transient behavior was studied for dry operating conditions
focusing on water transport.

In the present study, computational fluid dynamics simulations are carried out using the
model developed in Ref. [4] to study the effect of cyclic changes in operating parameters on the
power density of a single channel PEM fuel cell. The fuel cell system is subjected to cyclic
variations in the operating parameters, to elucidate the transient response of the system p ower
density. Optimum operating parameters are then determined with the objective of matching the
power requirements of the US06 drive cycle [14]. The article is organized as follows: the two
dimensional transient model for PEM fuel cell is described in the next section, followed by

results and discussion of parametric study and optimization of the operating parameters.
3.2 Mathematical Model
The mathematical used in the study is similar to that described in Section 2.2 and has been

omitted for brevity.

3.2.1 Periodic variations in operating parameters
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Figure 3.3: Profile of cyclic variation in operating parameter as a function of time.

The single channel fuel cell system as depicted in Sec. 2.1 is subject to periodic variations in
operating parameters namely cell voltage (E.;), anode and cathode pressure (p, and p,
respectively) and anode and cathode stoichiometry ({, and (., respectively). The fuel cell

system is subject to periodic variations as described below:

t 1
0o — 04 OSn_tp<E

0(t) = 1 ¢ n=1,2,3....N (12)
6o 04 ESTP<1

where 6 represents the parameters, namely E..;, Pa» Pe» (q and (. 0(t) represents the
instantaneous value of 8 at any given time ¢, 6 is the mean and 68, is the amplitude of variation

and are tabulated in Table 2, and, t,, is the time period of variation.

3.2.2 Numerical Solution Procedure

The governing equations along with the boundary conditions subject to the periodic
variations were solved using a control volume based commercial fluid dynamics (CFD)
package, Fluent®, with the pressure-implicit with splitting of operators (PISO) algorithm. The
specific governing equations and the corresponding source terms were implemented through
user-defined functions and user-defined scalars (species and phase potentials). An 80 (across
the cell) x 40 (along the channel) grid was found to be optimum in terms of accuracy and
computational time, with the solution, for a particular time step, converging as the residuals

reduce to 107° for all the equations. The geometrical, physical and electrochemical parameters
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Figure 3.4: Validation of the numerical Figure 3.5: Variation in power density as a
model with results from Wang and Wang [4] function of time, for cyclic variation in cell
voltage for(a)¢,=2s and (b)7,=10s

used in this study are listed in Table 3. A constant time step of 0.1 s is used for the simulations;
with a run time of approximately 4 hours on an Intel® 3.33 GHz Xeon" Processor. A load
change is imposed at the initial time, # = 0, by specifying the cyclic change in the operating
parameters, as a boundary condition. The operating parameters are subjected to cyclic variation,
as illustrated schematically in Fig. 3 for any generic operating parameter, 8, and the cell power

response is studied to elucidate the transient fuel cell behavior.

3.3 Results and Discussion

The numerical model discussed previously was validated with the work done by Wang and
Wang [4], as presented in Fig. 4. The results of the present model are represented by solid lines,
while those from Ref. [4] are shown as dashed lines. Figure 4(a) presents the evolution of water

concentration profiles across the anode and cathode channel thickness with time, when the inlet
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humidification at the cathode inlet (RH.) changes from 0% to 100%, at a cell voltage of 0.65 V.
Initially, at ¢ = 0, the cathode gas channel is relatively dry and the concentration gradient is such
that water generated at cathode catalyst layer due to oxidation-reduction reaction is removed
through the gas channel. When humidity at the cathode inlet changes instantly to the fully
humidified state, the concentration front changes, altering the concentration gradient, such that
the membrane not only gets hydrated by the generated water but from the humidified gas
channel. As the membrane gets hydrated, the current density increases due to increased proton
conductivity of membrane, increasing the water production, further altering the water
concentration profile. Also, the water concentration profile at anode side is altered by the back
diffusion of water through membrane. Figure 4(b) shows the membrane water content variation
along the length of the fuel cell at the mid section of the membrane (x = 1.3355x10"* m), when
cathode inlet relative humidity changes from 0% to 100% at 0.65 V. The water content reaches
steady state first at inlet within 10 s, while it takes more than 20 s for the outlet to reach steady
state. The results from the present model are seen to be in close agreement with those reported
in Ref. [4], demonstrating the ability of the model to capture the transients accurately.

Figures 5(a) and (b) present the temporal variation in power density as the cell voltage is
cyclically varied around 0.60 V with an amplitude of 0.10 V for time period, t,, of 2's and 10,
respectively. A drop in the current density, leading to drop in power density is observed as the
voltage changes from 0.60 to 0.70 V at ¢ = 0 (Fig. 5(a)). The quick response to the change in
voltage is attributed to the time scale associated with double-layer discharge, which is on the
order of microseconds. Operation at lower voltage or high current density, causes the reactants,
H, at the anode and O, at the cathode, to deplete locally. As a result, when the voltage is
changed suddenly, it causes the power to drop first and then increase as the sites are
replenished with diffusion of reactants from the feed streams. A step increase in voltage leads to
lower power density and, in turn, reduced production of water, increasing the resistance for
proton transport through membrane. Therefore, decrease in power is observed after a slight
increase when the reactants are replenished and can be seen as small hump at first half time
period (¢ < 0.5t,) in Fig. 5(a). For ¢ > 1 s, as the voltage drops to 0.50 V, it leads to increase in
power density, which is followed by a drop as the reactants deplete locally and then further

increase as the membrane is rehydrated by back-diffusion. Since the time scale associated with
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Figure 3.6: Variation in power density as a Figure 3.7: Variation in power density as a

function of time, for cyclic variation in anode function of time, for cyclic variation in

pressure for(a)z,=2s and (b) 7, =10s. cathode pressure for(a)7,= 2s and (b)z, =10
s.

the hydration/ dehydration for the system to reach steady-state is on the order of order 10 s,
which is much higher compared to the diffusion time scale, which is on the order of
microseconds, the effects of hydration are not significant for the shorter time periods. On the
other hand, in Fig. 5(b) where the time period for the variations is 10 s, the effect of hydration
are more clearly visible and are depicted by the considerable increase in power after the initial
dip for 5 <t < 10 s and other similar intervals. It can be seen in Fig. 5(b) that after the sudden
decrease in voltage from 0.60 to 0.50 V in all the cycles, ¢ > 0.5 t,, the peak power density
increases with the number of cycles, reaching a steady state at a later stage. It is also seen from
Figs. 5(a) and (b) that the average power density for t, =2 and 10 s increases with the number

of cycles reaching a steady state at different stages.

41



Figure 6 shows the response of power density for cyclic variations of anode pressure. The
mean pressure is 4 bar and the amplitude of variation is 1 bar, thus cycling the anode pressure
between 3 and 5 bar as per the square periodic profile shown in Fig. 3, with the other
parameters fixed at their nominal values. The increase in anode pressure is numerically realized
by increasing the effective H,concentration at the inlet boundary. Figure 6(a) shows that for ¢, =
2 s, there is a jump in power density with increase in the anode pressure from 4 to 5 bar. This
can be attributed to increase in the concentration of H, with increase in pressure, followed by
the decrease in the current density for 7 > 0.5t,, as the concentration decreases with decrease in
pressure. It can be seen in Fig. 6(a) that for the first cycle, the jump in power density is higher
compared to what is observed in the following cycles. This can be attributed to relatively higher
local concentration of reactants, in this case H, at the anode and O, at cathode side, during the
first half of first cycle; however, as the concentration cycles, the average decreases leading to a
decrease in the jump. Also, there is an increasing trend in the average power with the cycles
further reaching a steady state; this can be attributed to increasing water content with cycles,
which is due to higher current density. Interestingly, this is not the case when the time period,
tp, is increased from 2 s to 10 s in Fig 6(b) where the change in average power density is
relatively insignificant compared to that observed in Fig. 6(a). As more time is given for the fuel
cell system to react to the step changes, the effect of changes in concentration is realized all
through the length and thus, the system behavior is similar for consecutive cycles, with slight
increase in average power density due to increase in the average hydration values over the
cycles, owing to faster hydration and slower dehydration.

Figure 7 depicts the temporal variation in power density for cyclic variations (Fig. 3) of
cathode pressure. The mean pressure is 4 bar and amplitude of variations is 1 bar, thus cycling
cathode pressure between 3 and 5 bar, with other parameters fixed. The increase in cathode
pressure is numerically realized by increasing the effective O,concentration at inlet boundary at
cathode. It can be seen in Fig. 7(a) that even though the pressure jump is instantaneous, the
power density changes gradually, as compared to that observed in Fig. 5(a) for voltage change.
This can be attributed to the time scale associated with the transport of reactants, which is
orders of magnitude higher than the time scale associated with double layer discharge. It is also
noted that the variation in power density exhibits similar behavior around increasing mean for

consecutive cycles, in contrast to the observed changes for anode pressure (Fig. 6(a)) where the
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Figure 3.8: Variation in power density as a Figure 3.9: Variation in power density as a

function of time, for cyclic variation in anode function of time, for cyclic variation in

inlet velocity for(a)z,=2s and (b)7,=10s. cathode inlet velocity for (a)z,=2 s and (b) 7,
=10s.

peak for 1" cycle was seen to be relatively higher in comparison to the consecutive cycles. It is
also noted that the average power density increases with the increase in the number of cycles as
seen in Fig. 7(a). Unlike the observation in Fig. 7(a), for t, = 10 s (in Fig. 7(b)) , a steeper change
for power profile is observed at first, followed by gradual change, as seen in Fig. 7(b). This can
be attributed to the dominant effect of species diffusion at first followed by the effects of water
back diffusion. In comparison to that observed for Fig. 7(a) the average power density decreases
with the number of cycles for t, = 10 s as seen in Fig. 7(b).

Figure 8 shows the variation in power density for cyclic variations in anode stoichiometry.
The anode pressure is fixed and the velocity is cycled leading to change in stoichiometry. The
mean velocity is 0.1026 m/ s and amplitude of variations is 0.03078 m/ s, which is 20% of the

mean value, thus cycling anode velocity between 0.07182 and 0.13338 m/ s, with the other
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parameters fixed to mean values in Table 2. Figure 8(a) shows the variations for ¢, = 2's, it can
be seen that the average power density increases with progressive cycles reaching a steady state
for t > 60 s, although the velocity is cycled around fixed mean value. This can be primarily
attributed to increase availability of H, and H,0O along the length of the fuel cell over cycles. In
contrast to Fig. 6(a), increase in anode velocity leads to decrease in power density, which is
recovered over time. This behavior can be attributed to the change in rate of water removal
through anode. Fig. 8(b) shows the variation in power density for ¢, = 10 s. It can be seen that
the amplitude of power density variation is larger compared to that observed in Fig. 8(a) owing
to the time available to the fuel cell system to react to changes in velocity. The power density
shows an increasing trend with consecutive cycles for step decrease reaching a peak for 6" cycle
before reaching a steady state for t > 90 s.

Figure 9 depicts the variation in power density for cyclic variations in cathode flow rate. The
value of cathode pressure is fixed and cathode inlet velocity is varied, cycling the cathode
stoichiometry. The cathode inlet velocity is varied periodically between 0.16093 and 0.29887
m/ s, with 0.2299 m/ s as mean, while other parameters are fixed at a constant value and do not
change with time. For ¢, =2 s, there is a lag in power response to changes in velocity, as seen in
Fig. 9(a), and can be associated to the time scales of convective transport process. With the
increase in cathode velocity, the rate at which water generated at cathode catalyst layer is
transported out of the system also increases, leading to decrease in average water content and
thus reduced power density. With the progressive cycles, the average water content reduces,
leading to decrease in the average power density over the cycles. Figure 9(b) depicts the power
density response for t,, = 10 s. Similar to that observed in Fig. 9(a), increase in velocity leads to
decrease in the power density in Fig. 9(b). It is also noted that the average power density
increases with consecutive cycles for t, = 10 s (Fig. 9(b)) in contrast to decrease in average
power density for ¢, = 2 s (Fig. 9(a)). This behavior can be attributed to the fact that given more
time for the effects of the changes in the cathode velocity to be realized there is an increase in
membrane hydration over the cycles leading to increase in average power density reaching a

steady state at a later stage.

3.4 Optimization
The results discussed before illustrate the effects of changes in operating parameters on

transient fuel cell behavior. These parameters are further optimized, with an objective to match
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power response of US06 drive cycle [14]. The goal of the optimization is to determine the
optimum variation in operating parameters so as to closely track the power curve specified for
USO06 drive cycle [14] using only the fuel cell system as power source.

A model based optimization study is performed to elucidate the changes in operating
parameters desired to supply the power for a specified time period of operation. The transient
variation of operating parameters — cell voltage, anode and cathode operating pressures, and
anode and cathode mass flow rates — forms the decision variables whose optimum values are
sought in the problem such as to closely follow a given transient power profile. The decision
variables are subjected to upper and lower bounds with no explicit constraints. The
unconstrained optimization problem can be written mathematically as:

minimize = (Pg —F) - {5 - (¢
Ecell, Das Doy Ma, Me

where P; is the desired power density variation with time, taken from Ref. [14], and P is the
power obtained from numerical simulations, (; and (. are the stoichiometric ratio at anode and
cathode side, respectively, p, and p., represent the anode and cathode pressure, and m,, and
m, represent the mass flow rates at the anode and cathode side. The objective is to follow the
desired power curve closely by minimizing the difference between simulated value and the
desired power curve, at each time instant during the cycle while forcing the stoichiometry to be
constrained for least fuel usage. The desired power profile is divided into smaller intervals
ranging from 0.25 s to 2 s and optimized consecutively to satisfy the objective function. The
decision variables E..;, Py, Pey M, and m, are all functions of time, represented as piecewise
linear variations over each of the smaller subintervals constituting the entire time considered.
The optimized decision variables at the end of each smaller interval forms the initial point for
the optimization in the following time subinterval.

The optimization problem is solved using the Nelder-Mead simplex method [15] combined
with a simulated annealing technique to improve the effectiveness of the search [16,17]. The
simplex search method is an algorithm that performs continuous search for selecting a new
point during an optimization iteration, which guarantees objective function improvement. A
simplex is defined as a convex hull of N + 1 vertices in an N-dimensional space, representing the
N decision variables that govern the objective function evaluation. The vertices are ranked, from
best to worst, based on the corresponding objective function evaluations and the best vertex is
defined as the primary vertex. Since the primary vertex corresponds to a set of decision

variables, which corresponds to the lowest objective function evaluation, the finding of a new
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Figure 3.10: (a) Desired and simulated power Figure 3.11: (a) Desired and simulated power
curves for power curve C1, as a function of curves for power curve C2, as a function of
time and (b) optimized cell voltage for time and (b) optimized cell voltage for
various cathode inlet humidity. various cathode inlet humidity.

primary vertex constitutes an improvement to the objective function. The Nelder—-Mead simplex
method combined with simulated annealing is designed to solve non-linear unconstrained
problems and is suitable for current problem. A one-dimensional form of the numerical model
discussed previously is used for the optimization problem. This is achieved by considering a
single cell along the length of the fuel cell. Three different power curves representing parts of
USO06 drive cycle [14] are used as objective curves to be tracked and are referenced by curve Cl,
C2 and C3.

Figure 10 present the results from the optimization studies for different values of cathode
inlet relative humidity for tracking power curve C1. Figure 10(a) presents the desired power
curve, Py, shown as solid line, and simulated power curves in dashed styles for RH_ = 0%, 50%

and 100%. It can be seen that the simulated power curves closely match the desired power curve
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indicating that the current fuel cell setup satisfies the US06 drive cycle [14] power requirements.
The drive cycle used here represents a fraction of the actual drive cycle, but presents significant
characteristics of power variations. The power rises from 0 to maximum of 93 KW at around 14
s again reaching 0 at 21.4 s. The optimization was performed considering small intervals where
the operating parameters varied linearly with time.

Figure 10(b) shows the temporal variation of optimized cell voltage corresponding to the
simulated power curve in Fig. 10(a) for different relative humidity at cathode inlet. From Figs.
10(a) and (b), it can be observed that the cell voltage decreases as the power requirement
increases from 0 to 14 s, and then increases as the power requirement decreases. On close
observation, it can be found from Fig. 10(b) that the cell voltage reaches a minimum at different
time instants for different RH_values. This is attributed to the difference in the concentration of
reactants at the cathode inlet and the water content values as a result of simultaneous variations
in operating parameters. It is to be noted here that other operating parameters are also vary and
are optimized to match the desired power curve in Fig. 10(b). The detailed variation of anode
and cathode, pressure and mass flow rates are not shown due to indistinguishable patterns in
the variations of the above parameters but the maximum value observed for the operating
parameters and the corresponding time the maximum is observed is presented in Table 4. It was
also noted from Figs 5-9 that variation in power density due to changes in voltage is
significantly higher than that observed for changes in other operating parameters namely anode
and cathode, pressure and stoichiometry. It can be seen from Table 4 that anode pressure
assumes the maximum value of 3.36 and 3.86 bar for RH, = 0% and 50 %, respectively, when the
power reaches a maximum value at 13.0 s (Fig. 10(a)). Whereas for RH. = 100% the maximum of
4.99 bar occurs at 16.0 s when the there is decrease power from the maximum power at = 13.0
s. The maximum value of cathode pressure, p., for RH, = 0%, 50% and 100 % are 4.51, 4.93 and
3.25 bar, respectively.

Similar to Fig. 10, Fig. 11 present the results from the optimization studies for different
values of cathode inlet relative humidity for tracking power curve C2. It can be seen from Fig.
11(a) that the simulated power curves closely match the desired power curve indicating that the

current fuel cell setup satisfies the US06 drive cycle [14] power requirements. The drive cycle
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Figure 3.12: (a) Desired and simulated power curves for power curve C2, as a function of time
and (b) optimized cell voltage for various cathode inlet humidity.

used here represents a fraction of the actual drive cycle, but presents significant characteristics
of power variations. The power rises from 0 to maximum of 80 kW at around 12 s again
reaching 0 at 23.6 s. Figure 11(a) shows distinct characteristics of a drive cycle with four peaks at
different times. Figure 11(b) shows the temporal variation of optimized cell voltage
corresponding to the simulated power curve in Fig. 11(a) for different relative humidity at
cathode inlet. From Figs. 11(a) and (b), it can be observed that the cell voltage decreases as the
power requirement increases from 0 to 14 s, and then increases as the power requirement
decreases. The maximum value observed for the operating parameters and the corresponding
time the maximum is observed is presented in Table 5. It can be seen from Table 4 that anode

pressure assumes the maximum value of 4.16, 4.11 and 3.99 bar for RH,. = 0%, 50% and 100 %,

48



respectively, at £ = 1.75 s. Similar is observed for cathode pressure with maximum value of 4.05,
4.07 and 4.34 bar for RH, = 0%, 50% and 100 %, respectively, at t = 1.75 s.

Similar to Fig. 10 and 11, Fig. 12 present the results from the optimization studies for
different values of cathode inlet relative humidity for tracking power curve C3. It can be seen
from Fig. 12(a) that the simulated power curves closely match the desired power curve
indicating that the current fuel cell setup satisfies the part of US06 drive cycle [14] power
requirements. It can be seen that power curve almost drops to zero for ¢ = 9.0, reaching a peak
of around 64 kW around 10 s, further reaching 0 at 19.6 s. Figure 12(b) shows the temporal
variation of optimized cell voltage corresponding to the simulated power curve in Fig. 12(a) for
different relative humidity at cathode inlet. From Figs. 12(a) and (b), it can be observed that the
cell voltage decreases as the power requirement increases from 0 to 14 s, and then increases as
the power requirement decreases. For the sudden drop in power density around 9.0 s it is seen
that the voltage increases sharply such as to match the reduction in power density required. The
maximum value observed for the operating parameters and the corresponding time is
presented in Table 6. It can be seen from Table 6 that maximum for anode and cathode pressure
occurs for different times compared to that observed for curve C2. It is also noted that the
cathode pressure, mass flow rate at anode and cathode are maximized at 17.0 s whereas the
anode pressure is maximized at = 18.0 s.

The results presented in this section offer insight into the effects of various operating
parameters on the hydration transient operation of fuel cells and the correlation with power
density. The detailed investigation indicates that power response is strongly correlated to time
scale of different transport mechanisms. For longer response time, the effects of water transport
are significant which otherwise is hidden for shorter time periods. Optimization studies reflect
the transient variation in cell voltage with the maximum for anode and cathode pressure and
mass flow rates for various values of humidity at cathode inlet in order to meet US06 drive
cycle [14] power requirements. Future work could, parametric studies for other cyclic and non-
cyclic variations in operating parameters using the present model. Also, optimization studies
taking into consideration the time constant associated with feed and control system are worth
exploring and more realistic. The numerical model can be used to develop network-based
models, characteristically reducing the simulation time for optimization studies. The use of 2D
and 3D models for simulation on parallel basis can offer further insights in to the optimization

of the operating parameters.
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3.5 Nomenclature

A superficial electrode area [m’]

o molar concentration of species k [mol/ m’)]
D mass diffusivity of species [m’/ s]

E..;; cell potential or voltage [V]

EW  equivalent weight of dry membrane [kg/ mol]
F Faraday Constant [96,487 C/ equivalent]
j transfer current [A/ m’]
K  permeability [m’]

ng electro-osmotic drag coefficient [H,0/ H']
D pressure [bar]

RH  Universal gas constant [8.314 J/ mol K]
S relative humidity
t source term in transport equations
T temperature [K]
u velocity vector

Greek letters

a transfer coefficient
€ porosity
n surface overpotential [V]
A membrane water content
u viscosity [kg/ m s]
p density [kg/ m’]
o electronic conductivity [S/ m]
T shear stress [N/ m’]; time constant; tortuosity
¢ phase potential [V]

Superscripts and subscripts

a

c

anode

cathode
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ref

sat

SS

single fuel cell
desired value
electrolyte
effective value
equivalent

gas phase

inlet

species
membrane phase
t=0 s, initial state
reference value
electronic phase, simulated values
saturated value
steady state

time > 0s

water
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Table 3.1: Source terms in the governing equations

Domain SV S, S’ Sm
Gas channels 0 0 0
. . M —
Diffusion layers - u 0 0
KepL
Anode Anode
J . .
—ﬁ (i=H) Ss=—ja <0
0 (i=0, Sm=4+j.<0
_v. ("‘”e> (i=H0)
[T F
Catalyst layers R
GDL Cathode Cathode
0 (i=H) Ss =+j.>0
J . .
—ﬁ (i=0) Sm=—Jc <0
jc ndie) . _
2~ _vy. i=H,0
2F v ( F ( )
M el
Membrane - u 0 0
KepL
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Table 3.2. Mean and amplitude of the cyclic variation of parameters used in the numerical

simulations
Mean Amplitude
Parameter [units]
(8o) (04)
Cell Voltage E_, [V] 0.65 0.1
Anode Pressure p, [bar] 4 1
Cathode Pressure p. [bar] 4 1
Anode Inlet Velocity u, [m/ s] 0.1026 0.0308
Cathode Inlet Velocity u, [m/ s] 0.2299 0.0458

Table 3.3. Geometrical and physical parameters used in the numerical simulations [4,5,9]

Parameter [units] Symbol Value
Gas channel depth [mm] 1.0
Diffusion layer thickness [mm] 0.3
Catalyst layer thickness [mm ] 0.01
Membrane (N 112) thickness [mm] 0.051
Fuel cell/ Gas channel length [mm] 100.0
Temperature [K] T 353
Permeability of diffusion layer [m’] Kepr 10"
Permeability of catalyst layer [m°] KL 107"

Gas diffusion layer porosity £6DL 0.6
Catalyst layer porosity &L 0.4

Volume fraction membrane in catalyst layer Em 0.26

Anode reference exchange current density [A/ m’] Jaref 5.00x 10°
Cathode reference exchange current density [A/ m’] Jeref 500

H, diffusivity membrane [m?/ s] Dy, mem 2.59x10™"
H, diffusivity in gas [m” s] Dy, ref 1.1x 10"

0, diffusivity in gas [m’/ s] Do,rer  3.2348x 107
H,0 diffusivity in gas [m?/ s] Dy,orer 7.35x10°
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Table 3.4: Maximum values of operating parameters and the corresponding time for power

curve in Fig. 10. (C1)

Anode Pressure p, | Cathode Pressure | Anode Mass Flow | Cathode Mass Flow
I;Z]C [bar] p. [bar] Rate, m, [kg/ s] Rate, m, [kg/ s]
Max t Max. t Max. t Max. t
0 3.36 13.0 4.51 2.0 7.27x10° 20.0 5.20x10" 11.0
50 3.86 13.0 4.93 13.0 7.67x10° 19.0 6.13x10" 16.0
100 4.99 16.0 3.25 19.0 7.62x10° 5.0 5.30x10" 2.0

Table 3.5: Maximum values of operating parameters and the corresponding time for power

curve in Fig. 11. (C2)

Anode Pressure, | Cathode Pressure, | Anode Mass Flow | Cathode Mass Flow
[[?(:]C D, [bar] pc [bar] Rate, m, [kg/ s] Rate, m, [kg/ s]
Max. t Max. t Max. t Max. t
0 4.16 1.75 4.05 1.75 8.00x10” 14.6 3.90x10™ 19.6
50 4.11 1.75 4.07 1.75 7.97x10°  12.0 | 6.24x10" 7.6
100 3.99 1.75 4.34 1.75 6.42x10° 11.0 4.27x10" 19.6

Table 3.6: Maximum values of operating parameters and the corresponding time for power

curve in Fig. 12. (C3)

Anode Pressure, Cathode Pressure, | Anode Mass Flow | Cathode Mass Flow
I;:]C Dq [bar] pc [bar] Rate, m, [kg/ s] Rate, m, [kg/ s]
Max. t Max. t Max. t Max. t
0 4.30 18.0 4.49 17.0 6.88x107 17.0 1.29x10™ 17.0
50 4.19 24 4.03 16.1 7.91x10° 18.0 1.72x10™ 12.4
100 4.14 3.2 4.27 5.9 7.59x10° 8.8 5.40x10™ 8.3
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Chapter 4: Influence of Membrane Properties on the Transient Behavior of Polymer

Electrolyte Fuel Cells

Toward understanding the effects of membrane properties on the dynamic behavior, this
chapter presents numerical simulations for a single channel PEM fuel cell undergoing changes
in load, by subjecting the unit cell to a step change in current. The complex interaction between
cell voltage response and water transport dynamics for various membrane properties is
explored in detail, where the performance is critically related to the water content of the
membrane. Detailed computational fluid dynamics (CFD) simulations are carried out to show
that step increase in current density leads to anode dryout due to electro-osmotic drag, and to
investigate the dependence of transient behavior on the variations in membrane properties. The
results show that water uptake by the membrane is a crucial factor in determining the
occurrence of anode dryout and hence voltage reversal, and can be avoided by a graded

membrane design.

4.1 Introduction

The performance of a fuel cell is critically related to the membrane hydration, as it affects
the proton conductivity through membrane—a higher water content (number of water
molecules per sulfonic acid group) in the membrane ensures higher conductivity. Under low-
humidity operation, suitable for automotive applications, electro-osmotic drag, back-water
diffusion and rate of water supply or removal through humidified reactants, each associated
with different time scales, interact in complex ways to affect the transient behavior of PEM fuel
cells. The step increase in current density causes the anode side of the membrane to quickly
dryout owing to electro-osmotic drag whereas back-diffusion of water from cathode to anode
takes longer to rehydrate the membrane. This can lead to temporary dryout and hence sharp
voltage drop, owing to jump in membrane resistance. As the back-diffusion rehydrates the
anode side, the voltage recovers, improving the performance. The above transient behavior is
strongly dependent on the transport and physical properties of the membrane namely, the
water diffusion coefficient, electro-osmotic drag coefficient, thickness and equivalent weight,

and needs to be studied in detail. Understanding the transient behavior and effect of membrane
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properties is of paramount importance for PEM fuel cells to be successfully deployed for mobile

applications [1,2].

Several researchers have attempted to study the transient behavior of PEM fuel cells
experimentally and numerically [3-14]. Hamelin et al. [3] studied the behavior and performance
of a proton exchange membrane fuel cell stack for fast load commutations, observing that the
system response was faster than 0.15 s. Kim et al. [4,5] investigated the effects effect of
stoichiometry, reservoir and fuel dilution on the transient response of fuel cell, and elucidated
the undershoot and overshoot characteristics for change in loads at fixed flow rate. Benziger et
al. [6] studied the dynamic response of a stirred tank reactor (STR) PEM fuel cell for changes in
load, emphasizing the role of membrane water uptake in ignition and extinguished state of the
fuel cell. Yan et al. [7], in their experiments, investigated the steady state and dynamic
performance of PEM fuel cells. The results showed cathode humidity, stoichiometric flow ratio
and cell temperature as key parameters affecting the performance and being related to the
water transport. The above studies point the importance of water transport and membrane

hydration in the performance and transient response of fuel cells.

The transient response of fuel cells has been investigated numerically in several studies. The
model by Um et al. [8] assumed constant water content and investigated the transient response
of fuel cell, emphasizing the effects of reactant diffusion. Amphlett et al. [9] developed a
lumped-parameter based thermal model to predict the transient response, while using steady-
state electrochemical kinetics. Pathapati et al. [10] and Xie et al. [11] developed simplified
system level models for their transient study. Ceraolo [12] used a simplified one-dimensional
model to study the dynamic behavior, considering only the cathode side. These numerical
studies used simplified models and lacked detail representation of complex interactions during
transient operations. A more complete model was developed by Wang and Wang [13,14],
extending the model used in Ref. [8] to include the effects of water accumulation and
electrochemical double layer discharge. The transient model explored the dynamic behavior for
step change in humidity, voltage and current, emphasizing the different time scales
characteristic to transport and electrochemical process. To the authors” knowledge, Wang and
Wang [14] were the first to simulate the effects of step changes in current load. The effects of

two different membrane thicknesses on the dynamic behavior were studied in detail. It was
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Figure 4.2: Schematic of model domain and associated boundary conditions.

pointed out in their study that the increase in current density leads to drying of anode leading

to sudden drop in voltage.
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In the present study, computational fluid dynamics (CFD) simulations are carried out using
the model developed in Ref. [14] to study the effect of step change in current density. Although
the work by Wang and Wang [14] provides mathematically rigorous description of the
governing physics, the transport properties vary extensively by orders of magnitude and their
influence has not been addressed in detail in previous studies. Majsztrik [15] presented an
elaborate compilation of the diffusivity values of water in Nafion and the experimental
techniques used, with values spanning over three orders of magnitude, at a single temperature.
Similarly, the variations in water uptake, electro-osmotic drag coefficient, ionic-conductivity of
membrane have been presented in Refs. [16], [17] and [18], respectively. The variations in the
physical and transport properties of GDL and membrane play an important role in determining
the transient behavior of membrane and are addressed in detail in the present study. The
mathematical model used as the basis of the study is presented in Section 2 and the results are

reported and discussed in Section 3.

4.2 Mathematical Model
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The mathematical model used in this chapter is similar to that described in section 2.2 and

has been omitted for brevity.
4.3 Results and Discussion

The numerical model described in the previous section is first validated by comparing the
cell voltage (E.1) response with the numerical results reported by Wang and Wang [14]. Figure
3 shows the cell voltage variation with current density for step change in current density from I
= 0.1 to 04, 0.5 0.6, 0.7 A cm?, where the solid lines represent the results from present
simulations, and the results from Ref. [14] are indicated by dashed lines. It can be seen that the
cell voltage drops instantaneously owing to the time-scale associated with the electrochemical
double layer discharge, on the order of micro-to-milli-seconds. In addition, at low-humidity
operating conditions, the voltage response is seen in Fig. 3 to exhibit an undershoot, with the
degree of undershoot increasing as the magnitude of current change is increased. For I = 0.7
A/cm?, Fig. 3 shows that the voltage drops to zero, indicating a voltage reversal. The
undershoot in the voltage response can be attributed to the jump in water electro-osmotic drag,
which increases proportionally to the step change in the current density. This causes the anode
to dryout and, in turn, increases the membrane resistance, leading to further drop in the voltage
to a minimum. As the membrane at anode is rehydrated, the membrane resistance decreases,
leading to increase in voltage and achieving steady state. The time scale associated with the
back-diffusion of water dictates the time taken for the voltage response to improve, and is on
the order of 0.7 s for the parametric combination considered. The figure shows close agreement
between the voltage response obtained for the present simulations and those reported in Ref.

[14].

The comparisons presented in Fig. 3 demonstrate the capabilities of the present model to
accurately capture the water transport dynamics and predict voltage response, which forms the
basis of the further studies reported in this section. The effects of water diffusivity in the GDL,
gas channels and the membrane, the equivalent weight of membrane, the electro-osmotic drag
coefficient and water uptake in the membrane on the dynamic response of the fuel cell is
presented in the following discussion. Temporal variations in cell voltage for step change in

current load are plotted to elucidate the response and is discussed in detail.

Figures 4(a) to (d) present the transient variation in cell potential for various H>O diffusivity
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values in the gas channel, D:I%, as the current density is stepped up from (a) 0.1 A/cm? to 0.4 A
cm?, (b) 0.1 Acm2to0.5A cm?, (c) 0.1 A/cm?2to 0.6 A cm? and (d) 0.1 Acm2to 0.7 A cm?2,
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Figure 4.4: Transient variation in cell potential for various D}, H, 0, for (a) 0.1 A/cm? to 0.4 A/cm?,
(b) 0.1 A/cm2 to 0.5 A/cm?, (c) 0.1 A/cm?2 to 0.6 A/cm?, and (d) 0.1 A/cm? to 0.7 A/cm?,
respectively.

respectively. In each plot, the effect of water diffusivity in gas is investigated for diffusivity
values ranging from 3.89 X 107 m2 s to 3.89 X 107* m2 s, while the diffusivity values of the
other reactants are kept constant as specified in Table 1. From Fig. 4(a) it is observed that, A cm2
following the instantaneous drop in cell voltage, which is attributed to the time scale associated

with electrochemical double layer discharge as explained before, the cell voltage recovers to a
steady state, for all the diffusivity values except for Dref = 3.89 X 10™* m?/s. For D;i}; = 7.35 X

107% m2 s, the degree of voltage undershoot is the most, with voltage reaching a minimum at ¢

= 2 s, as seen in Fig. 4(a). In contrast to that observed in Fig. 4(a), for a step change in current
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density from 0.1 A cm?2 to 0.5 A cm? (Fig. 4(b)), voltage reversal occurs for D}_}% =7.35%x107*

m?/s , whereas for step change from 0.1 A cm2to 0.6 A cm?2 (Fig. 4(c)) voltage reversal occurs
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Figure 4.5: Transient variation in cell potential for various Dy, for (a) 0.1 A/cm? to 0.4 A/cm?,
(b) 0.1 A/cm? to 0.5 A/cm?, (c) 0.1 A/cm? to 0.6 A/cm?2, and (d) 0.1 A/cm? to 0.7 A/cm?,
respectively.

for Dj), = 3.89 x 10~* and 7.35 x 10* m2s1 and for Dy’ = 3.89 X 107#,7.35 x 10~* and 3.89 x
1075 m? s given step change in current density from 0.1 A cm? to 0.7 A cm? (Fig. 4(d)),
resulting from anode dryout. Significant voltage undershoot is observed for D}_}% =7.35%x107*

m?2 st in Fig. 4(a) which is recovered with back-diffusion of water to the anode, with an
undershoot of around 0.2 V. It can be seen in Fig. 4(a) to 4(d) that there exists a non-monotonic

trend associated with variation in steady state cell potential values for different diffusivity
values, with D,:i{, =735%x10"* m2 s1 and 3.89 x 107® m2 s defining the minimum and

maximum values of steady state voltages, respectively, in Fig. 4(a). The diffusivity at the porous
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layers determines the rate at water is transported to and from the anode and the cathode sides,
determining the amount of water contained in the membrane. It is also noted that, for lower
diffusivity values, voltage reversals are not observed (Fig. 4(a) to 4(d)). Although the properties
of membrane are fixed, change in diffusivity values of water in porous layers presents a
complex dynamic behavior affecting the time scales for voltage recovery. Therefore, it can be
established that water diffusion through porous layers significantly affects the water

distribution process, thus determining the voltage response for change in current.

Figures 5(a) to (d) depict the change in cell potential with time for different values of water
diffusivity in the membrane as the current density undergoes a step change from (a) 0.1 A cm?
to 0.4 A cm?, (b) 0.5 A cm?, (d) 0.6 A cm2and (d) 0.7 A cm?, respectively. The water diffusivity
in membrane Dy, is a function of the membrane water content, A, and temperature, T, as
defined in Eq. (11). The effect of variation in membrane diffusivity is studied by varying Dy,",

Dy,
Eq. (11)

where Dy* is a dimensionless parameter defined by D" = . In the present study, D" is

varied from 0.2 to 5 for the cases described above, while the other properties are fixed as given
in Table 1. The change in net diffusion of water through the membrane can be also attributed to
the changes in temperature and membrane thickness, thus the corresponding effects are not
evaluated independently but can be represented by variations in the effective water diffusivity

in the membrane.

In Fig. 5(a) it can be seen that D;;* = 0.5 almost defines the limiting case for voltage reversal.
As seen from Figs. 5(a), 5(b) and 5(c), the voltage reversal occurs for Dy;* < 1.0, whereas voltage
reversal occurs for Dy < 2.0 for step change in current density from 0.1 to 0.7 A cm?2 (Fig. 5(d)).
Owing to the higher magnitude of step changes in current density, from 0.1 to 0.6 A/cm? and
0.1 to 0.7 A cm?2in Fig. 5(c) and 5(d), respectively, voltage reversal occurs for a relatively high
diffusivity value compared to that is observed in Fig. 5(a) and 5(b). Also, it is noted that for
Dy" = 1.0, the extent of undershoot observed in the voltage is much larger in Fig. 5(c) compared
to those observed in Fig. 5(a) and 5(b). It can be seen from Fig. 5(d) that, for D;;* = 1.0, the cell
undergoes voltage reversal for step change in current density from 0.1 to 0.7 A cm?2. Although,
voltage reversal also occurs for Dy;* = 0.5, for a step change in current density from 0.1 A cm?
to 0.4 A cm?2 (Fig. 5(a)), the cell voltage recovers upon rehydration, after a reversal period from t

= 2.5 to 3.5 s. For the higher diffusivity values, no undershoot is observed and the cell reaches
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steady state following the expected initial instantaneous decrease in cell voltage, as illustrated

in Figs. 5 (a) to (d) for D" > 2. This behavior can be attributed to the increased transport rate of
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Figure 4.6: Transient variation in cell potential for various EW, for (a) 0.1 A/cm? to 0.4 A/cm?,
(b) 0.1 A/cm2 to 0.5 A/cm?, (c) 0.1 A/cm?2 to 0.6 A/cm?, and (d) 0.1 A/cm? to 0.7 A/cm?,
respectively.

water generated at cathode to anode through back-diffusion. The diffusivity of water through
membrane effects the distribution of water in the membrane, both through the thickness and
along the direction of flow, thus affecting the steady state cell potential values. In Fig. 5(a), it can
be seen that steady state values are nearly unaffected for D;;* > 1.0, whereas at D" = 0.5, the
steady state recovered voltage value is much lower. Similar behavior is observed for D;;* > 2.0
in Figs. 5(b), 5(c) and 5(d), with the difference in the steady state voltage recovery value

increasing with increasing amplitude of change in current density.
These trends can also be used to qualitatively explain the effect of change in thickness of
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membrane on the transient response, where Dyy* > 1.0 would represent decrease in thickness of

membrane and Dy;* < 1.0 would represent increase from the base value. The decrease in
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Figure 4.7: Transient variation in cell potential for various ng, for (a) 0.1 A/cm? to 0.4 A/cm?,
(b) 0.1 A/cm2 to 0.5 A/cm?, (c) 0.1 A/cm?2 to 0.6 A/cm?, and (d) 0.1 A/cm? to 0.7 A/cm?,
respectively.

thickness leads to increase in rate at which water is transported back to anode through back-
diffusion, thus affecting the dynamic response. The decrease in thickness causes the membrane
to fail early due to reduced structural ability and thus use of reinforced membranes with better
structural stability is desirable. The equivalent molecular weight of dry membrane in kg mol- is
denoted as EWV, with lower values of EIV indicating higher moles per kg, and, in turn, increased
number of sulfonic acid groups. Increase in number of sulfonic acid groups leads to an increase
in the amount of water stored in the unit mass membrane, for a given water activity. An

increase in EW leads to a decrease in the amount of water that can be accumulated by
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membrane for a given water activity. The effect of variations in EWW on the dynamic response is
presented in Fig. 6. Figures 6(a) to (d) depict the cell voltage response for change in current
density from (a) 0.1 A cm2to 0.4 A cm?, (b) 0.1 Acm?2to 0.5 A cm?, (c) 0.1 A cm?2to 0.6 A cm?2
and (d) 0.1 A cm?2 to 0.7 A cm?, respectively, for various equivalent weights, EW. The results
presented in Figs. 4 and 5 were based on EW = 1.1 and Fig. 6 shows the effect of varying EW
from 0.9 to 1.4, in steps of 0.1. Similar to the observations in Figs. 4 and 5, a step change in
current density is seen in Fig 6(a)-(d) to lead to sudden drop in voltage, followed by an
undershoot due to membrane dryout and recovery on rehydration from back-diffusion of water
to anode. It can be seen in Fig. 6(a) that an increase in EW from 0.9 to 1.4 leads to an increase in
the degree of undershoot, with cell voltages approaching different steady state values for
different EW's over time. For the change in current density from 0.1 to 0.5 A cm?2 (Fig. 6(b)),
there is an increase in the amount of observed undershoot compared to that observed in Fig.

6(a), owing to increase in current density from 0.4 to 0.5 A cm2.

Similar behavior is observed in Figs. 6(c) and 6(d), with an exception of voltage reversal for
EW > 1.2 in Fig. 6(c) and EW > 1.0 in Fig. 6(d). The increase in the degree of undershoot can be
attributed to a faster dryout of anode side of the membrane, with increase in EW, as the same
amount of water is dragged to the cathode but the holding capacity is reduced with increase in
EW. As previously observed in Fig. 5, the steady state cell voltage values vary monotonically
with EW. It is also noted from Figs. 6(a)-(d) that with increase in EW the time taken for the
membrane to rehydrate also increases. The time taken by the cell potential to reach a steady
state value is dependent on the time scale associated with time constant for membrane

hydration, which is inversely proportional to EW.

Figures 7(a) to (d) show the temporal variation in cell potential for various electro-osmotic
drag coefficient, ng, values as the current density undergoes a step change from (a) 0.1 A cm?2 to
0.4 A cm?, (b) 0.1 Acm2to 0.5 A cm? (c) 0.1 Acm?to 0.6 Acm?and (d) 0.1 Acm2to0.7 A cm?,
respectively. The electro-osmotic drag coefficient gives a representative figure of the effective
moles of water transported per mole of protons conducted from anode to cathode catalyst layer
and appears as a source term (Table 1) in species conservation equation for water Eq. (4). The
values of n; used in the present study range from 0.7 to 2.0, following the values reported in

Refs. [15-18]. Note that larger values of n,; indicate more water being transported from anode to
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cathode, for a specified current density. It can be seen in Fig. 7(a) that cell voltage reaches zero

for n; > 1.3, whereas owing to increase in current density to 0.5 A cm?2 in Fig. 7(b), the voltage

reaches zero and finally reverses for ng > 1.2. Similar behavior is observed for n; > 1.1 for step
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Figure 4.8: Transient variation in cell potential for various C};,, for (a) 0.1 A/cm?2 to 0.4 A/cm?,
(b) 0.1 A/cm2 to 0.5 A/cm?, (c) 0.1 A/cm?2 to 0.6 A/cm?, and (d) 0.1 A/cm? to 0.7 A/cm?,
respectively.
change in current density to 0.6 A cm? in Fig. 7(c) and for ng; > 0.9 for change to 0.7 A cm2 in

Fig. 7(d). It is also noted in Fig. 7(a) that there is no observable undershoot in voltage due to
drag for n; < 1.0, and the voltage recovers as the membrane is further hydrated by back-
diffusion. Similar behavior is observed for n; < 0.9 in Fig. 7(b) and for ng; < 0.8 in Fig. 7(c),
whereas in Fig. 7(d) there exists an undershoot for the all the values of ny studied. The steady
state cell voltage values for 0.4 A cm?2 (Fig. 7(a)), 0.5 A cm? (Fig. 7(b)), 0.6 A cm2 (Fig. 7(c)) and
0.7 A cm2 (Fig. 7(d)) exhibit monotonic trend for variation in ny. This behavior can be attributed

to increased membrane resistance, due to lower membrane water content as the rate at which
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water is transported from anode to cathode increases. Also, it can be seen that degree of voltage
undershoot is relatively smaller in Fig. 7(a) compared to that observed in Figs. 7(b), 7(c) and
7(d) owing to smaller current density with minima of 0.49 V for ng = 1.3 (Fig. 7(a)), whereas

voltage reversal occurs for n; = 1.3 in other cases.

Following the same format in Fig. 7, Figs. 8(a) to (d) depict the change in cell potential over
time for different values of water uptake in membrane as the current density is changed as a
step from (a) 0.1 A cm2to 0.4 A cm?, (b) 0.1 A cm?2to 0.5 A cm?, (c) 0.1 A cm2to 0.6 A cm?2and
(d) 0.1 A cm? to 0.7 A cm?, respectively. The water concentration in membrane, Cp;, is a

function of the membrane water content, A, equivalent weight of membrane, EIV, and density of

. . A C . .
the membrane, and is defined as C}y = g—w. The effect of variation in membrane water content is

. . R . . . . . c
studied by varying Cy* in Fig. 8, where C};;* is a dimensionless parameter, given by Cp* = ) /’ZW

. In the present study C);" is varied from 0.8 to 1.2 for the cases described above. The above
values are chosen to provide a systematic parametric study with a base of 1.0. The change in
amount of water stored in the membrane can be achieved by changing the EW, A, and density
of membrane. The water content of the membrane, 4, is a function of water activity, a, which is
function of temperature (Eq. 8). At high temperature, for a given concentration of water in gas,
the amount of water stored in the membrane is lower, thus increasing the temperature during
operation leads to lowering of water content in membranes. It can be seen from Fig. 8(a) that the
increase in water uptake capacity leads to decrease in the amount of undershoot observed with
a maximum undershoot for C}3* = 0.7. This can be attributed to increased amount of water to be
removed by drag until back-diffusion rehydrates the membrane. Similar behavior is observed in
Figs. 8(b), 8(c) and 8(d), with more pronounced undershoots, owing to higher current density.
As seen from Figs. 8(a) and 8(b), no voltage reversal occurs for the values of Cy* studied,
whereas voltage reversal occurs for Cy,* < 0.9 and (" < 1.1 for step changes in current density
from 0.1 to 0.6 A cm2 (Fig. 8(c)) and from 0.1 to 0.7 A cm?2 (Fig. 8(d)), respectively. In Fig. 8(a) it
can be seen that Cp* = 0.5 almost defines the limiting case for voltage reversal. Although,
voltage reversal occurs for Cy,* = 0.8, for a step change in current density from 0.1 A cm2 to 0.6
A cm?2 (Fig. 8(c)), the cell voltage recovers upon rehydration, after a reversal period from ¢ = 0.9
to 2.4 s. For higher water uptake values the observed undershoot is low and the cell reaches

steady state following the expected initial instantaneous decrease in cell voltage, as illustrated
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in Figs. 8 (a) to (d), with steady state cell voltage increasing monotonically with increase in
water uptake. This behavior can be attributed to the improved conductivity of protons from

anode to cathode.

Similar to the format in Figs. 7 and 8, Figs. 9(a) and (d) depict the change in cell potential
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Figure 4.9: Transient variation in cell potential for various oy,, for (a) 0.1 A/cm? to 0.4 A/cm?
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over time for different values of ionic conductivity of protons in membrane as the current
density is changed as a step from (a) 0.1 A cm2 to 0.4 A cm2and (b) 0.1 A cm?2 to 0.6 A cm?,
respectively. The ionic conductivity of membrane, o,,, is a function of the membrane water

content, A, and operating temperature, T, and is defined as
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—— l)] The effect of variation in ionic conductivity of

0 = (0.0051391 — 0.00326)exp [1286 (303 =

the membrane is studied by varying oy, in Fig. 9, where oy, is a dimensionless parameter, given

by op = O o] - It can be seen from Fig. 9(a) that the steady state

(0.005139&—0.00326)exp[1286(ﬁ—?

voltage increases with the increase in oyy,. It is also noted that for oy, = 0.25 there is a significant
drop in voltage upon step change in current density with the voltage almost reaching 0 before
the anode region is replenished due to back diffusion. In contrast to the observation in Fig. 9(a)
for step change in current density from 0.1 to 0.6 A cm2 (Fig. 9(b)) the voltage reaches a value of
0 for g, = 0.25 and 0.50 owing to the dryout of the anode region. Similar to the observation in
Fig. 9(a) it can be seen from Fig. 9(b) that the steady state voltage increases with the increase in

*

Om.-

It can be seen From Fig. 4 to 9 that the changes in diffusivity of water in the membrane, the
electro-osmotic drag coefficient and ionic-conductivity of the membrane leads to significant
changes in transient behavior for step change in current density. It is noted that the voltage
reaches zero for ng > 1.3, Dpy* < 1.0 and approaches zero for g, < 0.50, whereas for other
properties the transient variation in voltage is not as significant given the similar variations in
values of the membrane property. It can be inferred from the discussion in Fig. 8 that increasing
the water content of the membrane improves its dynamic behavior, in particular, with regard to
the voltage reversal. It is noted that the anode region dries out rapidly owing to electro-osmotic
drag, leading to increase in proton transport resistance, followed by rehydration through back-
diffusion. This suggests that an improvement in the water storage capacity of the membrane
near the anode would lead to an improved dynamic behavior, by avoiding complete dryout.
One possible approach is a membrane design with graded water content, instead of constant
water content, decreasing across its thickness from the anode to the cathode, which could
prevent anode dryout, thus avoiding voltage reversal and possible damage to membrane. To
explore this concept, the water uptake in the membrane is altered in the region of the membrane
near the anode while keeping the water uptake capacity of rest of the membrane to a fixed
value. The graded water uptake is denoted with Cy77; /4, Cin'1/2, Cn 374 defining the water uptake
capacity for 1/4th, 1/2 and 3/4th of the membrane thickness near the anode and Cy;% defining
the water uptake capacity for the rest of the membrane. The changes in water content values

affects the transport properties of the membrane and were accounted for in the simulations
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accordingly. Figures 10(a) and (b) show the effect of change in water uptake capacity in the
parts of membrane on the dynamic behavior, for Cpy = 0.7 and 0.9, respectively, given step
change in current density form 0.1 to 0.7 A cm?2. In each subplot, two different values of each of

Cm1/a and Cy’s /4 are shown by the different lines. Although not shown in Fig. 10, changing the
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Figure 4.10: Transient variation in cell potential for graded design of membrane for (a) C;y =
0.7, and (b) €y, = 0.9, respectively.

water uptake capacity at the anode catalyst layer alone, with Cp;* for rest of the membrane fixed
to the () could not avoid voltage reversal, for the values of Cy;* studied. It can be seen from

Fig. 10(a) that, for C,% /4 < 1.1 the step change in current density leads to voltage reversal owing
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to the anode dryout, whereas a further increase in uptake capacity, for €% ;4 = 1.2, the effects of

back diffusion are dominant, avoiding voltage reversal. In comparison to that observed for

m1/4 0 Fig. 10(a), for C3/4 it can be seen that the cell voltage drops to zero for (5,4 < 1.0

and can be avoided for Cp %/, = 1.1. For ;7 = 0.9, Figure 10(b) shows that in contrast to the
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Figure 4.11: Variation in (C};,’,) min as a function of membrane overhydration fraction, b/L, for

. W
various Cp .

observation for Cyy = 0.7 (Fig. 10(a)), there exists no voltage reversals for Cp% , = 1.1. This
behavior can be attributed to the increase in back diffusion rate owing to the increase in base
water uptake capacity, (. Similar to the observation for Cy 3/, in Fig. 10(a), it can be seen
from Fig. 10(b) that the cell potential drops to zero for Cp 3,4 < 1.0, with no reversals observed
for further increase in the water uptake. It is also noted from Fig. 10(b) that for there exists no
voltage reversals for Cy'y/4and Cp3/ = 1.1, implying no considerable improvement in the

dynamic behavior for improvements in Cy,* beyond 1/4th of the membrane thickness.

*

From Fig. 10 it can be seen that there exists a minimum Cy*, (Ci ) min, for a given C3 and
thickness in the membrane, such that the voltage reversal can be avoided. The variation of
(Ci.p)min With the membrane overhydration fraction, b/L (see inset in Fig. 11), for €}, = 0.7, 0.8,
0.9 and 1.0, is presented in Fig. 11. It can be seen that there exists a considerable difference in the

amount of over-hydration required to avoid voltage reversal for b/L = 0.25, for the different
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values of C. The cell voltage drops to zero for Cp, < 1.20, 1.15, 1.10 and 1.075 for C),5 = 0.7,
0.8, 0.9 and 1.0, respectively, as seen from the values of (Cy;})min- It is noted that the (Cy, %) min
decreases monotonously with the increase in overhydration fraction, with no significant
difference in the values of (Cp,’)min for b/L > 0.50. This behavior can be attributed to the effects
of electro-osmotic drag being significantly dominant at near the anode region, and the
improvements in the back diffusion rate with increase in Cy;* along the length of the membrane.
It is also noted that with the increase in C}, the difference in the (Cp)min drops significantly

along the length of the membrane, as seen in Fig. 11.

The results presented in this section offer insight into the effects of various membrane
properties on the hydration of the membrane during transient operation of fuel cells. Future
work could include a study of various existing membranes, such as reinforced membranes,
hydrocarbon membranes and others, using the present model. The effects of load change on
mechanical behavior of membrane are also significant, as presented in Ref. [23] and could also
be investigated for cases leading to anode dryout. The model can also be used to study the dry
startup behavior of PEM fuel cells and to optimize operating parameters to improve
performance as it closely emulates the actual load changes for automotive applications. Also,
other factors such as reactant starvation during startups and load changes can lead to reversal
in voltage and cause irreversible damage to the MEA [24] and can be studied in future. The
combinations of water uptake explored in the present study serve as a proof of concept of a
graded membrane design, and can be further optimized in a future work to suit desired
performance characteristics. A more detailed study would be to solve an optimization problem
to determine the optimized variation in uptake capacity for given load capacity or performance
characteristics. By averting voltage reversals, the graded design of membrane also improves the

operating range of the fuel cell to large current densities.

4.4 Nomenclature

A superficial electrode area [m?]

Cr ~ molar concentration of species k [mol m?3]
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D mass diffusivity of species [m?2 s]
Eceny cell potential or voltage [V]
EW  equivalent weight of dry membrane [kg mol-
]
F  Faraday Constant [96,487 C equivalent]
j  transfer current [A m?3]
K permeability [m?]
ng  electro-osmotic drag coefficient [H.O/H*]
p  pressure [bar]
R Universal gas constant [8.314 ] mol! K-]
RH  relative humidity
S source term in transport equations
T  temperature [K]
U velocity vector
Greek letters

a transfer coefficient

& porosity

n surface overpotential [V]

A  membrane water content

u  viscosity [kg m? s1]

p density [kg m?3]

o electronic conductivity [S m?], ionic conductivity [S m-

]

7 shear stress [N m2]; tortuosity
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¢ phase potential [V]

Superscripts and subscripts

a anode
c cathode
cell  single fuel cell
e electrolyte
eff  effective value

eq  equivalent

g gas phase
in  inlet
k species

m membrane phase

0 t=0 s, initial state
ref  reference value

S electronic phase
sat  saturated value

SS  steady state

t time >0s
w water
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Table 4.1: Source terms in the governing equations
Domain Sy S; Ss, Sm
Gas channels 0 0 0
Diffusion layers . 0 0
KepL
anode: anode:
e (= H) Sy =~Ja <0
o =0y = e =0
Catalyst - K: i -v.(*) (i =H,0)
layers
cathode: cathode:
0 ,- (i = Hp) Sg =+j.>0
—iF (i=0,) S = —j <0
2"—; —V. (%) (i = H,0)
Membrane __* 3 0 0
KgpL
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Table 4.2. Geometrical and physical parameters used in the numerical simulations [8,9,14]

Parameter [units] Symbol Value
Gas channel depth [mm] 1.0
Diffusion layer thickness [mm] 0.3
Catalyst layer thickness [mm] 0.01
Membrane (N112) thickness [mm] 0.051

Fuel cell/ Gas channel length [mm] 100.0
Temperature [K] T 353
Permeability of diffusion layer [m?] Kepr 1012
Permeability of catalyst layer [m?] Kcr 1015

Gas diffusion layer porosity £6DL 0.6
Catalyst layer porosity gL 0.4
Volume fraction membrane in catalyst layer Em 0.26
Anode reference exchange current density [A/m3] Jaref 5.00 x 108
Cathode reference exchange current density [A/m?3] Jeref 500

Ho diffusivity membrane [m2/s] Dy, mem 2.59 x 1010
Ho diffusivity in gas [m?2/s] Dy, ref 1.1 x 104
O diffusivity in membrane [m?2/s] Do, mem 1.22 x 10-10
O diffusivity in gas [m2/s] Do, ref 3.2348 x 105
H>O diffusivity in gas [m2/s] Dy, o0,ref 7.35 x 105
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Chapter 5: Investigation of Mechanical Behavior of Membrane in Polymer Electrolyte

Fuel Cells Subject to Dynamic Load Changes

One of the major barriers for polymer electrolyte membrane (PEM) fuel cells to be
commercially viable for stationary and transportation applications is the durability of
membranes undergoing chemical and mechanical degradation over the period of operation.
Toward understanding the effects of operating parameters on membrane durability, this
chapter presents numerical simulations for a single channel PEM fuel cell undergoing changes
in load, by subjecting a unit cell to step changes in voltage. The objective is to elucidate the
mechanical response of membrane, which is subjected to hygral (water) loading and unloading
cycles at constant temperature. Detailed three-dimensional (3D) computational fluid dynamics
(CFD) simulations are conducted, taking in to account the complex interactions of water
transport dynamics and load changes, to accurately capture the water content in the membrane
with changes in cell voltage. The water content obtained through CFD simulations is, in turn,
used to carry out two-dimensional (2D) finite element (FE) analysis to predict the mechanical
response of the membrane undergoing cyclic change in water content, as the operating voltage
is cycled. The effects of cyclic changes in cell potential on the stresses induced, amount of plastic
strain and its localization are analyzed for various inlet cathode humidity values for two

sections along the length of the fuel cell.

5.1 Introduction

PEM fuel cells (PEMFCs) are regarded as potential energy sources for mobile and stationary
applications due to their clean, quiet and efficient operation. Due to their faster transient
response and low-temperature operation, PEMFCs are better suited for automotive applications
compared to other types of fuel cells. Improving the durability of membranes is one of the vital
considerations for fuel cells to become a more viable option as power source in practical
applications [1, 2].

The mechanical and chemical degradation processes affect the fuel cell performance and
durability over the period of operation and are linked to the mechanical stresses induced due to
swelling and shrinking of membranes, requiring careful examination [3]. Mechanical stresses

arise as membrane swells (hydrates) or shrinks (dehydrates) as a function of moisture content
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Figure 5.1: Schematic of a PEM fuel cell showing (a) a three-dimensional view of a single
channel and (b) a planar half-section along the z-axis.

during the transient process. These stresses may exceed the material yield-limit causing the
membrane to deform plastically, which, in turn, induces residual stresses, causes opening and
propagation of cracks, and formation of pin-holes in the membrane or delamination between
the membrane and the GDL, causing degradation [3-11]. One of the first numerical studies
incorporating the effects of mechanical stresses on fuel cell was the work by Weber and
Newman [8], which considered a one-dimensional analysis of a fuel cell and did not take in to
account the property changes across layers of the fuel cell. Tang et al. [9] investigated the effects
of stresses induced by swelling and thermal expansion on a uniformly hydrated membrane for
different clamping methods, and suggested that the contribution by in-plane stresses are more
significant than others. Kusoglu et al. [10,11] incorporated plastic deformation and anisotropy to
demonstrate the residual stresses induced as the membrane is cycled through various uniformly
distributed humidity loads. Kusoglu et al. [12] later incorporated the effects of non-uniform
distribution of water in membrane, by specifying the water volume fraction at the membrane

boundaries and solving for diffusion of water across the membrane.
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The above-mentioned approaches [9-11] have been limited to either using uniform
membrane hydration or simplistic water content profiles that do not take in to account the
complex water distribution across length and thickness for realistic load changes. To address
this limitation, in the present study, computational fluid dynamics (CFD) simulations are
carried out to model the complex water transport dynamics for various load changes under
different operating conditions and obtain membrane water content distribution across the fuel
cell dimensions. The water content distribution, in turn, is used in a finite element analysis of a
planar geometry of the membrane to calculate the localized stress and deformation in the
membrane. Considering a step change in voltage for various operating conditions, causing the
membrane to hydrate or dehydrate with non-uniform water content distribution, the objective
of the coupled transport-structural analysis is to elucidate the mechanical behavior of
membranes due to complex water transport dynamics under cyclic load changes. The
mathematical model is presented in the next section, followed by a section on the presentation

and discussion of the results of the study.

5.2 Mathematical Model

Figure 1(a) shows a schematic view of the three-dimensional section of a single channel
PEM fuel cell with the z-axis along the channel length. Bipolar plates, gas channels, gas
diffusion layers and catalyst layers on anode and cathode sides of a membrane constitute the
different regions for this study. The three-dimensional schematic of single channel fuel cell
shown in Fig. 1(a) forms the computational domain for the computational analysis, which is
used to predict the water distribution in the membrane. Figure 1(b) shows a two-dimensional
(2D) half-section of the single channel fuel cell in Fig. 1(a) along z-axis and forms the
computational domain for the finite element hygroscopic stress analysis. The modeling for the
water transport and the stress analysis are detailed in this section under two headings

corresponding to each.

5.2.1 Water Transport Modeling
A comprehensive three-dimensional, single phase, transient, isothermal model is assumed
following the assumptions in Ref. [1] to simulate the fuel cell dynamics, with the objective of

determining the transient water content distribution in the membrane. The model takes into
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consideration important transient processes such as gas transport, water accumulation, and
electrochemical double layer discharge. A single-channel of the fuel cell forms the
computational domain for this study. The equations governing the dynamics of fuel cell

behavior are as follows [13,14]:

Continuity: V.i=0 1)
Momentum: [6t + EV (u u)] -V. ( ) +V.t+ S, (2)
Species: eZE 4+ V.(1C,) = V.(DITVC) + i 3)
Charge Transport: V.(6TVp)+S,=0; i=sm (4)

A more detailed discussion about the water transport model can be found in Section 2.2.

5.2.2 Membrane Hygroscopic Stress Analysis
A brief description of the approach to incorporate the effects of swelling and de-swelling
due to hydration and dehydration of the membrane, along with theory of the isotropic elasto-
plasticity, is presented in this subsection. For a typical temperature distribution observed in the
fuel cell, the thermal stresses are a fraction of the stresses induced due to swelling, thus
isothermal condition is assumed. An isothermal plane strain model is incorporated to predict
the strain and stress in the computational domain shown in Fig. 1(b). It is to be noted here that
due to symmetry, the computational domain consists of only a half-section on the x-y plane
and the full section along the z-axis. The total strain tensor, ¢, is defined as the sum [10,11,18]:
e= el +ePl+ &5 )
where superscripts el, pl and S represent the elastic-, plastic- and swelling-induced components
of strain, respectively. The swelling due to hydration is represented as £ = B(RH — RH?) where
B is the swelling-expansion coefficient, RH is the relative humidity and RH° is the reference
relative humidity, which is taken to be 30% in this study. Assuming a linear response in the

elastic region, the stress tensor, g;;, is obtained using the isotropic Hooke’s law as:

Oij = m [U6L]€ + (1 - ZV)Eiejl] (10)

where sﬁ{( = g8l + ef,ly + ¢l E is the Young’s Modulus and ? is the Poisson’s ratio. By virtue of
the generalized plane strain state assumed, &, = g,y = &, = &, =0 and ¢,, = constant.
Considering a three-dimensional unit cell, the membrane is constrained along the planar

section, as shown in Fig. 1(a) and 1(b), whereas no external forces or constraints are applied on
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the membrane along the direction of flow, thus justifying the plane strain assumption. It is to be
noted, however, that a more detailed three-dimensional study is required near the ends, where
the assumptions may not hold. Incompressible plastic deformation with rate-independent

plastic flow is assumed for the inelastic response. The von Mises yield function (J2-flow theory),

is given by [10,11,16]:
floy) = /%51'151'1 — 0 (11)

where o;; represents the components of true stress tensor, and o is the yield strength, which is

function of RH. The deviatoric stress §;; is given as:

1
Sij = 0ij = 3 Ok bij (12)

The material is assumed to be perfectly plastic, and yield is considered to occur when f(g;;) = 0
such that the material deforms elastically for f(o;;) < 0. According to the Mises flow theory
[10,11,16], the plastic strain increment, de??, is given by dsipjl = §;jdA, implying proportionality
to S;j, where dA is a scalar proportionality factor. Results are presented in terms of equivalent

plastic strain, sfé, and von-Mises Stress (equivalent stress), .4, which are computed as [12]:
pl _ 2 5.0l Dl
geq = | [5de; dey (13)

Oeq = |3SiSi; (14)
The change in RH is specified for each node, with the stress and strain tensor as unknowns. The
schematic in Fig. 1(b) shows the boundary conditions used in the finite element modeling. A
clamping force is applied to hold the stack together, resulting in a pressure of 1 MPa being
applied on the upper surface of bipolar plate, as shown in Fig. 1(b). The bottom surface of the

bipolar plate is constrained such that v, = 0 and v, = 0 at the right edge (Fig. 1(b)). A linear

constraint v, (Node 1) — v,ICV ? = 0 is applied along the left edges of the unit cell, where Node 1 is
the node at the bottom left in Fig. 1(b) and N represents the remaining nodes on the left hand
side. This condition constrains the left hand side to displace uniformly [10,11]. The material
properties used for the stress analysis are given in Table 3 and 4, with Table 4 containing the RH
dependent properties.

The three-dimensional CFD simulations give the water concentration at the membrane,

which in turn provides the RH to be used as input for the FE analysis. It should be noted here
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that the sections along the z-axis are taken at various lengths and are used for the FE analysis on
two-dimensional slices. In general, the deformation of membrane affects the water transport
through the membrane, and a coupled FE framework would be required to model the water
transport and deformation simultaneously and is beyond the scope of present study. For
simplicity, the RH is changed linearly from one steady state value to another steady state value
locally. The membrane is pre-stressed before the load cycling by applying mechanical loading

and changing the RH profile from a constant value (RH < 30%), which defines the zero stress
state for the present study, to that corresponding to E..;; = 0.8 V. The initial conditions used for
the analysis are sequentially depicted in Table 5. The above model and boundary conditions are
implemented in commercial FE analysis software, ANSYS® version 14.0, and solved using
coupled-field ANSYS® Mechancial APDL solver [18], for above specified load changes. About
5000 elements are used to capture the detailed stress and strain profiles over different regions.
The simulation time is dependent on the number of iterations require to get a converged
solution and highly dependent on the levels of plastic deformation induced. The maximum time
taken by a simulation is less than 30 minutes for each cycle on an Intel® Xeon™ Processor 3.33

GHz.

5.3 Results and Discussion

This section presents the results and discussion for the stresses and plastic deformation
induced in the membrane due to changes in RH profiles, resulting from changes in voltage. The
unit cell is cycled from E..; = 0.80 V to each of E,; = 0.50, 0.60, 0.65 and 0.70 V, and back to
Ecery = 0.80 V, cycling the membrane humidity to the corresponding RH values. This, in turn,
induces stresses as the membrane swells and de-swells, and plastic deformation in the cases
where the stresses exceed the yield strength. The results are presented for planar sections taken
at z = 0.01 m, 0.05 m and z = 0.09 m, with z = 0.0 m being the inlet and z = 0.1 m being the

outlet.

Figure 2 shows the contour plots for RH in the membrane for RH® = 0% at z = 0.01 m, with
the top region of the membrane representing the cathode side and the bottom region
representing the anode side. Figure 2(a) shows the humidification, RH, in membrane for E ) =
0.80 V. It can be seen in Fig. 2(a) that the anode side of the membrane is more hydrated than the
cathode side, resulting from the higher RH at the anode inlet (RH!" = 100%) compared to 0%
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Figure 5.2: Contours of humidification, RH, at z = 0.01 m, for cycling from (a) E..;; =0.80 V to
(b) Ecey; = 0.65V and back to (c) E.e;; = 0.50 V.
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Figure 5.3: Contours of equivalent plastic strain, SZ;, for RH™ = 0%, at z = 0.01 m, for cycling

from (a) E..;; =0.80 V to (b) E..;; =0.50 V and back to (c) E..;; =0.80 V.
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Figure 5.4: Contours of von-Mises Stress (equivalent stress), .4, at z = 0.01 m, for cycling
from (a) E.e;; =0.80 V to (b) E.e;; =0.50 V and back to (c) E..;; =0.80 V.
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humidity at the cathode inlet (RHI"). Figure 2(b) shows the humidity profile for E.e; = 0.65 V.
With the increased current density at 0.65 V, the membrane hydration increases along its length,
resulting in higher RH values compared to that for E.,; = 0.80 V (Fig. 2(a)). Figure 2(c) shows
the humidity profile for E.,;; = 0.50 V. Lowering the voltage to 0.5 V further increases the
current density, resulting in the humidity gradient to be directed from cathode to anode,
implying higher RH values at the cathode side compared to that observed for 0.80 and 0.65 V in
Fig. 2(a) and 2(b), respectively. Also the region near the land (Fig. 1(b)) in Fig. 2(c) is found to

have maximum RH as compared to the corresponding locations in Fig. 2(a) and Fig. 2(b).

pl
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cycled from E.; = 0.80 V (Fig. 3(a)) to 0.50 V (Fig. 3(b)) and back to 0.80 V (Fig. 3(c)). Figure 3(a)

Figure 3 depicts the contour plots for equivalent plastic strain, €,,, as the membrane is

shows the £

eq contours for E¢o; = 0.80 V, at the beginning of the cycle. As the membrane swells

owing to increase in water content, compressive stresses are induced and if the stresses exceed
the yield strength, it leads to a plastic deformation in the membrane. The stresses corresponding
to the strain in Fig. 3 are depicted in Fig. 4, with Fig. 4(a) showing the von-Mises stress, or as
referred to in this work as equivalent stress, 0,4, for the corresponding strain in Fig. 3(a). It can

been seen in Fig. 3(a) that no plastic strain occurs for the RH loading specified in Fig. 2(a), as the

stresses do not reach the yield limit. Figure 3(b) shows the P! contours for E..;; =050V, as the

eq
load is changed from E,.; = 0.80 V to E¢;; = 0.50 V, changing the RH loading to what is seen in
Fig. 2(c). It can be seen that the membrane undergoes plastic deformation at regions of high
swelling namely, at the cathode side near the land region. This can be attributed to the high RH
values near the land region at the cathode side, as seen in Fig. 2(c). It is also noted from Fig. 3(b)

that the plastic strain induced is highly non-uniform along the thickness and width of the

membrane. As the membrane is cycled back to 0.80 V the RH loading changes from what is seen

pl

in Fig. 2(c) to that in Fig. 2(a), thus de-swelling the membrane. Figure 3(c) shows the &g,

contours, after the load is changed back to 0.80 V from 0.50 V. Localized plastic deformation of
the membrane causes the redistribution of stresses and thus changing the profile of plastic

strain locally and can be seen in Fig. 3(c).

Figure 4 represents contours of the von-Mises (equivalent) stress, g.4, for the load cycle
discussed above (Fig. 3), with Figs. 4(a)-(c) corresponding to the strains observed in Fig. 3(a)-

(c). Figure 4(a) shows the variation of g, for an initial load of 0.80 V, for which the membrane
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Figure 5.5: Variation in maximum and minimum values of (a) equivalent plastic strain and
(b) equivalent stress with the cell voltage, E.;;, at z = 0.09 m.

deforms elastically since the stresses are below the yield limit. It can be seen that maximum
stress occurs in the anode region where the RH is maximum (Fig. 2(a)). Figure 4(b) shows the
stress, g4, for a change in load from 0.80 V to 0.50 V. In contrast to the observation in Fig. 4(a),
it can be seen in Fig. 4(b) that the part of the membrane near cathode land reaches yield-limit
and deforms plastically (Fig. 3(b)). It is noted here that the equivalent stress at the plastically
deformed regions are not fixed to a single value, but since the yield strength is a function of RH,
we see a distribution of yield stress values, implying that the membrane undergoes plastic
deformation over a range of RH values. Also, with plastic deformation, the stresses are

redistributed locally, further changing the profile of equivalent stress across the membrane.
Consequently, the best way to represent the plastically deformed region is through sé’é,

indicating plastic deformation for non-zero values.
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Figure 4(c) shows the stresses after the membrane is cycled back to the RH corresponding to
0.80 V (Fig. 2(a)). As the membrane dehydrates, owing to the change in the RH profile to that in
Fig. 2(a), there is a reduction in the compressive stresses, as seen in Fig. 4(c). Due to plastic
deformation (yielding) at loading, the unloading results in residual tensile stresses being
developed locally in the regions of plastic deformation. This is exemplified by the box drawn
comparing the stresses in Fig. 4(a) at the start of the cycle, before loading, and in Fig. 4(c) after
unloading. It can be seen in Fig. 4(c) that the stresses developed upon unloading can reach
significantly high values. These residual stresses can lead to further plastic deformation if they

exceed the yield limit, and can, in turn, contribute to the degradation of the membrane.

While Fig. 4 discussed the contours of sfé and 0,4, induced in the membrane near the inlet

region (z = 0.01 m), Figure 5 shows the variation in maximum and minimum sfé (Fig. 5(a)) and
oeq (Fig. 5(b)), at z = 0.09 m (near the outlet region), for the load cycle specified for Fig. 4. The
water generated at the cathode catalyst layer gets redistributed along the length through the
transport mechanisms discussed previously. This leads to an increase in RH at z = 0.09 m, thus
affecting the mechanical behavior of the membrane along the length of the fuel cell. Figure 5(a)
shows the variation in maximum and minimum sfé for the membrane section at z = 0.09 m. In
Fig. 5(a) it can be seen that, for 0.80 V, at the beginning of cycle, there exists no plastic strain.
With increase in load, the membrane goes through plastic deformation due to compressive
stresses, owing to swelling, and the strain increases till the maximum load is reached at 0.50 V.
Unlike the observation in Fig. 3(b), it is noted in Fig. 5(a) that the entire membrane deforms
plastically, as seen by the increase in minimum plastic strain from 0 at 0.80 V to 0.17 (approx.) at
0.50 V. Thus, water produced along the length is redistributed such that the water content at the
end of channel is maximized, swelling the entire section of the membrane at z = 0.09 m, causing
it to deform plastically. After unloading, marked by a change in the cell potential from 0.50 V to
0.80 V, it can be seen that membrane undergoes further plastic deformation, reaching a
maximum after unloading. This can be explained as the occurrence of plastic deformation due

to tensile stretching upon unloading.

Figure 5(b) shows the variation of maximum and minimum o,, for the corresponding

plastic strain presented in Fig. 5(a). It can be seen that both minimum and maximum stress
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values increase with the increase in load. The maximum stress increases with increase in load
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Figure 5.6: Contours of equivalent plastic strain, 82,11, at z = 0.09 m, for cycling from (a) E..n =
0.80 Vto (b) E.e;; =0.50V and back to (c) E..;; =0.80 V.
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Figure 5.7: Contours of equivalent plastic strain, sgfl, for RH™ = 25%, at z = 0.01 m, for cycling

from (a) E..;; =0.80 V to (b) E..;; =0.50V and back to (c) E..;; =0.80 V.

?

reaching

a yield point, implying the onset of plastic deformation of membrane, as seen in Fig. 5(b). It is
evident from Figs. 5(a) and 5(b) that a part of membrane reaches the yield limit at the later part
of the loading cycle, as seen by the minimum stress reaching the yield limit implying the onset
of plastic deformation. Although the entire membrane goes though plastic deformation, the
minimum and maximum stresses obtained are different, which can be attributed to the

dependence of the yield strength on RH. Hence, the regions with higher RH have lower yield
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strength and deform plastically at lower stresses. Upon unloading from 0.50 V, the compressive
stresses decrease, as marked by a decrease in the both the maximum and minimum equivalent
stresses in Fig. 5(b). As the membrane is a further unloaded, residual tensile stress develops,
marked by the corresponding increase in the equivalent stress. The residual stress reaches the
yield limit, as seen in Fig. 5(b), causing the membrane to deform plastically as a result of
unloading. Consequently, cycling through high loads induces further plastic deformation in
cases where residual stresses exceed yield limit, and can lead to further degradation of the

membrane.

Figure 6 shows the contours of the equivalent plastic strain, sfé, for z = 0.09 m, for the load
cycle discussed in Fig. 3. Figure 6(a) presents the plastic strain for 0.80 V, before loading, and
shows that the membrane deforms elastically with no plastic strain. It is noted here that at the

outlet region, the low loads (E,; = 0.80 V) do not lead to sufficient water generation, due to the
low current density, to cause plastic deformation. Figure 6(b) shows sfé for 0.50 V after loading
from 0.80 V. In contrast to the observation in Fig. 3(b), upon loading, the entire membrane
deforms plastically. It is also noted in Fig. 6(b) that the maximum strain is induced on the
cathode side of the membrane, owing to the higher humidification at the cathode region. Figure
6(c) shows the plastic strain contours after unloading from 0.50 V. It was noted in Fig. 5 that the
membrane undergoes further plastic deformation upon unloading, owing to the development
of residual stresses. Hence, a higher value of plastic strain is evident in Fig. 6(c) in certain
regions of the membrane, compared to that seen in Fig. 6(b). It can also be seen in Fig. 6(c) that
the strains are more homogenized, which can be attributed to a redistribution of stresses upon

plastic deformation.

Figure 7 portrays the contours of sfé at z = 0.01 m (near the inlet) and for RH&* = 25%, for
cyclic loading of cell from (a) 0.80 V to (b) 0.50 V and back to (c) 0.80 V. It can be seen in Fig. 7(a)
that at the beginning of cycle before loading (E.e; = 0.80 V), the plastic strain is not 0, unlike
that observed in Fig. 3(a) and Fig. 6(a). This suggests that under higher inlet humidification, the
membrane undergoes plastic deformation at the lower loads (such as E.;; = 0.80 V). The plastic
deformation for E; = 0.80 V occurs dominantly on the anode side of the membrane, in contrast
to the observation for the higher loads (E; = 0.50 V) in Fig. 3(b) and 6(b), where the plastic

deformation is more prominent on the cathode side of the membrane. This behavior can be
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attributed to the higher water content on the anode side near the inlet region, owing to the low
current density. Figure 7(b) shows the plastic strain for E,;; = 0.50 V upon loading from 0.80 V.
In comparison to the observation in Fig. 3(b), it can be seen that all of the membrane deforms
plastically due to the higher water content, owing to the increased inlet humidity (RH* = 25%)
in comparison to that of RHI™ = 0% in Fig. 3. It is also noted in Fig. 7(b) that the maximum strain
occurs at the location of maximum humidity, which is at the cathode side of the membrane.
Figure 7(c) shows sfé upon unloading from 0.50 V. Unlike in Fig. 6(c), the strain contours in Fig.
7(c) do not show regions of high plastic strain upon unloading, due to the additional strain
associated with the residual stresses. It is also noted that, as the stresses get redistributed in the
membrane undergoing plastic deformation, the profiles are more homogenized as discussed

earlier for Fig. 6(c).

While the discussion so far focused on the variations in e, at a given section for two

different relative humidity at the cathode inlet, RHI™ = 0% and 25%, it is instructive to examine

pl

the variation in maximum &g,

and VPlas a function of load change for various RHI™, where VP!
represents the percentage volume of the membrane at a given section undergoing plastic
deformation, with VP'= 0% representing no plastic strain in the membrane and VP'= 100%
implying that the entire membrane goes through plastic deformation at that particular section.
Three sections are considered for the study: (1) at the near inlet region given by z = 0.01 m, (2) at
the middle of the length of fuel cell, z = 0.05 m, and (3) at the near outlet region, z = 0.09 m, to

elucidate the effects of load change and inlet relative humidity on the mechanical behavior of

the membrane.

Figure 8 shows the variation of maximum sfé (Fig. 8(a)) and V"' (Fig. 8(b)) as a function of

voltage change, AE.;, from E_.; = 0.80 V for various RHY at the near inlet region, z = 0.01m.
The load changes depicted by AE.,; = 0.10 V, 0.15 V, 0.20 V and 0.30 V represent the change in
voltage from E..;; = 0.80 V to 0.70 V, 0.65 V, 0.60 V and 0.50 V, respectively, and back to 0.80 V.

The value of the maximum equivalent plastic strain at the end of the cycle is presented as a

pl

function of AE,,,;. Figure 8(a) depicts the variation in maximum &,

as a function of load change

for various RH™. It can be seen from Fig. 8(a) that the maximum plastic strain shows a

monotonic increase as the change in load (AE;) is increased, with the maximum strain
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occurring for a change from 0.80 V to 0.50 V. This behavior can be attributed to increased water

content with increase in current density, as the voltage is lowered. Also, for RHY* = 0% in Fig.

8(a), the membrane deforms plastically for AE,;; > 0.20 V, whereas for RH™ > 10%, the
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membrane shows plastic deformation at base load (0.80 V). It is noted here that the increase in

plastic strain for AE.,; = 0.10 V from that observed for base load (AE..; = 0 V) is negligible in

comparison to the increase in plastic strain for the larger load changes (AE,; = 0.15 V). This can

be attributed to relatively small increase in the current production rate for E.,; = 0.70 V

compared to that of E.,;; = 0.80 V. For RHI™ = 10%, a significant increase in plastic deformation

is noted for AE,.; > 0.2 V, whereas the same occurs for AE,,; > 0.1 V for RH™ = 25% and 50%. It
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is also seen that the maximum qul (Fig. 8(a)) increases with the increase in RHI™, for AE,q; <

0.25 V, owing to the increase in membrane humidification with increase in RHZ, whereas the
amount of plastic strain at RH = 25% is higher than that for RHI = 50%, for a given AE.,; =
0.30 V. This can be attributed to the dominant effect of electro-osmotic drag at the near inlet

region leading to decrease in the water content values and thus the amount of plastic strain.

While the amount of plastic strain induced for a given load change can be ascertained from
Fig. 8(a), it does not elucidate on the percentage of membrane that undergoes plastic
deformation for the prescribed load change. Hence, VP! is used a guiding parameter to
represent the overall membrane characteristic. Figure 8(b) shows the variation in VP! as a
function of load change (AE.;) for various values of inlet humidification. Similar to the
observation for sfé in Fig. 8(a), the value of VP! increases with the increase in load change, as
seen in Fig. 8(b). It can see that almost 25% of the membrane undergoes plastic deformation for
AE ;= 030 V, at RH* = 0%, whereby VP! increases significantly with the increase in inlet
relative humidity, with the entire membrane undergoing plastic deformation for RH™® > 25%.
Similar to the observation in Fig. 8(a), it is noted from Fig. 8(b) that the increase in VP! (for
AE e = 0.10 V) from that for base load (AE.; = 0 V), is negligible in comparison to the increase
for the higher load changes (AE¢; = 0.15 V). It can be seen that the entire membrane undergoes
plastic deformation at RH* = 50% for all load cycles, whereas at RHI = 25% this is observed for
AE ¢;; 2 0.20 V. Thus, near the inlet region, higher inlet humidification values lead to total plastic
deformation of membrane at lower loads. Also, high loads lead to significant plastic
deformation of membrane at low inlet humidification values. It can be seen that Figs. 8(a) and
8(b) provide a complete picture of the membrane behavior upon loading and unloading, and

can be used to design operating windows presenting the limits on RH and AE_,;.

The mechanical behavior of the membrane at the mid-section along the length of fuel cell, z

pl

eq @s a function of

= 0.05 m, is presented in Fig. 9. Figure 9(a) depicts the variation in maximum &
load change for various RHZ. It can be seen from Fig. 9(a) that the maximum plastic strain
increases monotonically as the change in load (AE,;) is increased, with the maximum strain
occurring for a change from 0.80 V to 0.50 V. In contrast to the observation in Fig. 8(a), it can be

seen from Fig. 9(a) that for RH& = 0%, there exists no plastic strain for AE,,; < 0.15 V, whereas
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sfé = 0 for AE.e; < 0.20 V in Fig. 8(a). Similar to the observation in Fig. 8(a), the equivalent

plastic strain, sfé increases with the increase in load change for all the values of RHI™ studied.

pl

eq 1 obtained for AE..; = 0.30 V at RHI™ = 50%, whereas near the inlet region

The maximum ¢
(Fig. 8(a)), the maximum occurs at RH* =25%. It can be seen from Fig. 9(a) that there is
considerable increase in sfé for AE¢;; = 0.10 V, from that observed for the base load (AE .; = 0
V), compared to the corresponding value in Fig. 8(a). It is also noted that there is significant

increase in the maximum sfé from 0.21 m/m at z = 0.01 m (Fig. 8(a)) to ~0.40 m/m at z =0.05 m

(Fig. 9(a)).

Figure 9(b) shows the variation in V?! as a function of load change (AE,,;;) for various values
of inlet humidification. As noted for e2; in Fig. 9(a), V?! is seen in Fig. 9(b) to increase with the

increase in load change. In contrast to the observation in Fig. 8(b), it can be seen that for RH"=

25%, VP! reaches 100% at AE,.; = 0.30 V, whereas this occurs for AE,.; = 0.20 V at the near inlet

pl

eq 18 seen for AE.,; = 0.30 under low

region (Fig. 8(b)). Also, a considerable increase in &
humidity conditions (RH® = 0%). It is evident from Fig. 9 that there is significant increase in the
amount of plastic strain induced and the volume of the membrane that undergoes plastic
deformation at its mid-section, compared to that seen in Fig. 8 at the near inlet region, owing to
the increased hydration of membrane along the length of the fuel cell by the water generated at
the cathode catalyst layer. Similar trends, as seen in Figs. 8 and 9 are observed for the behavior
of sfé and VP! at the near outlet region (z = 0.09 m) with an increase in sfé and VP! at the various

loads, also owing to the increased hydration. However, unlike in Figs. 8 and 9, at z = 0.09 m,

entire membrane undergoes plastic deformation (VP! = 100%), for AE¢; = 0.30 V.

The results discussed in this article illustrate the localization of stresses and strain and their
dependency on inlet humidification and load changes. Future work could include a study of the
combine effects of other operating parameters on the mechanical behavior. In addition, the
impact of complex membrane properties such as anisotropy, strain hardening and creep is
worthy of assessment using the present approach. Also, the effects of deformation on the fuel

cell performance can be included in the current model for a more comprehensive analysis.
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5.4 Nomenclature

A superficial electrode area [m?]
Cx ~ molar concentration of species k [mol/m?3]
D  mass diffusivity of species [m2/s]
Eceyy  cell potential or voltage [V]
EW  equivalent weight of dry membrane [kg/mol]
F  Faraday constant [96,487 C/equivalent]
j transfer current [A/m3]
K  permeability [m?]
ng  electro-osmotic drag coefficient [H.O/H*]
p  pressure [bar]
gas constant [8.314 J/mol K]
RH relative humidity
S source term in transport equations
T  temperature [K]
u  velocity vector
v displacement
Greek letters
a  transfer coefficient
€  porosity; strain
n  surface overpotential [V]
A membrane water content; proportionality scalar
u  viscosity [kg/m s]
p  density [kg/m3]
o  electronic conductivity [S/m]; stress
T shear stress [N/m?2]; time constant; tortuosity
¢  phase potential [V]

Superscripts and subscripts

a

anode
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¢ cathode
cell single fuel cell
e  electrolyte
el elastic
eff effective value
eq  equivalent
g  gas phase
in inlet
k  species
m  membrane phase
0  t=0s, initial state
pl  plastic
ref reference value
s electronic phase
S swelling
sat saturated value
S§S steady state
t time>0s

w water
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Table 5.1: Source terms in the governing equations

Domain Sy Si Ss,Sm
Gas channels 0 0 0
Diffusion layers . 0 0
KepL
anode: anode:
a . Ss=—jo <0
-l (i = Hy) T
_ Sm=+jg <0
[1] (i=0,)
__H* _y. (e =
Catalyst Koy - V'( F ) (t=H,0)
layers
cathode: cathode:
0 (i = Hy) Sy =+j. >0
j .
—==< (i=0,)
ar ’ Sm=—Je <0
Je ngie -
E_V(T) (l —HZO)
Membrane __* 5 0 0
KepL
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Table 5.2. Geometrical and physical parameters used in the numerical simulations [13,14]

Parameter [units] Symbol Value
Gas channel depth [mm)] 1.0
Diffusion layer thickness [mm] 0.3
Catalyst layer thickness [mm] 0.01
Membrane (N112) thickness [mm] 0.051
Fuel cell/Gas channel length [mm] 100.0
Temperature [K] T 353
Permeability of diffusion layer [m?2] Kepi 1012
Permeability of catalyst layer [m?] Ker 1015
Gas diffusion layer porosity £6pL 0.6
Catalyst layer porosity gL 0.4
Volume fraction membrane in catalyst layer Em 0.26
Anode reference exchange current density [A/m3] Jarer 5.00 x 108
Cathode reference exchange current density [A/m?3] Jeref 500
Ho diffusivity membrane [m2/s] Dy,mem  2.59 x10-10
Ho diffusivity in gas [m?2/s] Dy, rey  1.1x10+
O: diffusivity in membrane [m?2/s] Do, mem 8.328 x 1010
O diffusivity in gas [m2/s] Do,rer  3.2348 x 105
H>O diffusivity in gas [m2/s] Du,oref 7.35x105
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Table 5.3: Physical properties of materials used in the finite element analysis [10,11]

Material p [kg/m?3] E [MPa] v

Bipolar plates 1800 10,000 0.25
GDE (Carbon Paper) 400 10,000 0.25
Membrane (Nafion® 112) 200 Table 4 0.25

Table 5.4: Physical properties of the membrane (Nafion® 112) used in the analysis [10,11]

RH Young’'s Modulus Yield Stress B[ m ] « 10-6
[%0] [MPa] [MPa] m%RH

30 121 4.20 1456

50 85 3.32 1197

70 59 2.97 2128

90 46 2.29 3670

Table 5.5: Initial conditions used in the FE analysis

Zero-stress Condition RH in membrane <= 30%
Step 1: Mechanical Loading Clamping Pressure is applied
(p =1MPa)

Step 2: Pre-stressed + Hygral Loading RH loading corresponding to

E..;; = 0.8 V on membrane
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Appendix A

The RH contour values in Fig. 5.2 can be represented terms of water content values and is given
below. The relationship between RH and water content is clearly described in mathematical
modeling and can the contour values can be converted to derive the water content values from
RH values or vice-versa.

(@) E,y=0.80V

>
N WO O~

(b) E, =065V

(C) E,oy=0.50V

Figure A.1: Representation of Fig. 5.2 in terms of water content value, A.
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Chapter 6: Influence of Transient Operating Parameters on the Mechanical Behavior

of Fuel Cells

Towards understanding the factors contributing to mechanical degradation, this chapter
presents numerical simulations on the effects of operating conditions on the stresses and strain
induced in the membrane constrained by bipolar plates on either sides and subjected to
changing humidity levels. The fuel cell is subjected to dynamic changes in load to capture the
water content values in the membrane using detailed three-dimensional (3D) computational
fluid dynamics simulations. Using the information from the three-dimensional simulations,
two-dimensional (2D) finite element (FE) analysis is used to predict the mechanical response of
the membrane at various planar sections for hygral (water) loading and unloading cycles. The
effects of operating parameters (anode and cathode pressure, stoichiometry and relative
humidity at cathode inlet) on evolution of stresses and plastic deformations in the membrane

are analyzed for cyclic changes in operating load.

6.1 Introduction

Polymer electrolyte membrane (PEM) fuel cells are attractive options as energy source for
mobile and stationary applications. Faster transient response and low-temperature operation,
makes PEM fuel cells a better power source alternative for automotive applications compared to
other types of fuel cells. Improving the durability of membranes such as to meet the operational
life of 5000h (150,000 miles equivalent) is one of the vital considerations for fuel cells to become
a more viable option as power source in automotive applications [1-4]. Mechanical stresses arise
as membrane swells (hydrates) or shrinks (dehydrates) as a function of moisture content during
the transient process, requiring careful examination. These stresses may exceed the yield-limit
causing the membrane to deform plastically, which, in turn, induces residual stresses, causes
opening and propagation of cracks, and formation of pin-holes in the membrane or
delamination between the membrane and the GDL, causing degradation [5-13]. The operating
conditions play an important role in determining the membrane water content for given

external load changes thus affecting the performance and durability of fuel cells.
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Numerical studies have been carried out by several researchers focusing on the degradation
mechanisms and mechanical behavior. One of the first numerical studies incorporating the
effects of mechanical stresses on fuel cell was performed by Weber and Newman [10]. The
model presented a one-dimensional analysis of a fuel cell and did not incorporate the property
changes across layers of the fuel cell. Tang et al. [11] investigated the effects of stresses induced
by swelling and thermal expansion on a uniformly hydrated membrane for different clamping
methods, and suggested that the contribution by in-plane stresses are more significant than
others. Kusoglu et al. [12,13] incorporated plastic deformation and anisotropy to demonstrate
the residual stresses induced as the membrane is cycled through various uniformly distributed
humidity loads. The above approaches [11-13] have been limited to either using uniform
membrane hydration or simplistic water content profiles that do not take in to account the
complex water distribution across length and thickness for realistic load changes. Kusoglu et al.
[14] later incorporated the effects of non-uniform distribution of water in membrane, by
specifying the water volume fraction at the membrane boundaries and solving for diffusion of
water across the membrane. Kleeman et al. [15] characterized the local compression
distributions in GDL and the associated effect on electrical material resistance. Zhou et al. [16]
analyzed the effects of assembly pressure and operating temperature and humidity on PEM fuel
cell stack deformation, contact resistance, overall performance and current distribution.
Serincan and Pasaogullari [17] studied the effects of humidity, and operating voltage on the
mechanical stresses induced due to thermal and hygral loading, suggesting that thermal
stresses are typically a fraction of the hygral stresses in a typical PEMFC operation. Taymaz and
Benli [18] studied the effect of assembly pressure on the performance of PEM fuel cells. Wang et
al. [19] conducted endurance experiments to emphasize the impact of in-cell water management
techniques on the degradation. In our previous study [20], we have presented a model to
predict the mechanical stresses induced in membrane due change in loads for specified inlet

humidification value of cathode feed for two different sections along the length of fuel cell.

In the present study, CFD simulations are carried out to model the complex water transport
dynamics for various load changes under different operating conditions and obtain membrane
water content distribution across the fuel cell dimensions. The water content distribution, in
turn, is used in a finite element analysis of a planar geometry of the membrane to calculate the

evolution of stress and deformation in the membrane for hygral loading and unloading cycles.

105



Clamping Load (Pressure)

. Bi-Polar.Plates: ...
i e
" T B I Cathode Side |-

Planar Section for

i ! .
é Stress Analysis : : Land\
; : \
' e i N § v, =0
............................ Membrane
Membrane oL v = W(Nodel) m
"""""""""""" | A
----- 1 P
v | Lanc/ S
g :AnodeSide SO
x1
(b) Node l P
\|3:3:3Bi-3l:°bla'r. Plates.:.: :
|
\ y = ()

| y

Figure 6.1: Schematic of a PEM fuel cell showing (a) a three-dimensional view of a single
channel and (b) a planar half-section along the z-axis.

The operating conditions studied are anode and cathode pressure, anode and cathode
stoichiometry, and relative humidity at cathode inlet. The mathematical modeling is presented

in the next section, followed by the presentation and discussion of results in a later section.

6.2 Mathematical Model
Please refer to section 5.2 for a detailed discussion on the Water Transport Modeling

(Section 5.2.1) and Membrane Hygroscopic Stress Analysis (Section 5.2.2).

The three-dimensional CFD simulations give the water concentration at the membrane,
which in turn provides the RH to be used as input for the FE analysis. It should be noted here
that the sections along the z-axis are taken at various lengths and are used for FE analysis,
which is two-dimensional. For simplicity the RH is changed linearly from one steady state value
to another steady state value locally. The above model and boundary conditions are
implemented in commercial FE analysis software ANSYS®14.0 [26] and solved using coupled-
field ANSYS® Mechanical APDL solver, for specified load changes at various operating

conditions. About 5000 elements are used to capture the detailed stress and strain profiles over
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Figure 6.2: Contours of equivalent plastic strain, SZ;, for RH,. = 25%, at z = 0.01 m, for for (a)

AEcell =0.00V, (b) AEcell =010V, (C) AEcell =0.20 V and (d) AEcell =0.30 V.
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Figure 6.3: Contours of von-Mises Stress (equivalent stress), 0,4, for RH. = 25%, at z = 0.01 m,
for (a) AEcell =0.00V, (b) AEcell =010V, (C) AEcell =0.20 V and (d) AEcell =0.30V.

different regions. The simulation time is dependent on the levels of plastic deformation induced
as well as on the number of iterations required to get a converged solution, based on a
convergence criteria of 106 on the residuals for all the equations. The maximum time taken by a
simulation is less than 30 minutes for each cycle on an Intel® Xeon™ Processor 3.33 GHz. The

computational techniques used in the present work were reported in our previous studies
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[20,22,24,25]. In particular, model validation and information on grid independence study can

be found in Ref. [20,22] and are omitted here for brevity.
6.3 Results and Discussion

This section presents the results and discussion for the stresses and plastic deformation
induced in the membrane due to changes in RH profiles, resulting from changes in load. The
unit cell is cycled from E .;; = 0.80 V to E;; = 0.50, 0.60, 0.65 and 0.70 V, and back to E..; = 0.80
V, cycling the membrane moisture content to the corresponding RHs, thus inducing, stresses as
the membrane swells and de-swells, and plastic deformation in case stresses exceed yield
strength. The results are presented for planar sections taken at z = 0.01 m, 0.03 m, 0.05 m, 0.07 m
and 0.09 m, with z = 0.0 m being the inlet and z = 0.1 m being the outlet. The variation of
maximum plastic strain induced and percentage volume of membrane plastically deformed as a
function of load change and operating parameters for various sections along the length of the
fuel cell is presented and discussed in detail. Quantities representative of mechanical behavior
such as maximum stress, strain in membrane and percentage volume of membrane deformed

plastically are used to analyze the mechanical behavior at a section.

Figure 2 depicts the contour plots for equivalent plastic strain, sé’é, at z = 0.01 m (near the
inlet) and for RH, = 25%, for AE..;; = 0.0 V (Fig. 2(a)), AEe; = 0.10 V (Fig. 2(b)), AEe;; = 0.20 V
(Fig. 2(c)) and AE; = 0.30 V (Fig. 2(d)) representing the cyclic load change from 0.80 V to 0.80,
0.70, 0.60 and 0.50 V and back to 0.80 V, respectively. Following the configuration in Fig. 1(b),
the top of the membrane denotes the cathode and the bottom of the membrane denotes the
anode, in the contour plots presented in Fig. 2. Figure 2(a) shows the sfé contours for E..; = 0.80
V or AE e = 0.0 V, at the beginning of the cycle. As the membrane swells owing to increase in
water content, compressive stresses are induced and if the stresses exceed the yield strength, it
leads to a plastic deformation in the membrane. The stresses corresponding to the strain in Fig.
2 are depicted in Fig. 3, with Fig. 3(a) showing the von-Mises stress, or as referred to in this
work as equivalent stress, g4, for the corresponding strain in Fig. 2(a). Fig. 2(a) shows that the
membrane undergoes plastic deformation for base load (E¢;; = 0.80 V or AE;; = 0.00 V), owing
to the higher water content on anode side at the near inlet region. It can be seen that additional
strain is observed at the cathode land region for AE.,;; = 0.10 V (Fig 2(b)), in comparison to that

observed for AE..; = 0.00 V in Fig. 2(a). This behavior can be attributed to increase in membrane
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water content at cathode region owing to higher current density for AE.,; = 0.10 V. It is noted
from Fig. 2(c) that there is a considerable increase in magnitude of plastic strain at the cathode
side owing to higher current density for E.,;; = 0.60 V in comparison to that observed in Figs.
2(a) and 2(b). It can be seen Fig. 2(d) that almost all of the membrane undergoes plastic
deformation for AE..; = 0.30 V.

Figure 3 shows the contours for equivalent stress, g,4, corresponding to the equivalent
strain observed in Fig. 2. It can been seen from Fig. 3(a) that regions of high stress occur at the
anode region due to the higher water content in the anode region at the inlet for lower loads. It
is noted that there is no significant difference in the stress distribution for AE.,;, = 0.00 V (Fig.
3(a)) and AE,,;; = 0.10 V (Fig. 3(b)) owing to the relatively small difference in current density. In
comparison to the observed contours in Figs. 3(a) and 3(b) the stress contours for AE; = 0.20 V
(Fig. 3(c)) show considerable difference in the distribution. This behavior can be attributed to
the redistribution of stresses as the membrane undergoes further plastic deformation upon
unloading. In comparison to the observed distribution in Figs. 3(a), (b) and (c), Fig 3(d) shows
higher stress values upon unloading at the cathode regions. The comparison of Figs. 3(b), (c)
and (d) from Fig. 3(a) shows the residual stresses and their localization at the membrane
undergoes cyclic load changes. It is noted here that the equivalent stress at the plastically
deformed regions are not fixed to a single value, but since the yield strength is a function of RH,
we see a distribution of yield stress values, implying that the membrane undergoes plastic
deformation over a range of RH values. Also, with plastic deformation, the stresses are

redistributed locally, further changing the profile of equivalent stress across the membrane.

pl

Consequently, the best way to represent the plastically deformed region is through &g,

indicating plastic deformation for non-zero values. Note that the contours presented and
discussed in Figs. 2 and 3 are illustrative of representative combinations of load change and
operating parameters. In the interest of conciseness, contours of RH, stress and strain for the
various combinations of load change and operating parameters studied are not presented in the
discussion below. Instead, the discussion in the remainder of this section is on the maximum

values of the parameters, and deriving design windows based on the maximum values.

Figure 4(a) shows the variation of maximum equivalent plastic strain along length of the

membrane for RH, = 25% with the variations for percentage volume of membrane plastically
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Figure 6.4: Variation in (a) £,;"*(z) and (b)  Figure 6.5: Variation in (a) £, and (b) V), as

VP!(z) as a function of z, for RH, = 25%. a function of anode pressure (p,).

deformed depicted in Fig. 4(b). The other operating conditions are fixed at base value p, = 2.0

bar, {, = 2.0, {, = 2.0, p, = 2.0 bar and RH,; =100%. The maximum sfé at a planar section is

max

represented by &y

(z), and the percentage volume of the membrane undergoing plastic
deformation at that location by V?!(z). It can be seen from Fig. 4(a) that for AE,.; = 0.00 V there
exists no plastic strain for z > 0.03 m. This can be attributed to the fact that the high humidity at
inlet leads to plastic deformation at inlet but as the water is further redistributed along the
length due to electro-osmotic drag, the water content values drop implying reduced swelling
and plastic strain values. A more detailed discussion on the variation of water content along the

length of the membrane for various operating parameters can be found in Refs. [22,24,25].
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Similarly from Fig. 4(b) it can be seen that the V?!(z) drops from 40% (approx) to 0% for z >
0.03 m. It can be seen from Fig. 4(a) that the plastic strain is maximized at the outlet for AE ., >

0.00 V. This behavior can be attributed to the increase in the water content at the outlet for

max

cycling through higher loads. It is noted that &

(2) increases monotonically for AE.,; = 0.15
V whereas for AE,; = 0.10, 0.20 and 0.30 V a non-monotonic behavior is observed. The decrease
in the &,/ (z) for AE¢.; = 0.30 V from z = 0.01 m to 0.03 m can be attributed to the decrease in
water content values owing to the electro-osmotic drag. As the water generated at the cathode

catalyst layer is redistributed, an increase in €,'**(z) is observed for z > 0.03 m. It can be seen

pl
from Fig. 4(b) that the V?!(z) decreases from z = 0.01 m to z = 0.03 m for AE,; < 0.30 V owing to
the effect of electro-osmotic drag on water content values, as discussed earlier. It is also noted
from Fig. 4(b) that all of the membrane undergoes plastic deformation for AE..; = 0.30 V,
whereas for AE . = 0.20 V the membrane undergoes complete deformation for z > 0.07 m and z
= 0.01 m. It is also noted that although the VP!(z) decreases from z = 0.01 m to z = 0.03 m for
AEce; = 0.15 and 0.20 V the &,**(z) shows an increase. This behavior can be attributed to the
localized increase in the membrane water content at the cathode region leading to such an
increase. Similar to the observation in Fig. 4(a), it can be seen from Fig. 4(b) that the VP!(z) is

maximized at the outlet region.

The results in the remainder of this section focus on the effect of operating parameters

discussed earlier on the plastic deformation induced due to load cycling. The maximum of

max
Sp l

(2), for all z, and VP!(2) over the length of the fuel cell are chosen to be the representative
parameter for discussion and are represented by &, and Vj,;, respectively. The effects of
pressure and stoichiometry on anode and cathode sides along with relative humidity on

cathode side are discussed in detail.

Figure 5 shows the variation in &, (Fig. 5(a)) and V; (Fig. 5(b)) as a function of anode
pressure, p,. It can be seen from Fig. 5(a) that ¢,;; shows a non-monotonic variation for AE.,; =
0.15,0.20 and 0.30 V. The ¢, for AE,; = 0.30 V increases for increase in anode pressure p, from
1 to 2 followed owing to the significant increase in the hydrogen concentration with increase in
anode pressure. It is noted that there exists no significant variation for further in ¢, for p, > 3.

This behavior can be attributed to the fact that the reaction rate is limited by the oxygen
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Figure 6.6: Variation in (a) £,; and (b) V;,; as a Figure 6.7: Variation in (a) £,, and (b) V},; as a

function of anode stoichiometry ( {,). function of cathode pressure (p,).

concentration on cathode side and thus increase in anode pressure does not lead to any
significant changes in membrane water content. The higher value for &, for p, = 2 is due to the
fact that the membrane undergoes further plastic deformation upon unloading, resulting in
higher localized strain values. It is noted from Fig. 5(b) that the V};; increases from increase in
pressure from 1 to 2 bar with complete plastic deformation for p, > 2. In contrast to that
observed for AE¢,; = 030V, for AE.; = 0.20 V the &, decreases for increase in anode pressure
from 1 to 2 bar. It is also noted that the variation in ¢, for p, > 2 is relatively small compared to
that observed for increase in pressure from 1.0 to 2.0 bar. It can be seen from Fig. 5(a) and 5(b)
that for AE;.; = 0.0 and 0.10 V there exists no plastic strain for p, > 2.0. It is also noted that

increase in anode pressure does not lead to significant increase in ¢, for AE¢,.; = 0.15 V whereas
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the V5, shows an considerable increase for increase in p, from 1.0 to 2.0, with no observable

change for further increase in anode pressure.

Figure 6 depicts the variation in &, (Fig. 6(a)) and Vj; (Fig. 6(b)) as a function of anode
stoichiometry, {,. It can be seen from Fig. 6(a) that &, shows a non-monotonic variation for
AE¢e; = 0.15,0.20 and 0.30 V. The &; for AE¢,; = 0.30 V increases for increase in {, from 1.0 to
2.0 owing to the significant increase in the supply rate of anode feed with increase in anode
stoichiometry. As the anode stoichiometry is further increased the rate at which the water is
taken out by the anode feed also increases resulting in decrease in &, values for {, > 2.0, for
AE¢e; = 030V, as seen in Fig. 6(a). It can be seen from Fig. 6(b) that the V2, for AE .; = 0.30 V is
100% for the range of {, studied. In contrast to that observed for AE_.; = 0.30 V, for AE,; = 0.20
V, &5, slows a slight decrease for increase in ¢, from 1.0 to 2.0 followed by increase in maximum
values for further increase in {,. The above behavior can be attributed to a much smaller
increase in current density and thus the water content for AE..;; = 0.20 V in comparison to that
observed for AE.; = 0.30 V, for increase in {, from 1.0 to 2.0. It is also noted from Fig. 6(b) that
the variation in Vy; for AE,;; = 0.20 V is not as pronounced as observed for AE.; <0.20 V. It can
be seen that for AE..; = 0.0 and 0.10 V there exists no plastic strain for {, < 1.6, followed by an
increase in &,; for further increase in {j. It is also noted that the variation of &, and V,; are
coincident implying that the water content is not significantly affected by the increase in load to
AEc.; = 0.10 V. The similar is observed for AE,.; = 0.15 V for ¢, and V,,; given {, >3.0 and {, >

4.0, respectively.

Figure 7 shows the variation in &, (Fig. 7(a)) and V,,; (Fig. 7(b)) as a function of cathode
pressure, p.. It can be seen from Fig. 7(a) that €, shows a monotonic increase for an increase in
pcfor AE.e; = 0.30 V. The increase in cathode pressure leads to increase in the oxygen
concentration at cathode side implying higher current density and thus higher water content
and strain values. In contrast to that observed for AE,.; = 0.30 V for AE,,.; < 0.20 V there exists
no plastic deformation for p. < 2.0. It can be seen from Fig. 7(b) that the V;; = 100% for the range
of cathode pressure studied. It is also noted that there is a significant difference in the ¢,; values
observed for AE..; = 0.30 V and that observed for AE..; < 0.30 V, owing to relatively higher

current density for E¢.y; = 0.50 V compared to higher voltages. The variation in &, for AE¢,; =
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Figure 6.9: Variation in (a) &,, and (b) V;,; asa  Figure 6.9: Variation in (a) £, and (b) V;,; as a
function of relative humidity at cathode function of relative humidity at cathode inlet
stoichiometry ( {,). (RH,).

0.0 and 0.10 V are coincident for p. < 4.0, as seen from Fig. 7(a) implying relatively smaller
difference in the current density values for lower values of cathode pressure. It can be seen that

p1 = 100% for AE ¢ = 0.20 V for p, > 5.0. In comparison to that observed in Fig. 5(b) and 6(b),
the Vy,; for AE¢.; = 0.10 V reaches a high of 96% (approx) as seen in Fig. 7(b) implying stronger
correlation of water content to cathode pressure for higher voltages. Comparing the maximum
&y in Figs. 5(a), 6(a) and 7(a) it can be seen that the cathode pressure significantly affects the

plastic strain values.
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Figure 8 depicts the variation in &,; (Fig. 8(a)) and V}; (Fig. 8(b)) as a function of cathode
stoichiometry, .. It can be seen from Fig. 8(a) that ¢, shows a non-monotonic variation for
AE¢e; = 0.15,0.20 and 0.30 V. The &, for AE.; = 0.30 V increases for increase in ¢, from 1.0 to
2.0 owing to the significant increase in the supply rate of cathode feed with increase in cathode
stoichiometry. As the cathode stoichiometry is further increased the rate at which the water is
taken out by the cathode feed also increases resulting in decrease in &,; values for {. > 2.0, for
AE.; = 030 V, as seen in Fig. 8(a). The similar is observed for AE.; = 0.20 V as the
stoichiometry is increased from 3.0. It is noted that there exists no plastic strain for AE.,; = 0.0
and 0.10 V for { < 2.0, with increase in ¢, for increase in ¢, beyond 2.0. It is also noted that the
plastic strain for ¢, > 2.0 is governed by the plastic strain at base load AE,; = 0.00 V as seen by
the coincident variations. As discussed earlier this behavior can be attributed to the dominating
effect of water removal rate from cathode on the water content values. In contrast to the
behavior observed for higher loads, for lower loads the maximum plastic deformation happens
at the near inlet region and the effect of water generation dominates that of water removal
leading to the observed behavior in Fig. 8(a). It can be seen from Fig. 8(b) that the V};; for AE,¢;; =
0.30 V is 100% for {. < 4.0, with decrease in Vj; for increase in ¢, from 4.0 to 5.0 and finally
coinciding with the Vy;for AE.,;; = 0.00 V. The similar behavior is observed for the variation in
Vi for AE¢,; = 0.20 V. The Vyy, for AE.; = 0.0 and 0.10 V shows significant increase for increase

in ¢, beyond 2.0.

Figure 9 depicts the variation in ¢, (Fig. 8(a)) and Vj; (Fig. 8(b)) as a function of inlet
humidity at cathode inlet, RH,. It can be seen from Fig. 8(a) that &,,; shows a monotonic increase
for increase in RH, for AE.,; < 0.30 V, whereas the similar is observed for RH, < 35% for AE .
= 0.30 V. This behavior can be attributed to increase in water content in the membrane as the
relative humidity at the cathode inlet is increased. It can be seen that the ¢, at a given RH,
increase with increase in AE,,;;, with maximum for AE,,; = 0.30 V. It is also noted there is a
significant difference in the maximum plastic strain values for AE_cell = 0.30 V and AE,;; < 0.30
V, owing to the relative difference in current density. It can be seen from Fig. 9(b) that the V,,j***

for AE ¢y = 0.30 V is 100% for the range of RH, studied, whereas for AE,.; = 0.15and 0.20 V, V5

=100% for RH, >10% and RH. > 25%, respectively. In contrast to the observation in Figs. 5(b),
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6(b), 7(b), 8(b) it can be seen from Fig. 9(b) that V};; reaches 100% for AE..; = 0.0 and 0.10 V at

RH,. =10%.
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It is seen from Fig. 5-9 that operating conditions and magnitude of load change significantly
affect the plastic deformation of membrane in a constrained environment. Cathode pressure
and inlet relative humidity at cathode side, are the dominant parameters that affect the amount
of plastic deformation incurred by the membrane. It is also seen that the operating parameters
affect the sections along the length of fuel cell differently. The increase in cathode stoichiometry
leads to increase in the plastic strain at the near inlet region, whereas, there is significant
decrease in the plastic deformation at the near outlet region. Increase in cathode stoichiometry
leads to faster removal of water generated at cathode layers, thus minimizing the water content
values, leading to decrease in the plastic strain. On the other hand, anode stoichiometry does
not affect the plastic strain significantly compared to other parameters. Figures 5-9 can be used
to identify the values of the operating conditions for which ¢, is minimized. It can be seen that
for AE¢.; = 0.30 V and 0.20 V &, is minimum for {. = 5.0, while other operating conditions are
fixed at base value (p, = 2.0 bar, {, = 2.0, p. = 2.0 bar and RH, = 0%). Whereas, for AE,,;; = 0.15
V, &, is minimized for base value of parameters, p, = 2.0 bar, {, = 2.0, p, = 2.0 bar, {; = 2.0 and
RH_. = 0%. In contrast to the observation for AE,.; = 0.30 and 0.20, 0.15 V, for AE..; = 0.10 and
0.00 V, &, is minimized over range of operating parameters; ¢, is zero for p, = 2.0 bar, {, < 2.0,
pc £2.0 bar, {, £2.0 and RH, = 0%, independently, while other operating parameters are fixed at

base values.

The variations in Figs. 5-9 may be used to identify upper and lower bounds on the
operating parameters at the anode and the cathode for which the &5, is maintained within a
specified value, for given load changes. For this study, the desired value is chosen to be 0.14
m/m. Based on the identified upper and lower bounds, design windows can be constructed for
the operating conditions, as presented in Figs. 10 and 11 for the anode and cathode parameters,
respectively. Figures 10(a) and (b) present the operating windows for the anode pressure and
anode stoichiometric flow ratio, respectively, as a function of the change in the voltage, AE ;. It
can be seen from Figs 10(a) and (b) that there exists no operable region for AE.,; > 0.20 V. The
upper limit and lower limits for AE.; < 0.20 V is marked by the limiting value of anode
pressure used in the study. It can be seen that for AE.,;; < 0.20 V the ¢, is below 0.14 m/m for
the range of anode pressure studied. In contrast to the observation in Fig. 10(a), in Fig. 10(b) it
can be seen that for AE.,; > 0.15 V the upper limit for anode stoichiometry decreases with the

increase in load change, with no operable range for AE_; > 0.20 V. Similar to the observation in
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Fig. 10(a), the upper and lower limits are decided by the range of study which are 6.0 and 1.0,
respectively for AE.,; < 0.15 V.

Design windows similar to those in Fig. 10 are constructed for the cathode operating
parameters, as presented in Fig. 11. Figures 11(a), (b) and (c) show the operating windows for
cathode pressure, stoichiometric flow ratio and relative humidity, respectively, such that &, <
0.14 m/m. Similar to the observation in Fig. 10 that there exists no operable region for AE_;; >
0.20 V in Fig. 11. The upper limit and lower limits for AE,; < 0.15 V is marked by the limiting
value of range of cathode pressure used in the study. It can be seen from Fig. 11(a) that for
AE ¢, > 0.15 V the upper limit for cathode pressure decreases with the increase in load change,
with no operable range for AE..; > 0.20 V. This behavior can be attributed to the relatively
higher increase in &,; with the increase in cathode pressure for higher AE,;;. Figure 11(b) shows
the design window for cathode stoichiometry. Similar to the observation for cathode pressure
the upper limit and lower limits for AE..;; < 0.15 V is marked by the limiting value of range of
cathode stoichiometry used in the study. It is also noted that the lower limit for cathode
stoichiometry increases with the increase in load change. This can be attributed to the high
plastic strain values at lower stoichiometric flow ratios, which decreases with the increase in
cathode stoichiometry, as seen from Fig. 8. Figure 11(c) shows the design window for relative
humidity at cathode inlet. It can be seen that for AE.,; < 0.20 V the lower limit is 0%, while

there exists no operable region for AE..; > 0.20 V.

The results presented above offer insight into the effects of various operating conditions on
the mechanical behavior of the membrane for specified load cycles. Future work could include a
study of various existing membranes, such as reinforced membranes, hydrocarbon membranes
and others, using the present model. The time dependency of plastic strain, along with the
anisotropy in material properties can be added to the present model to predict a more realistic
behavior. A coupled model, although computationally expensive, can be incorporated to
capture the mechanical effects on water transport and vice-versa. A better design of membranes
based on the water content in membrane, by optimization of membrane physical and transport

properties can be performed, so as to minimize the degradation.
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6.4 Nomenclature

A superficial electrode area [m?]
Cr ~ molar concentration of species k [mol/m?3]
D mass diffusivity of species [m2/s]
Ecenp  cell potential or voltage [V]
EW  equivalent weight of dry membrane [kg/mol]
F  Faraday constant [96,487 C/equivalent]
J  transfer current [A/m3]
K  permeability [m?]
ng  electro-osmotic drag coefficient [H.O/H"]
p  pressure [bar]
R  gas constant [8.314 ]/ mol K]
RH  relative humidity
S source term in transport equations
T  temperature [K]
U velocity vector
v displacement
Greek letters
a  transfer coefficient
€  porosity; strain
n  surface overpotential [V]
A membrane water content; proportionality scalar
u  viscosity [kg/m s]
p  density [kg/m?3]
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o  electronic conductivity [S/m]; stress
T  shear stress [N/m?2]; time constant; tortuosity

¢  phase potential [V]

Superscripts and subscripts

a anode
¢  cathode
cell single fuel cell
e  electrolyte
el elastic
eff effective value
eq  equivalent
g  gas phase
in inlet
k  species
m  membrane phase
max maximum
0 t =0 s, initial state
pl  plastic
ref reference value
s electronic phase
S swelling
sat saturated value

S§S  steady state
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Table 6.1:

Source terms in the governing equations

Domain Sy Si Ss,Sm
Gas channels 0 0 0
Diffusion layers . 0 0
Kepi
anode: anode:
i S.=—j, <0
_Ja i s Ja
or (0= Hz)
Sm = +jq <0
[1] (i=07)
l'l - ndie .
_ —V. (== =H,0
Catalyst KepL ( F ) @ 20)
layers
cathode: cathode:
0 (i=H,) Sy = +j. >0
Je /o
(=0,
o ’ Sm=—Jc <0
Jc Ngle .
E_ V. (T) (l = HZO)
Membrane K 0
Kepi
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Table 6.2: Geometrical and physical parameters used in the numerical simulations [13,14]

Parameter [units]

Symbol Value

Gas channel depth [mm)]

Diffusion layer thickness [mm]

Catalyst layer thickness [mm]

Membrane (N112) thickness [mm]

Fuel cell/Gas channel length [mm]

Temperature [K]

Permeability of diffusion layer [m?2]

Permeability of catalyst layer [m?]

Gas diffusion layer porosity

Catalyst layer porosity

Volume fraction membrane in catalyst layer
Anode reference exchange current density [A/m?3]
Cathode reference exchange current density [A/m?]
Ho> diffusivity membrane [m?2/s]

Ha diffusivity in gas [m2/s]

O; diffusivity in membrane [m2/s]

Oz diffusivity in gas [m2/s]

HO diffusivity in gas [m2/s]

j aref
j cref
D H, mem
DHz,re f
D 0,,mem
D 0y, ref

D H,O0,ref

1.0

0.3

0.01

0.051

100.0

353

1012

1015

0.6

0.4

0.26

5.00 x 108
500

2.59 x 1010
1.1 x 10+
8.328 x 10-10
3.2348 x 105
7.35x10°
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Table 6.3: Physical properties of materials used in the finite element analysis [10,11]

Material p [kg/m3] E [MPa] v

Bipolar plates 1800 10,000 0.25
GDE (Carbon Paper) 400 10,000 0.25
Membrane (Nafion® 112) 200 Table 4 0.25

Table 6.4: Physical properties of the membrane (Nafion® 112) used in the analysis [10,11]

RH Young’'s Modulus Yield Stress m
B [ 5 ] x 1076
[%0] [MPa] [MPa] m%RH
30 121 4.20 1456
50 85 3.32 1197
70 59 2.97 2128
920 46 2.29 3670

Table 6.5: Initial conditions used in the finite element analysis

Zero-stress Condition RH in membrane <= 30%
Step 1: Mechanical Loading Clamping Pressure is applied
(p=1MPa)

Step 2: Pre-stressed + Hygral Loading RH loading corresponding to

Ece;p = 0.8 V on membrane
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Chapter 7: Dynamic fractal model for porous media undergoing deposition

A dynamic fractal model is developed to predict the evolution in pore structure undergoing
deposition. An artificial saturation in pores is created using dilation of solid boundaries in the
pore structure image. Fractal dimensions of the image are analyzed using box counting method
for changes in saturation levels and compared with predictions from the dynamic model. The
changes in transport characteristics of the porous media are evaluated and compared against

other existing models.

7.1 Introduction

Modification in structure of porous media can be commonly observed as a part of several
physical processes such as chemical vapor deposition, transport in fuel cell layers and batteries,
fouling in membranes, percolation through rock structures etc. Thus characterizing the changes
in pore structure is important for successfully predicting the transport in these applications and

forms the focus of current study.

Several experimental studies over past decades has focused on measurement of transport
properties in porous media by quantifying pressure drop, species concentration and flow. A
more recent literature has seen increase in the numerical work involving reconstruction of

porous media combined with Lattice Boltzmann modeling to predict transport properties [1-7].

Owing to the disordered nature of pore structures it can be well described by fractal
dimensions, that in turn is used to predict transport properties such as permeability,
conductivity and diffusivity. Analysis of pore structure image using box counting method is
one of the commonly used techniques to evaluate fractal dimensions and has been actively
employed by several researchers to predict transport properties for a variety of microstructures
such as sandstones, fibers, etc. [8-12]. Although the properties of porous media have been
explored extensively, the study of changes in pore structure and thus the corresponding
properties owing to deposition or erosion remains a relatively unexplored area. Previous
theoretical and experimental studies have largely focused on determining the fractal
dimensions for pore structures at the beginning of deposition or erosion, followed by use of

analytical models or experimental correlations to describe changes in transport properties with
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Figure 7.1 : (a) Pore structure image (Yu and Cheng [11]) and (b) the cumulative pore count as
a function of pore size.

deposition. The studies relating to permeability reduction, few in number, have used pore scale
analysis of structures, constructed through x-ray micro chromatography (XMCT), serial
sectioning or laser scanning confocal microscopy, using either pore network model or Lattice
Boltzmann (LB) model. Chen et al.[6] used x-ray micro chromatography to construct three-
dimensional (3D) geometry of the pore structure before and after colloid deposition, followed
by LB simulations to evaluate change in local permeability and tortuosity. It was found that the

change in permeability followed a power law variation with respect to porosity and the results
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significantly differed from the predictions using Kozeny-Carman relationship. Similar studies

involving XMCT and LB modeling was performed by Okabe et al.[ 7].

In this letter, we address the challenge of predicting the evolution of pore structure as a
function of deposition or saturation using fractal model. A model to predict the changes in
fractal dimensions for a pore structure undergoing deposition is developed and compared with
the predictions obtained from image analysis (box counting method). The variation in effective
diffusivity is predicted with the dynamic fractal model and compared with other analytical

solutions.

7.2 Fractal Model

In a fractal representation the pore architecture is usually quantified in terms of fractal
dimensions dr and dy, corresponding to the tortuosity and area dimensions, respectively. The
porous medium can be envisioned to be a distribution of capillaries of several sizes. The
effective length, L, of a capillary of size A can be given by [8-12]:

Le(A) = 19 LET ] (1)
where Ly is the representative length. Thus d; = 1 would correspond to a straight capillary and
dr =2 would correspond to a highly tortuous media. The cumulative pore distribution, as seen
in representation of geomorphology of earth N (A > a) ~ a~P/2 [13], can be represented by [8-
12]:

N(L > 2 = (fmas)™ @
2
The theory of fractal dimensions and representation of porous media using these dimensions is
well established and is not discussed in detail here. Readers are advised to refer to Refs. [8-12]
for a more detailed explanation.

Figure 1 shows the image of a porous media, studied by Yu and Cheng [11] (Fig. 1(a)) and
the corresponding cumulative pore count as a function of pore size (Fig. 1(b)). The black and
white regions represent the pore and solid regions, respectively, with the solid regions formed
by the agglomeration of copper particles [11]. The log-log plot of the cumulative distribution of
pores (Fig. 1(b)) obtained through box-counting method indicate fractal nature to the pore

distribution with the area fractal dimension dy =1.76. The value calculated by Yu and Cheng
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Figure 7.2 : Pore structure images for saturation (a) s =0, (b) s =0.116 and (c) s = 0.208.

[11] for the above geometry was 1.79 considering a bi-dispersed porous media, which is very

close to the value obtained here, while treating the media as mono-dispersed.

7.3 Saturation/ Deposition in Porous media:
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An artificial deposition/ saturation is generated in porous media by dilation of the solid
boundaries in the pore structure image using Image Processing Toolbox™ [14] to mimic the

physical deposition in pores. Figure 2 shows the pore structure images with different saturation

new

values, where saturation is defined as s =1 — £™" /0, with €® and ¢ as the porosity of

the medium before and after deposition, respectively. The porosity and saturation values for

Fig. 2(a), (b), (c) are s = 0, 0.116, 0.208 and ¢ = 0.575, 0.508, 0.456, respectively.

Evaluating changes in d

According to Yu and Cheng [11] the area fractal dimension, dy, can be given by:

Ine

dy =k — I min ®)

Amax

where k = 2 (two dimensions) and 3(3 dimensions) , 4,;;, and A4, are the minimum and

maximum size of the pores, respectively. Thus for the present case,

Ine

n lmin * (4)
Amax

dN:2_

Thus for change in porosity from £° to e(s) = €°(1 —s),

ne®  ine® 2-dy
Ing(s)  Ine®(1-s) 2—dy

()
where dy is the area fractal dimension of the pore structure at saturation, s. Thus dy < dy for
increase in saturation, s. Pitchumani and Ramakrishnan [9] used area fraction to establish
relationship between geometric and fractal dimensions. For area fraction being a representative
of volume fraction it was derived that,

dy =2(1 = B?), B = Amax/Lo (6)
implying that dy > d for increase in saturation.

Figure 3(a) presents the variation in dy as calculated from the box counting method and that
obtained from Eq. (4). It can be seen that dy decreases with increase in saturation, with Eq.(4)
predicting a similar trend to that described by image analysis. It is noted that the predictions
from Eq.(4) show a larger deviation from the results obtained by box counting method (image
analysis) with increase in saturation. This can attributed to the fact that a simple Sierpinski
triangle model [11] was used to derive the relationship in Eq.(3) whereas in reality a different
power law variation could exist. It is also noted that the predictions from Eq. (6), dy > dy,

completely diverge from that obtained from Fig. 3(a) and is rejected as a prospective model for
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of saturation.

further discussions. In the absence of better comprehensive theoretical model to accurately
describe the changes in dy as seen in Fig. 3(a), Eq. (4) is assumed to represent the evolution of
area fractal dimension for accurately for smaller values of saturation.
Evaluating changes in dr

For small values of deposition it can be envisioned that there is no change in the effective

length of the pores, thus from Eq. (1):

) (Lo )"T‘lz(L_o)"T‘l @)
LO AO\/(l—S) AO
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where d; and 24,/(1 — s) are the area dimension and pore size at saturation, s. Hence d; can be

written as:
. In (32
dr = dp(5,2) = 1+ (dr = 1) ;=25 ®)
ﬂ.o (1-5s)
The cumulative length of the pores, L¢/7, is given by:
eff = [fmax VEN (-al=drdm)
LT = [ Le AN = (3)  Amardn “Gog s ©9)
— Amin
where a / A, For very small @
Leff = (l)dTA L (10)
B Max (1-dr-dy)
Similarly the effective length at any given saturation, s, can be given by:
d/ ’
eff(s) = (=) " I
L) = (575)  Amas (1=dr—dy) an

For small values of saturation it can be safely assumed that L/ = L¢//(s). From Egs. (10) and

(11) it can be deduced that:

() = (VA=) T i 12

(1-dp—dy) dn
Thus from Eq. (12) it can be inferred that dr(B,dy,s) < dr fors > 0.

Figure 3(b) shows the variation in tortuous fractal dimension d as a function of saturation.
The results from image analysis (box counting method) are represented by solid line. It can be
seen that dr reduces with the increase in saturation, with the results from the dynamic model
closely predicting the changes as observed by image analysis. The reduction in d; can be seen
as an averaging effect where the pores with smaller diameter become less relevant to describing
the pore structure with increase in saturation, resulting in increase in average pore size and thus
smaller values of dr. It is to be noted here that above relationship is derived for smaller values
of saturation and might not hold true for larger saturations where there is significant
restructuring of transport path. A more accurate representation will be a distribution of d over

different ranges of saturations.

7.4. Evaluating changes in effective diffusivity

Flow rate, Q, through the porous media for diffusion can be given by [9-12]:
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(1—a1+dT_dN)

(1+dr—dpn) (13)

AC Amax
Q= AODeffZ = flmin q(D)dN(A) = 9q D AC BdT Amax dn
where D¢/ is the effective diffusion coefficient, A, is the representative area and q(2) is the
flow rate through a single capillary of size A [8-12]. Hence the effective diffusion coefficient as a

function of fractal dimensions dy and dr is be given by:

(1—a1+dT_dN)

eff — dr+1
b 9 DB Ay T T

(14)
where g, = m/4. There are numerous models that describe change in diffusivity as a function of
porosity, D¢/T = D/N,;, where Ny, is the MacMullin number as given in Table 1 [15,16]. A more
commonly used relationship to describe changes in D¢/ as a function of porosity is D¢/ =
€5D. Thus change in D% with change in saturation can be described as:
DéfT = (e(1 - s))*>D. (15)
The change in effective diffusivity as a function of saturation (change in porosity) is
presented in Fig. 4. The shaded area represents region between upper and lower bounds
formed by the values of D¢/ as calculated using MacMullin number from Table 1. It is noted
from Fig. 4 that the trends described by dynamic fractal model (Eq. (13)) and D¢/ = &1 (Eq.
(14)) are similar and show a decrease in D¢/ with increase in saturation or decrease in porosity.

It can also be seen that the predictions by the fractal model, using the values obtained through
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image analysis and that by dynamic model, lie in the bounds suggesting that the pore structure
can be described as combination of different geometries, arrangements and sizes of pores.

The present model although limited to uniform saturation works well for cases where there
are no changes to flow path as hypothesized. Changes to above, for a more comprehensive
model, can be accommodated by relating the deposition, pore size distribution and networking
such that d; has different variations for range of saturation values. A pore network model for
random 3D geometry coupled with image analysis can provide better insight to the above
problem and can be studied as a part of future work. Also, the effects of multiphase flow can be

characterized using the above formulation.
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Chapter 8: Conclusion and Future Work

The present studies analyzed the transients of a single channel fuel cell to

describe the performance and mechanical behavior of fuel cells using numerical models.

In the first part, a comprehensive analysis of the effects of operating parameters on the
variation of steady state time for step change in cell potential was presented, based on
numerical simulations using two-dimensional physics-based model. It was shown that water
transport dynamics is critical to the transient behavior of PEM fuel cells. The variation of steady
state time (tsg) was found to be monotonic, as a function of anode and cathode stoichiometric
flow ratio, and cathode pressure, whereas it was non monotonic, as a function of anode
pressure, anode and cathode relative humidity. Larger membrane water content difference
increases steady state time, as it takes more time for the membrane to dehydrate or uptake
water. Design windows for the operating parameters—pressure, stoichiometric flow ratio, and
relative humidity at anode and cathode side—were constructed which limits tgs to less than an
illustrative value of 10 s. Optimum operating conditions as a function of cell voltage change
were determined so as to minimize the time required to reach steady state. The above analysis

provides an insight on way the fuel cell can be operated for rapid load changes.

Next, a comprehensive analysis of the effects of cyclic changes in operating parameters
on the power response of a single-channel PEM fuel cell was presented, based on the numerical
simulations. It was shown that operating parameters affect the power response differently over
the cycles. The power response was shown to depend not only on the amplitude but also the
time period of the variations and is strongly correlated to the time scale of species and water
transport mechanisms. Optimization studies show limits and that the rate at which cell voltage
needs to change to meet the desired power requirements and the corresponding maximum
pressure and flow rates required. The results provide insight into controlling operating
parameters and designing better control systems to improve fuel cell performance for transient

applications with rapid load changes.

In the second part, a comprehensive analysis of the effects of membrane properties on
the cell voltage response of a single-channel PEM fuel cell was presented, based on the
numerical simulations for low humidity operations. It was shown that a sudden increase in

current density can lead to anode dryout, causing voltage reversal and may lead to cell
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degradation. The voltage response was shown to be a strongly correlated to the membrane
properties and also the water diffusion in porous media. It was also shown that the voltage
reversals can be averted by employing graded membrane approach. The results provide insight

in designing and choosing membranes for particular applications.
Mechanical Behavior

A systematic numerical investigation of the effects of load cycling and inlet
humidification values on the mechanical behavior of membrane in a single channel PEM fuel
cell was carried out. The results presented in study illustrate the inlet relative humidity and the
load change significantly affect the mechanical behavior of membrane along the length of the
fuel cell. It was seen that the residual stresses generated as a result of unloading can further lead
to plastic deformation, thus assisting in membrane degradation. The amount of plastic strain
and the volume of the membrane that undergoes plastic deformation are minimized for dry
inlet conditions, RHCi” = 0%. For the higher loads, the maximum strain occurs at the cathode
side of the membrane, both at the inlet and the outlet regions, whereas for lower loads anode
side of the membrane also undergoes plastic deformation at the near inlet regions. The results
presented in this work offer insight into the effects of complex water distribution on the
localization of stress and plastic strain in the membrane. The detailed numerical investigation
suggests that plastic deformation in membrane is dependent on the load changes, inlet relative
humidity and length of the section from inlet. During unloading, residual tensile stresses may
develop and lead to tensile yielding of the membrane, thus contributing to the degradation of

the membrane and in some cases even failure.

In the next part, the effects of operating conditions and load change on the mechanical
response of membrane in a single-channel PEM fuel cell was presented, based on the numerical
simulations over the range of operating conditions. It was shown that the magnitude of plastic
strain and volume of membrane that deforms plastically are strongly correlated to the amount
of load change and operating conditions and, in turn, affects membrane degradation. The
deformation pattern varies along the length of the fuel cell, owing to the complex water
distribution in the membrane. It was found that increase in cathode pressure and inlet humidity
leads to significant increase in plastic strain whereas increase in cathode stoichiometry
minimizes the strain. For certain cases the amount of plastic strain was governed by the strain

induced at base loads and was found to be independent of load changes. Unloading of the
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membrane can lead to residual stresses causing further plastic deformation. The work correlates
operating conditions and mechanical response of the membrane, thus providing insight in to
the design of membranes and optimization of operating conditions to minimize degradation for

desired applications.

Finally, the dynamic fractal model correlating the fractal dimensions and saturation was
presented. It was shown that the predictions from model are close to the values obtained
through image analysis for small values of saturation. The dynamic fractal model was later

used to predict the changes in diffusion coefficient as a function of saturation.
Future Work

1) Development of detailed Two phase model combined with Visco-Elastic mechanical

description (high humidity operation): A 2-phase model combined with visco-elastic
description of membrane can be explored in future to capture a more realistic behavior of fuel
cells for optimization at high humidity operations. Also, FEM model to couple the performance

and mechanical response will offer a deeper insight in to the transient behavior.

2) Development of detailed model for Li-Air batteries: The hybrid structure is seen to be

promising technologies as power source for stationary and transport applications. Li-Air
batteries presents itself as an viable option due high discharge rates compared to other batteries.
A detailed modeling is needed so as to evaluate the degree of hybridization for hybrid
purposes. Models to evaluate the best hybridization for fuel cell technologies for stationary and
transport applications are needed. These models based on detailed physics will help determine

the best operating parameters such as to achieve higher efficiency and better hybrid options.

3) Comprehensive Fractal Model: A comprehensive fractal model is needed to accurately

capture the changes in porous structure for different regimes of deposition. At present a
uniform deposition and no changes in the effective length are assumed. A more detailed
description can be obtained by correlating the pore size, fractal dimensions and deposition
using direct numerical simulations on different porous structure for different levels of

saturation.
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