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The Numerical Study of Geometric Influence of Flow Channel Patterns on

Performance of PEMFC

Student: Chang-Hsin Chen Advisor: Prof. Chiun-Hsun Chen

Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

This study numerically investigated how.the geometry of serpentine flow
pattern influences performance of proton exchange membrane fuel cell
(PEMFC), and analyzed how these parameters lead to different distributions of
model variables. Three-dimensional simulations were carried out with a steady,
two-phase, multi-component and electrochemical model, using CFD-ACE+, the
commercial CFD code. This thesis consists of three parts. In first part, the
fundamental behaviors of the flow field, temperature and the electrochemical
variables inside a PEMFC are analyzed. From the numerical results, it shows a
close and positive correlation between the distributions of current density,
temperature and water content with only a slight discrepancy existing at the
marginal rib due to isothermal conditions. Also, these three variables decrease
gradually from anodic inlet toward anodic outlet, indicating that their
distributions are principally dictated by the hydrogen concentration.

Additionally, with the cell temperature increased beyond 348K, liquid water

il



formation doesn’t appear to be considerable nor result in flooding effect inside
the cell. In the second part, the effects of bend angle on the PEMFC
performance is studied with various angles (45°, 60°, 90°, 120° and 135°) with
cell temperature of 323K and 353K. The numerical results indicate that the
combination of 60° and 120° enables flow pattern to achieve the highest
performance, especially at low operating voltages, due to the increase mass
diffusion rate. Also, the differences in performance for different angles
become more noticeable with decreasing cell temperature, implying that the
influence of bend angle on the performance is inversely proportional to the
operating temperature. On the other hand, the temperature distributions of
flow patterns in the membrane with different angles are more or less similar
indicating the variation of temperature in the. membrane is not reduced from the
change of bend angles. In the third part, the- effects of bend width on the
PEMFC performance are subsequently studied under the same operating
conditions applied in the second part. Simulation results show that flow
pattern with wider bend width achieves the highest performance compared to
patterns with narrower width results from the enhanced mass diffusion.
However, the distributions of current density and temperature in the membrane
with wider bend show a high non-uniformity with the existence of hot spot at

bending areas that is fatal to membrane lifetime.
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Chapter 1

Introduction

1.1 Background

Carbon dioxide generated during combustion of fossil fuels is inextricably
linked to the greenhouse effect. Carbon dioxide, as other greenhouse gases, is
essential to maintain the temperature of the earth. However, an excess of
carbon dioxide can raise the temperature of our planet to lethal levels by
absorbing and emitting infrared radiation. During the pre-industrial Holocene,
the concentration of carbon dioxide, was roughly 280ppm. Since then, the
current concentration has grown to 384ppm, and the current global temperature
has increased by 0.75°C since:=1860, revealing a tlose bond between the growth
of carbon dioxide concentration- and-‘global" warming [1]. Besides, the
efficiency of traditional engine 15 ‘limited by Carnot cycle, according to
thermodynamics. Therefore, research investigating new and clean energies has
attracted considerable attention since the last decades of 20" century.

Proton exchange membrane fuel cell (PEMFC), as one of the most effective
and clean technologies, may replace crude oil for generating power, and can be
employed in cell phones, automobiles and power plants. The advantages of
PEMFC are high efficiency, simplicity, low emissions and silence. Therefore,
PEMFC, directly converting chemical energy to electricity, has received
people’s attention and comprehensive study, and furthermore, it may become the
dominant new power source in the future.

During the power conversion process inside of PEMFC, the oxidation



reaction happens at the anode because electrons are being liberated from
hydrogen by the reaction, and electrons are being combined with oxygen at the

cathode by the reduction reaction. The anode, cathode and overall reaction are:

Pt
Anode: H,, —2H" +2e” (1-1)
Pt
Cathode:  1/20,,, +2H" +2¢” —H,0 (1-2)
Pt
Overall: H,, +1/20,, —H,0 (1-3)

It should be noticed that the state of water could be either liquid or gas. The
conditions that the final state of water depends on are complex, including
saturation pressure, relative humidity, water content and temperature.

As shown in Fig. 1.1, the humidified hydrogen is supplied into the anode
flow pattern and then it passes.through the channel, meanwhile, some of the
hydrogen molecules enter into gas diffusion layer (GDL). GDL made of
carbon cloth provides gases ‘an acecess-to. catalyst layer, enhances electrical
conductivity and alleviates flooding effect. " After that, hydrogen diffuses to
anode catalyst layer, an extremely thin layer of platinum-based -catalyst.
Oxidation reaction happens at the anode catalyst layer, therefore, hydrogen
molecules are oxidized to electrons and hydrogen ions also known as protons.
Subsequently, electrons are conducted back to GDL or anode flow pattern and
travel to cathode via external circuit. In the meanwhile, hydrogen ions proceed
through polymer electrolyte membrane to cathode side.

As both electrons and hydrogen ions keep arriving at cathode catalyst layer,
oxygen also reaches cathode catalyst layer by flowing through channel and
passing through GDL. Reduction reaction happens as these three elements
combine to form water, and heat is generated from this reaction. Some of the

water produced from reduction reaction is drained off to flow channel and then

2



exits a PEMFC. Others would diffuse from cathode side to anode via the

membrane.  This back-diffusion phenomenon of water depends on the

thickness of the electrolyte membrane and the relative humidity of each side.

At STP, thermodynamics dictates that the reversible voltage attainable from a
PEMFC is 1.23V [2, 3]. However, the output voltage of a real cell decreases as
current load is applying. The decrease based on three imperative losses
provides a characteristic shape in the fuel cell current—voltage (I-V) curve for a
PEMFC. The three losses are:

1 Activation losses. A proportion of voltage generated is lost in driving the
chemical reaction that transfers the electrons to or from electrode.

2 Ohmic losses. This voltage drop is the straightforward resistance to the flow
of electrons through the material of the electrodes and the wvarious
interactions, as well as the tfesistance to-the flow of ions through electrolyte.

3 Concentration losses. These results-from the change in concentration of the
reactants at the reaction surfaces-as gases are supplied. Accordingly, voltage
drops due to the insufficiency of concentration.

The three losses each dominates at different parts of [-V curve are shown in
Fig. 1.2. The activation losses mostly affect the initial part of the curve; the
ohmic losses are most apparent in the middle section of the curve, and the
concentration losses are dominant in the tale of the -V curve. Additionally,
there exists an additional term associated with the parasitical loss due to current
leakage and gas crossover which has a significant impact on the reversible
voltage and is the reason why the actual reversible voltage is lower compared

with theoretical value. Pictorially, this loss is illustrated in Fig. 1.3.



1.2 Literature Review

1.2.1 Modeling Development

Because of the high cost of PEMFC manufacturing, modeling and simulation
has been developed extensively in research across the world to acquire better
understanding of the fundamental processes. With deeper insight for the
processes, the design cycle can be shortened substantially and the performance
can be improved.

Bernardi and Verbrugge [4] proposed a one-dimensional, half-cell
mathematical model for a single cell. The transport of charge and species were
based on Nerst-Plank equation. And the motion of liquid water was modified
by Schlogl’s velocity equation, the current transfer between membrane and solid
conductor of catalyst layer were dominated. by’ Butler-Volmer equation and the
diffusivity of multi-species gas mixture was based on Stefan-Maxwell equations.
Springer et al. [S] proposed an“isothermal;-one-dimensional, steady model for a
full cell with 117 Nafion membranes. " iIt'showed that an increase in membrane
resistance with increased current density and demonstrates the great advantage
of a thinner membrane in alleviating this resistance problem. After a year,
Bernardi and Verbrugge [6] developed the original half-cell model into a
full-cell one. To get deeper insight for the gas concentration distribution and
current transfer in PEMFC, a two-dimensional model was developed
subsequently. Wang and Cheng’s team [7] proposed a two-dimensional model
for the transport of multi-phase and multi-component gases mixture in porous
medium. The results revealed that the uneven oxygen concentration profile can
cause the uneven distribution of current on the chemical reaction surfaces, and

the decrease of current density is due to the formation of liquid water that



decreases the oxygen concentration near the reaction surfaces. The threshold
current density for single-phase and two-phase models can be obtained from this
model, therefore to investigate the water transport phenomenon and the gas
distribution on the cathode side. He et al. [8] proposed a PEMFC model which
was two-dimensional and steady. The thermal diffusivity and evaporation speed
were assumed to be constant, and therefore, the phase-change speed was limited
during the reaction. The results revealed that the transport of liquid water in
the porous electrodes is dominated by the shear stress and capillarity which are
generated from gas and liquid water motion. In the two-dimensional model
proposed by Um et al. [9] where the presence of hydrogen dilution is considered,
ohmic losses is neglected in GDL and catalyst layer, hence, electronic phase is
uniform across them. And oxygen is assumed to dissolve in electrolyte in
catalyst layer and membrane reégions. ‘The results revealed that hydrogen was
depleted at the reaction surface, resulting-in substantial anode mass transport
polarization, and hence, a lower: current density that is limited by hydrogen
transport from fuel stream to reaction site. Wang et al. [10] studied the
transport phenomena of air in the cathode with two-phase model. The model
was able to handle the situation where a single-phase region co-exists with a
two-phase zone in the air cathode. And the results showed that capillary action
is the dominant mechanism for water transport inside the two-phase zone of the
hydrophilic structure. Mazumder and Cole [11, 12] proposed an accurately
three-dimensional, mathematical model. This full-cell model was included in the
package CFD-ACE+ produced by ESI-CFD. The model was mainly based on
the multi-phase gas model from Wang et al. [7] and He et al. [8]. Thus, this
model can simulate the two-phase phenomenon and the transportation of liquid
water in the porous media. Also, it was constructed energy equation to solve

5



the problem of temperature field. Results were compared against experimental
data under various operating conditions, and showed that three-dimensional
modeling is the key to predicting performance of PEMFC at high current
densities instead of two-dimensional one. And it also revealed that inclusion of
liquid water transport greatly enhances the predictive capability of the model
and is necessary to match experimental data at high current densities.
1.2.2 Investigation of PEMFC Design and Operation

PEMFC performance is strongly dominated by operating temperature, inlet
relative humidity (RH) and flow pattern etc. Proper operating temperature
leads to high reaction rate and low activation and ohmic losses. Appropriate
RH prevents water clogging effect, moisturizes the membrane and increase the
electrical conductivity of membrane. Besides, the performance of PEMFC is
also depended on the distributions.of reactant species, and therefore, the primary
goal of flow pattern design is to inerease reactant species uniformity, which can
lead to uniform distributions of current density and temperature. Thus,
performance would be improved, the lifetime of PEMFC would be extended,
and the water flooding effect would be alleviated.

Hontafion et al. [13] tested various widths of flow channels and ribs to
determine the effect of reactant species’ consumption. According to this study,
optimal rib width is Imm, and optimal channel widths are 3 and 4 mm, instead
of not 1 mm. In addition, the optimal consumption rate is 45.7%. Scholta et al.
[14] investigated the mass transport and electrical conductivity of a flow pattern
by varying the width of channels and ribs. Their analytical results showed that
an optimum value of 0.7-1 mm applies to channel and rib widths. For wide
dimensions of width, the influence on mass transport or lateral electrical

conductivity is significant. For very small dimensions of widths, the
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manufacturing effort becomes excessively high and the probability of channel
clogging via the formation of water droplets increases. The influence of aspect
ratio (AR) channel height to width—was tested by Chiang and Chu [15].
According to their simulation results, membrane electrical conductivity
increases when AR decreases. Shimpalee and Van Zee [16] investigated how
serpentine flow fields with different channel/rib cross-sectional areas affect
performance and species distributions for both automotive and stationary
conditions. Their simulation results revealed that for a stationary condition, a
narrow channel with wide rib spacing improves performance; however, the
opposite occurs when the automotive condition is applied.

In order to study the effect of humidity on the performance, Fell et al. [17]
assessed the performance of experimental flow-field designs under different
levels of humidity by utilizing, a single-phase-isothermal model of PEMFC
segments. Shimpalee [18] studied the humidification effect numerically and
experimentally. The results indicated that dry steams on either anode or cathode
cause a low membrane electrical conductivity and performance. On the other
hand, super-saturation streams results in a higher current density such that
improves the performance. A few years later, Matamoros and Briiggemann [19]
adopted steady and three-dimensional models to investigate the influence of
geometrical parameters on the performance under different hydrating conditions.
According to their results, anode and cathode liquid water saturation affects
species transport and the polymer electrolyte water content. Thus, one must
simultaneously calculate both water absorption and desorption through the
polymer electrolyte and liquid water saturation in anode and cathode porous
media to acquire an actual view of ohmic and concentration losses in PEMFC

performance. The performance of PEMFC is considerably improved by
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applying 100% RH at inlet flow in comparison with 50% RH, and such better
performance is achieved especially at high current densities. Zhang et al. [20]
studied the effect of RH on the performance as well. The fuel cells were
performed at a typical high temperature 120°C, ambient pressure and various
RHs from 25% to 100%. The experimental results indicated that the
membrane resistance at 25% RH is about five times higher than that at 100%.
At high RHs, the membrane adsorbs more water than at low RHs which enable
more ionic clusters are filled with water, and therefore, protons can transport
easily as free ions through membrane, results in low membrane resistance. As
expected, the PEMFC performance increases dramatically with increasing RH.
Since temperature plays an important role in PEMFC operation, the
investigations for the effect of temperature on.PEMFC is necessary. Coppo et
al. [21] proposed a three-dimensional model that-accounts for water transport in
the liquid, gas and dissolved phases to study the effect of temperature-dependent
parameter variations on cell performance. - The results showed that in the
activation regime of the polarization curve, the performance of PEMFC is
mainly improved by high temperature that leads to high values of both exchange
current density and charge transfer coefficient. In ohmic region of the
polarization curve, benefits of running the cell at high temperature can be
explained with the high membrane ionic conductivity and an increase of water
diffusivity as well as water content, which results in a decrease of electrical
resistance to ion transport. Al-Baghdadi [22] numerically investigated the
effect of temperature distribution on material deformation. According to the
results, the non-uniform distribution of stresses, caused by the temperature
gradient and moisture change in the cell, induces localized bending stresses and
deformation, which can contribute to delaminating between membrane, GDL
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and bipolar plates, especially in the cathode side. Also, the results indicated
that the maximum von Mises stress exists on the corner of flow channels and the
interface between membrane and GDL.

The effects of the permeability of the electrodes and the type of gas flow
distributors on the PEMFC performance were investigated by Soler et al. [23].
The results of simulation showed that the effect of permeability is not notable in
the case of grooved plates, but it is rather significant in case of the solid plates.
The results also revealed that the performance with solid plates declines when
the permeability of the electrodes decreases.  Oosthuizen et al. [24]
numerically tested the effect of channel-to-channel gas crossover on the pressure
and temperature distribution. The results revealed that flow crossover is only
significant when the porosity ofithe GDL ‘exceeds approximately 0.65. And
flow crossover tends to decrease'the pressure drop across the flow channel.
Also, the dominant factor in' determining the temperature is the thermal
conductivity of the flow plate material instead of the crossover. Shimpalee et
al. [25] investigated various channel path lengths to estimate the impact of flow
path length on temperature distributions, current density distributions and the
performance. According to their results, local temperature, water content and
current density distributions become more uniform under serpentine flow-field
designs with shorter path lengths or greater number of channels. Karvonen et
al. [26] proposed a parallel flow pattern that had uniform flow distribution by
both numerical and experimental analyses. The inlet distributor of flow pattern
1s narrowed that leads to a better equality of flow velocities in different channels.
The difference between the largest and the smallest velocities is decreased from
16% to 8%. Sun et al. [27] presented a model considering a serpentine flow
channel with trapezoidal cross-section shape. The obtained results indicated
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that an increase in the trapezoidal cross-section shape ratio R is associated with
an increase in the flow-cross through GDL. And R has a significant effect on
the pressure variation in the flow field. As R value increases, the pressure drop
increases slightly for the cross-over case. Also, an increase in Re is associated
with a slight increase in the flow cross-over. Park and Li [28] numerically and
experimentally studied the characteristics and effect of cross flow through the
porous electrode structure between two adjacent flow channels. The results
indicated that the thickness and permeability of the GDL are the two most
important parameters influencing the cross flow and the resultant pressure drop.
Another numerical investigation on the influence of flow pattern geometry was
carried out by Jeon et al. [29] for four 10 cm” serpentine flow-fields with single
channel, double channel, cyclicssingle channel and symmetric-single channel
patterns at 100% and 64% inlet HR. "According to their results, the double
channel flow-field was found to have the highest performance at 100% inlet HR
and to have most uniform current density distribution. However, for 64% inlet
HR, there were little difference on performance and current density uniformity

among the four serpentine flow-field patterns.

1.3 Scope of Present Study

According to the results of reference [16], low current density is observed at
the bending area of flow channels, where low water content and high
temperature are presented. The non-uniform distribution of water and
temperature will seriously cause mechanical damage to the membrane and
shorten its lifetime. Therefore, the flow pattern design in this research will

focus on the improvement of cell performance and the increase of distribution
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uniformity of current density, temperature and water content.

This research applies a commercial package software, CFD-ACE+, for the
full-cell simulation. The investigation mainly concerns on the improvement of
flow-field design by changing the bend angles and widths in flow channels.
Simulations are performed in a steady, two-phase and three-dimensional model
with different flow channel patterns at different operating temperatures.

This numerical investigation consists of two parts. The first one is to study
the effects of bend angle on PEMFC performance with three different flow
patterns at two different operating temperatures, 323K and 353K.
Comparisons will be given afterward to discuss how the performance and
variables distributions change with bend angle.  Another part of the
investigation is to study the influences of bend width under the same operation
conditions as the first part. The performance and variable distributions will be
compared and analyzed as  wellk Finally, the advantages of those

configurations will be discussed.
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Chapter 2

Simulation Model

The convenience of computational fluid dynamic (CFD) provides a low-cost
way to study PEMFC and enables researchers to precisely understand the flow
and temperature fields inside PEMFC. Besides, the distribution of chemical
parameters can be studied and the effect of each parameter can also be further
compared. Based on the governing equations that describe the correlations of
various properties can be developed and solved by numerical methods,

providing the necessary information for PEMFC design.

2.1 Model Descriptions

Figure 2.1 shows the threey different serpentine flow patterns under
investigation of bend angle (a) 45-135, (b)60—120 and (c) 90-90, respectively.
The first number in each pattern represents the first angle of the channels, and
the second number represents the second angle. These two are combined to
generate a complete u-turn flow channel. In addition, the patterns for
investigation on the effect of bend width are shown in figure 2.2. Patterns (a)
1007, (b) 90-90 and (c) 1020, are considered. The first two numbers, 10’s,
represent the channel width of 1 mm, and the last two numbers, 07 and 20,
represent the bend width of 0.7 mm and 2.0 mm, respectively. 90-90 is the
most conventional flow pattern applied in most researches and is considered as a
reference for comparison in this study. According to the results from Scholta
et al. [14], the channel and rib dimension ratio of this model is 0.5 which would

lead to superior performance. Based on the results from Chiang and Chu [15],
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the AR is chosen to be 1 which provides the most uniform membrane

conductivity. Table 2.1 shows the detailed geometries of current model.

The

electrochemical parameters and transport properties from Springer et al. [5] and

Mazumder and Cole [11, 12] are listed in Table 2.2.

Table 2.1 Geometries of Model

Geometry Vlaues
Reaction area 25 (cm2), 5x5
Channel Width 1 (mm)
Channel Depth 1 (mm)
Rib Width 2 (mm)
GDL Thickness 0.3:(mm)
Catalyst Layer Thickness 10-( ¢ m)
Membrane (Nafion117) Thickness 163 (1 m)

Table 2.2 Electrochemical parameters and transport properties

Parameter

Values

Electrochemical parameters

Transfer coefficients at anode 0.5
Transfer coefficients at cathode 1.5
Concentration dependence of H, 0.5
Concentration dependence of O, 1
GDL and catalyst layer

GDL and catalyst layer porosity 0.4
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GDL and catalyst layer permeability | 1.76x10™"

Tortuosity 1.5

Electrode conductivity of catalyst
53 (1/ohm m)
layer

Effective surface to volume ration of

1000
catalyst layers
Membrane
Membrane porosity 0.28
Membrane permeability 1.8x10°"
Tortuosity 5
Electrode conductivity of membrane | 1x 10% (1/ohm m)

Bipolar Plates
Electrical conductivity JFemperature dependence
Reference Temperature ‘ 2931 (K)

Electrical conductivity at reference
3.5x10™"® (ohm m)
Temperature

Temperature coefficient at reference ,
5x10°
Temperature

2.2 Model Assumptions

The following assumptions are utilized to simplify simulation conditions.

1. All fluids are treated as continuums.

2. Gases are ideal gases throughout the entire model.

3. The velocity and temperature of reactant species are distributed uniformly
over the channel inlet.
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4. The flows are incompressible and laminar due to small Reynolds number.

5. The gas diffusion layer (GDL), catalyst layers and membrane are all
isotropic porous media with pores uniformly distributed.

Gravity is neglected.

No fuel crossover.

Evaporation and condensation of water is neglected.

oo »® =2

Dissolution of gases in the liquid is neglected.

10. The phenomenon of double charge layer is not considered.

2.3 Governing Equations

The steady, two-phase and three-dimensional model is basically modified
from the one proposed by Mazumder and.Cole [11, 12]. The flow pattern has
been developed from a single channel to a full-size serpentine channel with
25cm’ reaction area. The membrane domain is built for Nafion 117, and the
data is available from Springer et al. [5].

The PEMFC model consists of five volume-averaged conservation
equations, which are mass, momentum, energy, species and electric current
conservation equations. All the equations are applied in every domain of the
model. In addition, fluxes across any two different domains are automatically
continuous.

2.3.1 Continuity and Momentum Equations
The continuity equation and momentum conservation equations are as

follows

0
g(eeffp% V- (ezpU)=0 -1
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0
a (Sefpr) +V- (gefprU) =—€4Vp+V- (Seffr) +€.B+ (2-2)

where p is the fluid density, U is the fluid velocity, p is the pressure, 1 is the
shear stress tensor, B is the body force, p is the dynamic viscosity of the fluid,
gfr 18 the effective porosity of the medium, and represents the ratio of the
volume occupied by the pores to the total volume of porous medium while the
permeability «k, is the square of the effective volume to surface area ratio of
porous medium. The last term in Eq. (2-2) represents Darcy’s drag force
imposed by pore walls on the fluid, and leads to a significant pressure drop
across the porous medium. In a purely fluid region, e.—1 and k—o0, and the
standard Navier-Stokes equation is recovered.

For high accuracy, mix kinetic theory is.chosen to estimate the viscosity

value of mixture in this research, . and is expressed as
Mg = 25— (2-3)

where x; and x; are the mass fraction of species 1 and j, p; is the dynamic
viscosity of species 1 and ®; is the dimensionless quantity. The dynamic
viscosity data input form [29] is linearly interpolated for each species. And the

dimensionless quantity is given by

v -1/2 1/2 M 2
d)ij:L 14+ — 14| B — (2-4)
V8 M; M M;

where M; is the molecular weight of species i, T is the temperature in Kelvin, o;

is the characteristic diameter of the molecular in Angstroms and €, is the

collision integral and is given by
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_1.16145 0.52487 N 2.16178

Q = + -
BT exp(0.77320T7)  exp(2.43787T) (2-5)
where T is the dimensionless temperature and is defined as
. kT
T =— i,
= (2-6)

where k is the Boltzmann’s constant and E is the characteristic energy. The
details are given by Incropera [30], Wilke [31] and Hirschfelder et al. [32].
2.3.2 Energy Equation

The temperature field of each domain can be obtained from solving the
energy conservation equation. The energy conservation equation can be

written as
0
a [(1 — &4 )Psh + 8effph] +V - (€.;pUh)=

V-q+seffr-VU+seff%—j{%)eﬁnJ{fjhsh 7
where h and hy are the gas mixture ienthalpy and solid phase enthalpy,
respectively. ps is the solid phase density, jr is the transfer current density which
will be discussed further in the section below, (S/V). is a direct representation
of catalyst loading, n is the overpotential between solid phase and electrolyte
phase of the electrode, and S, is the enthalpy source due to phase change. The

heat flux, q, is comprised of contributions due to thermal conduction and species

diffusion without considering radiation effect, and is written as
Ng
q=AVT+ ;1 J.h, (2-8)

where Ng is the total number of gas phase species in the system, h; are their

enthalpies defined as sum of the enthalpy of formation and sensitive enthalpy,
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and J; is the diffusion flux of species i. The thermal conductivity, keg, of the
porous medium is an effective thermal conductivity of the pores and solid

combined region and is expressed as

1
€efr l—¢€4

+
2k +k, 3k

keff :_2ks + (2_9)

where kg and kg are the thermal conductivities of the solid and fluid regions,
respectively. The second term of on the right hand side (RHS) of Eq. (2-7) is
the effect of viscous dissipation, the third term on the RHS is the work done by
pressure, the last three terms in Eq. (2-7) represent electrical work, Joule heating
and energy interactions due to phase change. The irreversible losses due to
reaction (conversion of chemical enérgy térheat) manifest through the last term
on the right hand side of Eq. (2-8) because the definition of enthalpy includes
both the enthalpy of formation as well as sensitive enthalpy. Mix kinetic
theory is also chosen for calculating the thermal conductivity across the whole
domain. The data for evaluating the thermal conductivity is available from
[33]. Mix Jannaf method is applied for calculating the specific heat and

estimated as form:
C, 2 3, 4
?_ao +a,T+a, T " +a,T7a,T (2-10)

where R is the value that the universal constant divided by each species’
molecular weight, and a,, a;, a,, a; and a4 are constant vary with species kind.
2.3.3 Species Equation

The species conservation equation is estimated as form:

0 :
a(gefpri)—i_v.(gefprYi):V'Ji T, (2-11)
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where Y; are the mass fraction of i-th species, J; are the mass diffusion flux of
species 1 and c:)i are the mass production/destruction rates of i-th species in the

gas phase. The species mass diffusion rate is expressed as

pY. AM
J;=pD,VY, +--LD,VM—-pY, ZD,VY, ~pY, ==X DY, (2-12)

the first term represents Fickian diffusion due to concentration gradients, and the
other three terms are correction terms necessary to satisfy the Stefan-Maxwell
equations for multicomponent species study. In this case, D; are the effective
diffusion coefficient of species i within porous medium, and depend on the
porosity and tortuosity, T, of the medium
Def=€esr D (2-13)
where the value of tortuosity is usually 1.5 in Eq. (2-13), resulting in the
so-called Bruggeman model [11].

The volumetric production/desttuction, raté of a species i, (;Ji, due to
heterogeneous surface reaction is-treated by performing a diffusion flux at the
interface of the GDL and catalysts, and is obtained from the surface flux in

discrete form expressed as

_ D Yi—YPi[S]
®. =pD. ——| — _

where Y; denotes the mass fraction at the interface of GDL and catalyst
layer, while Yp; denotes the species mass fraction in the catalyst layer and 9 is
the diffusion length scale. Usually, the diffusion length scale cannot be
obtained from grid in the case of porous media, because the region under
consideration is already much smaller than the size of a control volume.
Typically, the diffusion length scale varies locally from primary pores to

secondary pores. With the consideration of continuum mechanism, Knudsen
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effect is neglected in tiny pore region, and the diffusion length scale is assumed
to be equal to the average pore size in this case.
However, in the case of electrochemical reactions, the volumetric

production/destruction rate of a given species is expressed as

@, =(af —af)IL (2-15)
F

where a] and a} are the stoichiometric coefficients of the products and

reactants, respectively. F is the Faraday constant. Therefore, reaction-diffusion

balance is necessarily required to be written as

Y -Y,. (S ]
DI—P’l _ — a_P_avR JT _
D — (VL (a; I)F (2-16)

Eq. (2-16) clearly states that the reactants/proeducts flowing through the interface
where chemical reaction takes place by, diffusion is equal to the volumetric
production/destruction rate of a specifiec species from chemical reaction.
Maxwell-Stefan Model is applied for multi-species diffusion when over and
above three species are involved in a diffusion process. At low density,

multi-component gas diffusion can be approximated by the Maxwell-Stefan

equation:
dx. Ne x.J. —x.J.

F=RT) ——— 2-17
dz ; pD; ( )

2.3.4 Electrochemical Reaction

At the electrode catalyst layers, current is supplied from electrochemical
reactions that reactant species participate at anode and cathode. Hydrogen is
oxidized at the anode and oxygen is reduced at the cathode. These two
reactions are driven by the potential difference between the solid phase and

electrolyte phase, called the activation overpotential. The Bulter-Volmer
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equation describes this phenomenon and is expressed as

OLC,jF
RT

Jo,;

) HL lAk,ref Jak‘j

=z

mIx [A, [* (2-18)

J1i

~
Il

1

[exp( ) )— (-
eX n) —ex
P RT P

where a,j and a; are kinetic constants determined from experimentally
generated Tafel plots, oy ; are the concentration exponents of the k-th species for
the j-th step. [Ag] represents the average interfacial molar concentration of the
k-th species, and the subscript ref refers to concentration values at the reference
state at which the reference current density is prescribed. The electrode
potential, m, is the potential difference between the solid phase (®s) and the
ionic phase (®r) of the electrode.

The term jo; in Eq. (2-18) is the reference current density with units of A/’
As a matter of fact, the reference current density at the cathode is several orders
of magnitude smaller than the-value at the anode. Both the reference current
densities at anode and cathode'are expressed.as [34]
Anode: jo=1x10’ (2-19)
Cathode: jo=3%10’ exp[0.014189(T-353)] (2-20)
2.3.5 Current Equation

The continuity equation of current in any material leads to:
V-i=0 (2-21)
where 1 is the current density vector. When the material is a porous electrode,
the current density is split into two parts: one flowing though the polymer
electrolyte (ionic phase) denoted as ir and the other flowing through the solid
parts (electronic phase) of the porous matrix denoted as is. Fig. 2.3 simply

shows the transfer of current within porous media. Eq. (2-18) can be written as

Vi, +V-ig =0 (2-22)
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During the electrochemical reactions, electrons are either transferred from
ionic phase to solid phase or vice versa shown in figure 2.3. Thus, Eq. (2-19)

can be rewritten as

—V-iFZV-iszJ’T(Ej (2-23)
V eff

It 1s generally assumed that each phase has its own electrical potential. In
the ionic phase, the electrical current is denoted as electrolytic term while the
current is denoted as electronic term in solid phase. Chemical reaction can
only occur at the interface of electrolyte and solid when there’s interaction
between these two current components. Under this assumption, application of

ohm’s law to Eq. (2-23) yields

V- (0VO,)=-V-(c,VDy) =J&(§j (2-24)
V eff
where ®g and @ are the eléctrical “potentials of the ionic and solid phases,
respectively.
2.3.6 Liquid Water Transport
The foundation of this two-phase model is an additional governing equation

for the transport and formation of liquid water, given by

0 aM, .
a(sdpls)+v-(8delg)+V( F lle:

s(1-9)x(p,p,) gj . (2-25)

V'(gdp1Dsz)_v’( +m,

where s is the saturation of liquid water, and is defined as the ratio of liquid
volume to the volume of pores. p; is the density of liquid water and ( is the
relative mobility of liquid water. g4 1s the dry porosity which represents the

porosity of the medium in the dry state. In this model where liquid water effect
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1s considered, pores in porous media are occupied by liquid, and the value of
effective porosity decreases as the amount of liquid water in the medium

increases. Therefore, €. has the form
Eer = €4(1-5) (2-26)

The first term in Eq. (2-25) represents the storage of liquid water in a certain
domain. And the second term represents transport of liquid water by
pressure-driven advection.

Membrane water content, A, is given as the ratio of the number of water

molecules to the number of charge (SO;H") sites. It shows how intense the

electrochemical reaction is, and dictates the electrical conductivity of membrane.
The value of membrane water contént is'determined by the activity of water
vapor at the catalyst/membrane interface., " The activity in the water phase, a, is
XwP/Pg. Xy 1S the mole fraction of water vaporrand the saturation pressure of
water is denoted by Py, in units of atm, which can be computed from the

curve-fitted expressions provided by Springer et al. [5]

log,, P, =—2.1794 +0.02953T —9.1837 - 10 °T> +1.4454-10 " T* (2-27)

Membrane water content 1s function of water activity for the Nafion 117
membrane by weighing membranes equilibrated above aqueous solutions of
various lithium chloride concentrations, and the experimental relationship of

water content versus water activity, a, used in this model is

0.043+17.18a—39.85a° +36.0a° O<ac<l
7\,: 14+14(a—1) l<a<3 (2-28)
16.8 3<a

Eq. (2-28) is employed to calculate the value of A based on solution of water

vapor outside the membrane domain.
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When water profile in the membrane has been determined, the membrane
electrical resistance and the potential drop across it can easily be obtained. The

electrical conductivity of Nafion 117 was proposed by Springer et al. [5], and is

given by
G55 = 0.005193A —0.00326 A>1
1 1 (2-29)
T) = 1268 -
o(T) = 0545 €xp[ (303 2734 Tj]

Once the value of water content drops less than one, the membrane
conductivity is assumed to be constant.

In a PEMFC, electro-osmotic water drag moves liquid water from anode to
cathode. As this water built up at cathode, back diffusion occurs, resulting in
the transport of water from cathode back,to anode. This phenomenon is
strongly dominated by capillary diffusivity.. Capillary diffusivity depends on
factors like the contact angle and saturation, and can be written in terms of the

capillary pressure head as

_Kk dp.

D. =
" w, ds

(2-30)

where p. is the capillary pressure head, «; is the permeability of the liquid and
is the dynamic viscosity of the liquid. Based on the correlation that Springer et
al. [5] proposed, capillary diffusivity is function of water content and
temperature, and is expressed as [5]

A4 A2
D, =40.5+3.25(A—2)/4 A<Z6 (2-31)
3.75+4(L-26)/15 otherwise

A

D, (303K)=107" - —
(1+sr7)a(17.81-79.7a+108a")D,

(2-32)
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11
D, =D, (303K)exp[2416] — — — -
» =D ( )exp[ (303 Tj] (2-33)

In Eq. (2-32), s is considered as a constant with value of 0.0126.
2.3.7 Concentration Loss

During the electrochemical reaction, performance drops when reactant
species concentrations are deficient on the reaction surfaces, especially when
operating a PEMFC at low operating voltage due to high formation of water that

causes clogging. The total concentration loss is expressed as

R
i = S (2-34)
where ¢! 1is the reactant molar concentration in flow channels, c* is the
reactant molar concentration in s¢atalyst layers and o is the mass transfer
coefficient expressing how variations in electrical potential across reaction
interfaces changes the reaction rate. The value of a depends on the reaction
and electrode material.

One of concentration loss 1s due‘to reactant species depletion in the catalyst

layers called Nerst potential changes, and it has the form

x RT ¢

= —IN—-- -
on = F oK (2-35)

The second way that concentration contributes to concentration loss is due
to reaction kinetics, and it has the form

k _ RT c¢

=—|n _
Meon 2aF (2-36)

Different bend angles and widths of a channel lead to different minor losses;
therefore, fluid velocity through bend decreases. Figure 2.4 illustrates a

schematic of the PEMFC mass transport model, indicating that the reactant
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concentration on the reaction surface is dominated by fluid velocity in the flow
channel. The correlation between gas velocity in the flow channel and gas

density on reaction surfaces is expressed as [3]

(2-37)

i H H B-A
pB,L:pA,C_MJ|: bt

2F|Sh-D D, u H,
where Hc is the height of the flow channel, Hg is the height of the GDL, Sh is
the Sherwood number. According to the Eq. (2-37), the geometry of flow
patterns is one of the parameters that dictate the performance of PEMFC.

Hence, high performance can be achieved from flow pattern design.

2.4 Boundary Conditions

The governing equations forsthe current’PEMFC model are elliptic, partial
differential equations.  Hence, 'boundary ‘conditions are required for all
boundaries in the computational domain.

The boundary conditions are ptesented.as follows:

Anodic inlet of the channel:

U=Uin, T=Toperating, Y= Yo+ Ymo=1,j=0 (2-38)
Anodic outlet of the channel:

P=Pm, j=0 (2-39)
Cathodic inlet of the channel:

U=Uin, T=Toperating, Y= Y02+ Ym20=1, j=0 (2-40)
Cathodic outlet of the channel:

P=P,m, j=0 (2-41)
Outer surface of bipolar plate at Anode:

T=T sperating: V=0 (2-42)
Outer surface of bipolar plate at Cathode:
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T:Toperating: V= T]tot:\/re—i_\/cell (2'43)
where n is the total overpotential and V.. is the reversible voltage given by

reference [33]:

V,=0.2329+0.0025T (2-44)
Walls:
T:Toperatinga _]:O (2 -4 5)
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Fig. 2.1 Flow field pattern in PEMFC (a) 45-135; (b) 60-120; (c¢) 90-90,
respectively.
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Fig. 2.2 Flow field pattern in PEMFC (a) 1007; (b) 1010; (c) 1020, respectively.
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Fig. 2.3 Schematic of electrochemical reaction and the transfer current within a
porous catalyst-containing conducto:
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Fig. 2. 4 Schematic of the PEMFC mass transport model [3].
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Chapter 3
Numerical Methods

3.1 Introduction to CFD-ACE+ software

CFD-ACE+ 1is a set of computer applications for multi-physics
computational analyses. The programs provide integrated geometry and grid
generation software, a graphical user interface for preparing the model, a
computational solver for performing the simulation, and an interactive
visualization software for examining and analyzing the simulation results.

Based on the finite-volume approach [35], governing equations mentioned
in chapter 2 are solved by discretizationsmethods which will be described in the

following sections.

3.2 Numerical Method for CFD-ACE+

The CFD-ACE+ employs the finite-volume method to discretize the
partial differential equations and utilize SIMPLEC scheme to obtain the pressure
and velocity fields by solving mass and momentum conservation equations.
After that, use the pressure and velocity fields to substitute into the rest
governing equations to have results calculated in sequence.

3.2.1 Finite-volume method

The geometric center of the control volume denoted by P is referred to as
the cell center. CFD-ACE+ employs a co-located cell-center variable
arrangement that means that all dependent variables and material properties are

stored at the cell center P. In other words, the average value of any quantity
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within a control volume is given by its cell-center value.
The conservation equations illustrated in chapter 2 can be consisted of four
terms which are the unsteady, the convection, the diffusion, and the source terms,

respectively. The form of a generalized transport equation is expressed as
0 .
P4V (pUH =V - DY)+, G-1)

where ¢ is a specific variable to be solved, p the density, U is the velocity
vector, D is the diffusion coefficient, and S, is the source term which contains
all terms that can’t be included in the previous terms.

Eq. (3-1) is also known as the generic conservation equation for quantity o.

Integrating this equation over a control-volume cell, yields Eq. (3-2)
[ %dv + [V (pUg)dv = [ V- (DVap)IY ] S,dV (3-2)
v v v v

where V represents the volume.r According 't0 the Divergence theorem of

Gauss, Eq. (3-2) can be further written as

opd ~ ~

—dV + ¢(pU¢) -ndA = ¢(DV¢)-ndA + | S,dV _
iat ;jf(p 9) f( ) j . (3-3)

where A represents each surface of the control volume P.

The discretized equation can be expressed as

(P9Y)" — (p$p¥)""
At

A;“ )AL +(Sy +Sp0p)V (3-4)

+ > (POV), Ay =D (D

With assembly of transient, convection, diffusion and source terms from
numerical integration, governing equations are resulted in the following linear

equation.

a,0, = zanbd)nb +Sy +Sp0p +a,1h; (3-5)
nb
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where ¢, is the previous value from last iteration, the subscript P denotes the

value of dependent variable that represent the control volume P, I is inertial
relaxation factor, and a,, are known as the Ilink coefficients.
In general, both Sp and Sy represent the source term linearized and can be
function of ¢. They are evaluated using the latest available value of ¢, which
is the value at the end of previous iteration. The neighboring-cell term is
dominated by the kind of spatial difference scheme.

The integral conservation Eq. (3-2) is applied to each control volume
contained in the computational domain, so is Eq. (3-5). Eq. (3-5), the finite
difference equation (FDE), is the discrete equivalent of the continuous flow
transport equation we discussed before, ., And the FDE is considered linear by
evaluating the a,;, with the values of ¢ frem‘the end of previous iteration.

3.2.2 SIMPLEC scheme

Solutions of the three momentum-equations yield the three Cartesian
components of velocity. Even though pressure is an important flow variable.
No governing PDE for pressure is presented. Pressure-based methods utilize
the continuity equation to formulate an equation for pressure, and that’s what
SIMPLEC is for.

SIMPLEC stands for Semi-Implicit Method for Pressure-Linked Equations
Consistent, and is an enhancement to the will-known SIMPLE algorithm. In
SIMPLEC, originally proposed by Van Doormal and Raithby [36], an equation
for pressure-correction is derived from the continuity equation.

The finite-difference form of the x-momentum equation can be written as
aplp = [Zb: Uy + SUJ —(ZpeAx,e] (3-6)

n P e P
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where e denotes the value is dependent on the flow direction. The pressure
field should be provided to solve for u. If the preceding equation is solved with
a guessed pressure P, it will yield x-component velocity u” which satisfies the

following equation

oo = Tagui s, | - Zria | )
n P e P
Nevertheless, u” won’t generally satisfy continuity. The strategy is to find
corrections to u_ and P” so that an improved solution can be obtained. Consider
u and P’ as the correction terms
u=u +u (3-8)
P=P +P (3-9)

An expression for u, can be obtained by subtracting Eq. (3-6) from Eq.

(3-5)
apu, =(Zanbu;b) —(ZP;AX,BJ (3-10)

For pursuing incrementally more accurate solutions, approximation for u,

1s given as

U, =(Zp;Ax,e) dp (3-11)
e P

where dp is expressed as
dp = _ L (3-12)
aP - Z anb

Moreover, an expression for u,, the velocity correction at the face, is

obtained by averaging from the cell-centre values and of the form
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u, =v.up +(1-y,)ug (3-13)
where y is the geometrical weighting function at surface e and u, is the

neighboring-cell value. Besides, the continuity equation is written in

discretization as

vV —p°v° .
%+2Ce =Y (3-14)

where C. 1s the mass flux and written as correction form
C, :CZ +C, (3-15)

Therefore, Eq. (3-13) can be recast as:

WV ,
pAPt +> C, =8, (3-16)

where S, represents the mass source in a control volume:

W —p V) .
S,. :(MJ+mV—ZCe (3-17)
At .
From Eq. (3-14), the correction term of mass flux is written as
C.=(pV,A), +(pV,A), (3-18)

In consideration of incompressible flow such as current situation, p’ is zero
which means that no correction term is referred to density. In the case that the
ideal gas assumption is considered, an equation of state is used to estimate the

first-order partial derivative of density with respect to pressure, and is written as

followings:
op 1
6P  RT (3-19)

The correction to face-normal velocity is obtained as:
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V. = UtV twW, (3-20)

n,e
With the face-normal velocity correction and the density correction thus
expressed in terms of pressure correction, a pressure correction equation can be

obtained from Eq. (3-15):
a,Dp = D 8,y + S, (3-21)
nb

The sequence of operation for SIMPLEC scheme is summarized as follows:
1. Guess the pressure field p .
Solve the discretized momentum equations to obtainu’, v and w .
Evaluate C' from p  and u’, using the procedure outlined before.
Evaluate mass source term.
Obtain p by solving Eq. (3-20).

Use p’ to correct the pressure and velocity. fields using Eq. (3-8) and (3-9).

N kW N

Solve the discretized equations /for other flow variables such as enthalpy,
species etc.

8. Repeat the procedure from step 2 until convergence is acquired.

3.3 Computational procedure of PEMFC simulation

The model presented in this investigation was starting at the construction of
structured grids by pre-processing software CFD-GEOM from CFD-ACE+.
Fig. 3-1 shows the model with structured grids. After the grids were built, the
model was submitted to the solver, CFD-ACE-GUI, for properties and
conditions assignments, simulation running included. @ The model was
sequentially assigned to post-processing software called CFD-View for results
visualization and extraction.

CFD-ACE+ uses an iterative, segregated solution method wherein the
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equation sets for each variable are solved sequentially and repeatedly until a
converged solution is obtained. The overall procedure is shown in Fig. 3-2.
At the each iteration, the program calculates residual for each variable, which is
the sum of the absolute value of the residual for that variable at each
computational node. And the calculation is regarded to be converged as each
variable’s normalized residual is less than 107 [28].

Numerical calculations are performed on a Pentium Core™2 2.67GHz PC
with 4G RAM. After a series of grid independent tests, whose results are listed
in Table 3.1, the 729,375 grid system is adopted with a 0.878% error. Detailed
information of grid for different components is listed in Table 3.2. In addition,
for model validation, based on the reported operating conditions, Fig. 3.3 shows

a good agreement between the predicted «data of present model and the

experimental results from Santaralli and Torchio {37].

Table 3.1 Grid independence test

Grid Operating Voltage Cur(rZI;ZiZI;Sity Relative error
641,850 0.4V 631.6254414 2.886%
729,375 0.4V 618.9385131 0.878%

1,503,534 0.4V 613.3949275
Table 3.2 Grid for different components
Components
Grid E;III; (zizr Channels GDLS Ci,aa;[sgzt Membrane
641,850 116,700 155,600 194,500 58,350 116,700
729,375 136,150 175,050 213,950 77,800 126,425
1,503,534 241,948 345,640 414,768 207,384 293,794
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Fig. 3.1 Grid structure of current model.
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Chapter 4

Results and Discussion

In this chapter, the numerical results are presented. The effects of bend
angle and width on the PEMFC performance at different operating temperatures
are analyzed and discussed with the measurable dimensionless variable, Peclet
number. Finally, the comparisons for several reactant species distributions are
made. Since a series of parametric studies is carried out, a reference case,
served as the comparison base, is chosen in advance. The reference case is
selects as 90-90 flow pattern since it is the most common channel configuration
studied in the majority of researches: - The cell temperature is 353K because it
can achieve the best performance. The other detailed operating conditions for

this reference case are listed innTable 4:1:

Table 4.1 Operating conditions of the reference case.

Parameter Values
Reversible voltage 1.1154 (V)
Operating Temperature 353 (K)
Atmosphere Pressure 101.3 (kPa)
Outlet Pressure 101.3 (kPa)
Flow direction Counter current

Anode inlet conditions

Gas H,

Relative humidity 100%

Mass fraction of H,/H,O 8.868/91.132
Temperature 353 (K)
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Flow rate 796.08 (ml/min)
Cathode inlet conditions

Cathode Gas 0O,

Relative humidity 100%

Mass fraction of O,/H,O 60.89/39.11
Temperature 353 (K)

Flow rate 658.992 (ml/min)

4.1 Fundamental Behaviors of Reference Case

The flow field, mass transfer and distributions of temperature and current
density characteristics inside a PEMFC are analyzed in this section in order to
obtain a basic understanding of.show three-dimensional flow and transport
phenomena influence the electrochemical @ process and investigate the
interdependence between variables.

Figure 4.1 shows the polarization curve of the reference case. With cell
temperature of 353K, the reversible voltage is set to be 1.1154V by the equation
obtained from reference [33]. The corresponding output current densities are
collected for every 0.1V for the operating voltage ranged from 0.4 to 1.0V. In
the high operating voltage regime, the current density drops substantially due to
activation losses. Activation overpotential caused by these losses represents
the voltage sacrificed to overcome the activation barrier associated with the
electrochemical reaction. In the middle of such curve where performance is
dominated by ohmic losses, the current density increases linearly with the
decrease of voltage because the ohmic overpotential is linearly proportional to
the current production. Reactant gases depletion and products accumulation

would adversely affect the performance at high current densities. Such voltage
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drop is referred to concentration losses. = However, performance in this case
does not drop considerably around the end of this curve, indicating that liquid
water does not contribute to the voltage drop that will be discussed later.

The mass diffusion, which is the main gas transport mechanism within
porous media, is crucial to PEMFC performance since reactants must pass
through GDL to reach catalyst layer for electrochemical reaction. However, in
flow channels, insufficient mass convection may cause fuel depletion in
downstream areas. Therefore, the performance improvement correlates closely
with the mass diffusion and convection rate within the channels. In fluid
dynamics, the Peclet number, a dimensionless group relating the rate of mass
convection of a flow to its rate of mass diffusion, is defined as Pe = VL/D,
where V is the flow velocity, . the characteristic length, and D the mass
diffusivity. Therefore, flows-with smaller Peclet number are having higher
mass diffusion rate that is favorable for-gas transport in porous media. Figure
4.2 shows the specified number: for _each bend entrance along anodic flow
channel where the corresponding values of Peclet number are determined. The
inverse of local Peclet number (Pe™') in streamwise direction at each anodic bend
entrance is shown in Fig. 4.3. It shows that the inverse of Peclet number (Pe™)
increases along the anodic channel from the inlet toward the outlet because of
the decrease of gas velocity and the increase of gas temperature caused by the
electrochemical reaction. Pe™ at the first bend is 0.0113 and then increases to
0.0151 at the last bend, implying a significant enhancement of mass diffusion.
With the increase of mass diffusion rate, local uniformity of variables would be
improved in the downstream channel. For further analyses, the distributions of
current density, velocity and other variables at operating voltage of 0.4 will be
discussed below.
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Figure 4.4 shows the distribution of current density in the membrane. It
shows that the current density decreases slightly from anodic inlet toward the
outlet, implying that the current density distribution is principally dictated by the
hydrogen concentration rather than the oxygen’s. This is because under
fuel-rich supply, hydrogen becomes dominant due to considerably higher
reference current density compared to oxygen. For reference case, the
maximum current density is 1050 mA/cm® located near the anodic inlet and
minimum is 502 mA/cm’ occurred in the vicinity of anodic exit, and that
presents a difference of 548 mA/cm® in current density on global views.
However, the local current variation occurred at the marginal rib with a value of
185 mA/cm’ is much larger than that at channels with a value of 36 mA/cm®. It
implies that there exists a higher:non-uniformity current distribution at the rib.
Also, the non-uniformity in local distribution appears to be significant near the
first bend and becomes less non-uniform-as.the current density decreases along
the channel. Moreover, the marginal region of the membrane, where large
variation of current density is observed, non-uniformity of temperature and
water content would exist correspondingly and that will be discussed later.

Figure 4.5 shows the distributions of velocity in both anodic and cathodic
channels. In the anodic channel, it can be noticed generally that the velocity
magnitude decreases slightly along their flow directions from inlet toward outlet
due to the water back-diffusion. A close look at the figure reveals that the
channels give rise to the additional minor losses due to the presence of
secondary flows at the bending areas. The losses would cause energy
dissipation within the cell. However, it is desirable for the mass transfer point
of view for enhancement.

The change in the current density can cause local variation in the cell
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temperature, and the distribution uniformity of temperature is important for
minimizing the thermal stress on the membrane so that its lifetime would be
extended. The temperature distributions at anodic and cathodic channels and in
the membrane are shown in Fig. 4.6. The uniformity appears to be good at
anodic and cathodic channels with the total variations of 1.5K and 2.2K,
respectively, indicating that the local thermal stress is not significant. From the
comparison of temperature variation at both channels, it indicates that the
variation of temperature on the cathode is slightly higher than on the anode since
cathode is the place where most heat is produced. As shown in Fig. 4.6(b), the
overall temperature distribution in the membrane basically follows the current
density distribution shown in Fig. 4.4. This is because heat production and
current generation are positively .correlated. * However, a small discrepancy still
exists at the marginal region,-where temperature is relatively low but current
density is considerably high.% This“is_because the isothermal conditions are
imposed on the energy equation rather than zero-flux conditions. This figure
also shows that the temperature reaches 356K at the second, third and fourth
channels, then, decrease slowly to the exit region. The good uniform
distributions of reactant gases are important to the improvement of PEMFC
performance, since they can effectively alleviate the flooding effect, leading to
the high consumptions of reactant gases.

Figure 4.7 shows the distribution of hydrogen concentration on the interface
between anodic GDL and catalyst layer. It shows that the hydrogen
concentration increases along the flow direction, indicating that its concentration
increases with decreasing current density. The concentration is maintained at
0.4 in the area above the first one third of the anodic channel, and slowly

increases to 0.51 near the anodic exit region. Similar phenomenon also was

49



predicted by [38].

The distribution of oxygen concentration on the interface between cathodic
GDL and catalyst layer is shown in Fig. 4.8. Unlike the hydrogen one, the
oxygen concentration decreases along its flow direction with a highest value of
0.92 near the inlet region and the lowest one of 0.2 at the outlet region. From
these results, it indicates that the property variations in the area above the
cathodic channels are greater than that of anodic ones. From Figs. 4.4, 4.7 and
4.8, it indicates that the distribution of current density is inversely proportional
to both the hydrogen and oxygen local concentrations.

Water generated in cathode catalyst layer may back-diffuse from cathode to
anode, if the cathode is well-hydrated. However, protons moving from the
anode to cathode would drag.water with-them, and this force is called
electro-osmotic drag force. This phenomenon implies that, especially at high
current densities, the electrolyte at.the anode would become dried out—even if
the cathode i1s fully hydrated. Therefore; @ uniform distribution of water in
both vapor and liquid states is necessary to maintain both the anode and cathode
in well-humidified conditions. Figure 4.9(a) presents the distribution of water
vapor on the interface between cathodic GDL and catalyst layer. It shows that
the water vapor concentration increases positively with current density since
both are the products of reaction, and the highest value of water vapor
concentration, 0.8, is observed near the anodic inlet where local current density
is high. Also, the lowest value of water vapor concentration, 0.1, is located in
the last one third of the anodic channel. The flux of water vapor in the
membrane from anode to cathode is shown in Fig. 4.9(b). Along the anodic
channel, flux of water vapor from anode to cathode increases, implying that

back-diffusion becomes insignificant in anodic downstream areas due to low
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water vapor concentration. Therefore, it is noticed that in the anode, an amount
of water is consumed by penetrating to the cathode due to osmotic drag,
resulting a decrease of water vapor concentration. Correspondingly, hydrogen
concentration increases from anodic inlet toward the outlet for species
conservation.

The distribution of liquid water on the interface of cathodic GDL and
catalyst layer is illustrated in Fig. 4.10. As mentioned earlier, saturation of
liquid water is defined as a ratio of liquid volume to the pores’ one.  This
figure shows that liquid water only occurs at the first rib on the left-hand side
where the local current density is relatively high comparing to other areas.
According to the results from reference [39], liquid water formulation is
inversely proportional to the cellitemperature;.and, once the cell temperature is
increased beyond 348K, most of the water.vapor-is removed out of the channels
with the gas flow without liquidswater formation and droplet accumulation.
Therefore, only small amount of liquid water exists in the PEMFC as shown in
Fig. 4.10. From the comparison of liquid water profile with the distributions of
other variables, it shows no similarity between them, indicating that flooding
effect is not significant within the cell.

Water content is given as the ratio of the number of water molecules to the

one of charge (SO;H") sites. This ratio indicates how well the membrane is

hydrated and is the key to reduce membrane electrical resistance. Water
content also affects other membrane properties, such as water diffusivity and ion
conductivity, thus influencing the performance. These imply that water content
is the dominant factor in water management rather than the water vapor or liquid

water. Therefore, maintaining a uniform distribution of membrane water
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content can extend PEMFC lifetime because the uniformity can reduce the
formation of local hot spots and flooding that stresses and damages the
membrane electrode assembly (MEA). The distribution of water content in the
membrane is shown in Fig. 4.11. Basically, the water content is decreasing
from anodic inlet toward the outlet. This trend is consistent with the
distributions of current density and temperature shown previously, indicating a
strong positive correlation between these three variables. Water content near
anodic inlet reaches the highest value of 6.3, then drops gradually to 2.2 near the
sixth bend from the anodic inlet and maintains that value up to the anodic exit.
With low water content, flooding effect and back diffusion are not as strong,
suggesting that electro-osmotic force dominates over back diffusion in the
membrane.

After a qualitative correlation is 'revealed: between the distributions of
current density, temperature and watet content, Figure 4.12 shows the average
values of temperature and water content in-the membrane at each corresponding
current density. The average temperature in the membrane is approximately
equal to 353K when the current density is 24 mA/cm” since current production
is small. Afterward the average temperature increases exponentially with the
current density, and then reaches a maximum value of 356K corresponding to
the maximum current density, 750 mA/cm’. The average value of water
content is about 2.81 with current density of 24 mA/cm?, and 3.37 with current
density of 750 mA/cm’. A slight decrease after current density increases
beyond 620 mA/cm® is resulted from the electro-osmotic effect that leads to
membrane dehydration. With a specified cell temperature of 353K, the
increase of water content is considerably small due to low formulation of liquid

water as discussed above.
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From the analyses of fundamental behavior inside a PEMFC, it is
discovered that there is a close and positive correlation between the distributions
of current density, temperature and water content, and these distributions are
mainly dictated by the hydrogen concentration. However, the distributions of
reactant gases, hydrogen and oxygen, are inversely proportional to the current
density. Moreover, flooding effect does not occur in the cell nor affect other
variables distributions at a cell temperature of 353K. With the fundamental
understanding, the effects of bend angle and width on PEMFC performance will
be analyzed and discussed subsequently at the cell temperatures of 323K and

353K.

4.2 Effects of Bend Angle

Figure 4.13 shows the resultant polatization: curves for three flow patterns
(45-135, 60-120 and 90-90). with."different ‘bend angles at the conditions
specified in Table 4.2. The first number in each flow pattern represents the
first angle of the channels, and the second one represents the second angle.
These two are combined to generate a complete U-turn flow channel. The
reversible voltage is 1.0404V with cell temperature of 323K and 1.1154V with
cell temperature of 353K that are obtained by the equation from reference [33].
As mentioned previously, the pattern of 90-90 is the most conventional one

applied in most researches such that it is considered as the reference case.

Table 4.2 Operating conditions

Parameter Value

Operating temperatures 323 and 353 (K)
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Reversible voltages 1.0404 and 1.1154 (V)

Atmosphere pressure 101.3 (kPa)
Outlet pressure 101.3 (kPa)
Flow direction Counter current

Anode inlet conditions

Gas H,

Relative humidity 100%
Temperature 323 and 353 (K)
Flow rate 796.08 (ml/min)
Cathode inlet conditions

Gas O,

Relative humidity 100%
Temperature 323and 353 (K)
Flow rate 638.992 (ml/min)

From the comparison of+ polarization* curves, it indicates that the
performances are higher at 353K due to the enhanced reaction rates and the
increase of reference current densities. The figure also shows that 60-120
pattern achieves the highest performance at low operating voltages ranged from
0.4V to 0.6V. Comparing to 90-90 pattern, this pattern’s performance gives
around 5% higher current density with cell temperature of 323K and around 4%
higher with temperature of 353K at 0.4V. It is resulted from the higher Peclet
number in the flow channel that will be discussed below. Note that the results
show that the performance difference between 45—-135 and 90-90 can be ignored
because of only about 1% disagreement between these two patterns.

The inverse of local Peclet number (Pe') in streamwise direction at each

anodic bend entrance is shown in Fig. 4.14. The operating voltage is 0.4V
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because it can achieve the highest power density. This figure indicates that
60—120 pattern has higher mass diffusion rate compared to the ones of 45-135
and 90-90. Comparing to 90-90 pattern, this pattern gives around 3% higher
value of Pe”' in the bends from the third one to the tenth with cell temperature of
323K and around 2% higher from the third one to the eighth with the
temperature of 353K. From the results of [40], the transition of transport
mechanism from the diffusive regime to the forced one is situated around
Pe'=0.04. In convection regime, the higher mass diffusion rate will thus
intensify the electrochemical reaction. As the cell temperature is increased
from 323K to 353K, the difference of Pe”' between 60—120 and 90-90 patterns
decreases, indicating that the influence of bend angle on flow mechanism
decreases with an increase of cell temperature. However, at the locations near
inlets and outlets, Pe"’s from different patterns are approximately equal because
of the same boundary conditions: “For further analyses, the distributions of
current density, temperature and water content will be compared.

Figures 4.15 and 4.16 show the distributions of current density in the
membrane at an operating voltage of 0.4V with cell temperatures of 323K and
353K, respectively. It can be seen that the current density decreases from
anodic inlet toward anodic outlet duo to the consumption of hydrogen as
discussed before. These figures also indicate that 60—120 pattern has the
considerably highest local current density at bending areas than those of other
patterns at both cell temperatures, which result in the improvement of
performance. With cell temperature of 323K, the variation of 45-135 is 663
mA/cm’, the one of 60—120 is 658 mA/cm?’, and that of 90-90 is 645 mA/cm®.
With temperature of 353K, the variation of 45—135 is 548 mA/cm?, the one of
60—120 is 514 mA/cm’, and that of 90-90 is 502 mA/cm’. Comparing to
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90-90 flow pattern, even though 60-120 pattern achieves the highest
performance, it does not effectively decrease the variation of current density as
the change of bend angle.

Figures 4.17 and 4.18 show the distributions of temperature in the
membrane. From Fig. 4.17, it indicates that the temperature reaches the
highest value, 326K, in the area above the second anodic channel for all cases
and then slowly decreases toward anodic outlet. Figure 4.18 shows that the
temperature reaches the highest value, 356K, in the area above the second, third
and fourth anodic channels, then, decrease slowly to the exit region. The
simulations reveal that the three patterns have similar temperature distributions,
implying that the change of bend angle does not significantly improve the
temperature uniformity. This also indicates.that there exists a limit to how
much the improvement of temperature uniformity can be obtained from the
change of bend angle.

Figure 4.19 shows the average temperature in the membrane as a function of
the current density. It shows that the average temperature increases positively
with the current density because of the increasing chemical reaction rate. The
average temperature of 60—120 is comparatively higher than that of the other
patterns, especially at the higher current densities, due to the higher performance.
This figure also indicates that the difference between the average temperatures
of 45-135 and 90-90 is very small with both cell temperatures that are
consistent with their performances.

Figure 4.20 and 4.21 present the distributions of water content in the
membrane. From the comparison of these two figures, it indicates that overall
water content decreases as the operating temperature is increased from 323K to

353K because liquid water formation is inversely proportional to the cell
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temperature as mentioned before. Both figures show that 45-135 and 90-90
patterns with different bend angles have similar water content distributions at
the same cell temperature. With cell temperature of 323K, the local water
content can reach around 9 near the area above the inlet region, then drops
gradually toward the exit region. For the temperature of 353K, the local water
content can only reach around 6 in the area above the marginal rib and drop to 4
at the one third of the anodic channel, then maintain this value through the exit
region. Moreover, both Figs. 4.20 and 4.21 show high water content
uniformity in the membrane with only about 5 for the variation that is beneficial
for flooding prevention.

Figure 4.22 and 4.23 show the average water content in the membrane and
the corresponding electrical resistance at each current density in this study.
The figures reveal that all the three pattetns. have approximately equal water
content under the same cell “temperature_since the difference between their
performances are not great. Also; Fig. 4.22 shows that as current density
increases, the membrane water content decreases with cell temperature of 323K.
The decrease in water content at increasing current density is because of an
increase in net proton flux that drags water from the anode to the cathode with
increasing current density, and therefore, dehydration happens in the membrane.
The intensified water transport from anode to cathode results in membrane
dehydration because the hydration state of membrane is a stronger function of
anode water activity rather than cathode one. However, with the cell
temperature of 353K, the average water contents of the three patterns slowly
increase with their current densities, indicating that water content is dictated by
reaction intensity rather than proton flux within the membrane. It is resulted
from insufficient liquid water formation when cell temperature goes beyond
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348K that reduces the electro-osmotic drag force. Usually, the value of water
content can reach as high as 22 when at water boiling temperature and current
density of 2000 mA/cm® mentioned in reference [5]. However, in this study,
the water content is much lower than 22 because the cell temperatures are below
boiling point and the current density is comparatively lower than 2000 mA/cm®.
With such small water content, flooding effect does not appear or cause a
substantial voltage drop near the end of the polarization curves. Moreover, it is
indicated that higher water content leads to lower membrane electrical resistance
since the proton conductivity is proportional to the water content inside the
membrane.

Figure 4.24 and 25 show the distributions of saturation on the interface
between cathodic GDL and catalyst layer." Patterns with cell temperature of
323K are clearly having highert saturation.lével ecompared to the temperature of
353K, since the temperature below 348K is favorable for liquid water formation.
Also, the first rib from the left is"considered as dead-end zone where saturation
level is high because of limited convection in the region. However, the
distributions between different patterns are similar under the same operating
temperature, since the flooding effect is not significant.

From above comparisons, it is noted that 60—120 pattern has the highest
performance compared to 45-135 and 90-90 patterns duo to the increase of
mass diffusion rate. The local uniformities of current density, temperature and
water content are improved incrementally along the anodic channel with the
increase of mass diffusion rate. However, the improvement for the overall
uniformity of current density distribution owing to the change of bend angle is
limited. Also, the results between 45-135 and 90-90 are more or less similar

for the performances and all variable distributions.
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4.3 Effects of Bend Width

Figure 4.26 shows the polarization curves of the three flow patterns
(1007, 90-90 and 1020) with different bend widths at the operating conditions
specified in Table 4.3. The first two numbers, 10’s, represent the channel
width of 1 mm, and the last two numbers, 07 and 20, represent the bend width of

0.7 mm and 2.0 mm, respectively. Also, 90-90 pattern with both channel and

bend of 1 mm, is considered as the reference case.

Table 4.3 Operating conditions

Parameter

Value

Operating temperatures

323 and 353 (K)

Reversible voltages

1.0404 and 1.1154 (V)

Atmosphere pressure

101.3 (kPa)

Outlet pressure

101.3 (kPa)

Flow direction

Counter current

Anode inlet conditions

Gas H,

Relative humidity 100%
Temperature 323 and 353 (K)
Flow rate 796.08 (ml/min)

Cathode inlet conditions

Gas 0,

Relative humidity 100%
Temperature 323 and 353 (K)
Flow rate 658.992 (ml/min)

From the comparison of these polarization curves, it indicates that 1020
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pattern achieves the highest performance ranged from 0.7V to 0.4V at both cell
temperatures of 323K and 353K. Comparing to the 90-90, this pattern’s
performance gives around 6.1% higher current density with cell temperature of
323K and around 7.7% higher with the temperature of 353K at 0.4V. It is
resulted from the higher Peclet number in the flow channel that will be
discussed below. Additionally, the results show that 1007 and 90-90 patterns
have similar performance because their differences are small that is less than 10
mA/cm” at 323K (0.4V) and 28 mA/cm® at 353K (0.4V).

The inverse of local Peclet number (Pe™') in streamwise direction at each
anodic bend entrance is shown in Fig. 4.27. The results indicate that 1020
pattern has a considerably higher mass diffusion rate compared to 1007 and
9090, respectively, since theresexist sudden expansions in the channel that
sufficiently reduce mass convection rate, and therefore, relatively enhance mass
diffusion rate. Comparing to 9090, this_pattern gives around 7.5% higher
value of Pe” with cell temperature-of 323K ‘and around 11% higher with the
temperature of 353K in all bends. The increase of mass diffusion rate will
consequently intensify the electrochemical reaction and then result in
performance improvement. As the cell temperature is increased from 323K to
353K, the difference in Pe' between 1020 pattern and the others increases,
indicating that the influence of bend width is positively impacted by the increase
of cell temperature. To further discuss the effect of bend width on PEMFC, the
plots of variable distributions in membrane will be compared below.

Figures 4.28 and 4.29 show the distributions of current density in the
membrane. The figures indicate that the 1020 pattern has a higher local current
density than 1007 and 90-90, separately, especially with cell temperature of
353K.  With cell temperature of 323K, 1007, 90-90 and 1020 flow patterns
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have the variations in current densities of 648, 645 and 668 mA/cm?, the largest
among the patterns,. With the temperature of 353K, the variation of 1007 is
514 mA/cm?, the one of 90-90 is 502 mA/cm?, and that of 1020 is 530 mA/cm®.
From the comparison of current density variation, it indicates that the variation
is neither reduced from the change of bend width, especially in the case with
wider bend.

Figure 4.30 and 4.31 show the temperature distributions in the membrane.
They show that 1020 pattern has considerably highest temperature compared to
the others. By looking at the distributions in Fig. 4.30, it can be observed that
the temperature reaches the highest value, 326K, in the area above the first
anodic bend in the 1020 flow channel. The temperature then slowly decreases
toward anodic outlet. Figure 4.31 reveals that the temperature reaches the
highest value, 358K, in the area above.the. second anodic bend for all the
patterns, then, decrease slowly to the exit.region. The simulations also reveal
that the 1007 and 90-90 patterns-have similar temperature distributions, which
consists with their performances. Though the performance of PEMFC is
improved by the wider bend width, hot spots still exist in the membrane that is
crucial to membrane lifetime, and this is consistent with the non-uniformity of
current density distribution discussed previously.

Figure 4.32 shows the average temperatures in the membrane with cell
temperatures of 323 and 353K. The figure reveals that 1020 pattern has the
highest average temperature for all current densities. Also, as current density
increases, the differences between 1020 and other patterns increase under both
cell temperatures. This trend is consistent with the polarization curves.
Additionally, there is an only small discrepancy in the average temperature of
membrane between 1007 and 90-90 patterns since their performances are more
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or less similar.

Figure 4.33 and 4.34 show the distributions of water content in the
membrane. With cell temperature of 323K, higher water content occurs near
the area above anodic inlet region with a value of 8 for all patterns. However,
high water content occurs at the marginal rib with the value of 5.5 under cell
temperature of 353K.  Additionally, high water content uniformities are
presented in both Figs. 4.33 and 4.34 with only about 3 for the variation, which
can effectively alleviate mechanical stresses and water flooding effect.

Figures 4.35 and 4.36 present the curves of average water content in the
membrane versus current density. For all patterns with cell temperature of
323K, when current density increases, the water content decreases because of
the electro-osmotic effect as already shown:in Fig.4.22. However, with the
temperature of 353K, average -water content slightly increases with the increase
of current density. These phenomena-apply to all configurations in this study.
These figures show that average water contents from different patterns are all
under 14, thus the flooding effect is insignificant for these flow patterns. The
membrane at low currents maintains water content near 14 water molecules per
charge site, and the electrical resistance approaches 0.27 (Q cm?) with cell
temperature of 323K. With the temperature of 353K, water content is
maintained at 2.8 with the resistance around 1.58 (Q cm?).

Figure 4.36 and 4.37 show the distributions of saturation on the interface
between cathodic GDL and catalyst layer. The figures indicate that the
discrepancy only exists between different operating temperatures as discussed
before. In addition, it also indicates that saturation level is high at the edges of
GDL due to dead-end effect.

The effects of bend width have been discussed. The results reveal that
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1020 pattern with wider bend has the highest performance compared to other
patterns because of the enhanced mass diffusion rate. However, 90-90 pattern
shows the lowest variation in current density and temperature that is beneficial
for thermal stress reduction. Additionally, from the comparison of the
polarization curves of 60-120 and 1020 flow patterns, it indicates that the
performance is higher for the latter one, but with lower uniformities of current

density and temperature existing in the membrane.
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Fig. 4.5 Distributions of flow velocity in PEMFC at 0.4V: (a) anodic channel; (b)

cathodic channel.
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Fig. 4.6 Distributions of temperature: (a) at anodic channel; (b) in the membrane;

(c) at cathodic channel.
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Fig. 4.16 Distributions of current density in the membrane at 353K (0.4V): (a)
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Fig. 4.17 Distributions of temperature in the membrane at 323K (0.4V): (a)
45-135 flow pattern; (b) 60-120 flow pattern; (c) 90-90 flow pattern.
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Fig. 4.18 Distributions of temperature in the membrane at 353K (0.4V): (a)

45-135 flow pattern; (b) 60-120 flow pattern; (c) 90-90 flow pattern.
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Fig. 4.19 Average value of temperature in the membrane at 323K and 353K.
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Fig. 4.20 Distributions of water content in membrane at 323K (0.4V): (a) 45-135

flow pattern; (b) 60-120 flow pattern; (c) 90-90 flow pattern.
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Fig. 4.21 Distributions of water content in membrane at 353K (0.4V): (a) 45-135
flow pattern; (b) 60-120 flow pattern; (c) 90-90 flow pattern.
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Fig. 4.24 Distributions of saturation on the interface between cathodic GDL and

catalyst layer at 323K.
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Fig. 4.25 Distributions of saturation on the interface between cathodic GDL and

catalyst layer at 353K.
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Fig. 4.28 Distributions of current density in membrane at 323K (0.4V): (a) 1007

flow pattern; (b) 90-90 flow pattern; (c) 1020 flow pattern.
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Fig. 4.30 Distributions of temperature in membrane at 323K (0.4V): (a) 1007

flow pattern; (b) 90-90 flow pattern; (c) 1020 flow pattern.
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Fig. 4.31 Distributions of temperature in membrane at 353K (0.4V): (a) 1007

flow pattern; (b) 90-90 flow pattern; (c) 1020 flow pattern.
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Fig. 4.32 Average value of temperature in membrane at 323K and 353K.
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Fig. 4.33 Distributions of water content in membrane at 323K (0.4V): (a) 1007

flow pattern; (b) 90-90 flow pattern; (c) 1020 flow pattern.
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Fig. 4.34 Distributions of water content in membrane at 353K (0.4V): (a) 1007

flow pattern; (b) 90-90 flow pattern; (c) 1020 flow pattern.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

In this study, a steady, two-phase, multi-component and electrochemical
model is presented to investigate the effects of geometries on performance of a
25 c¢cm® PEMFC. The three-dimensional simulations are performed using a
commercial package, CFD-ACE+. Five different flow patterns and their
effects on PEMFC are investigated. The resultant polarization curves and
variable distributions for these flow patterns are analyzed.

The fundamental behavior of flowsfield; temperature and other variables are
analyzed in the first part. The hydrogen concentration is found to be the
dominant factor affecting the distributions-of ‘current density, temperature and
water content. Also, from the comparison of their distributions, it indicates
that there exists a positive correlation between these variables. The variations
of temperature and reacting gases on the cathode are comparatively significant
comparing to the variations on the anode. Additionally, most liquid water
accumulates at the anodic inlet, where the local current density appears to be
high.

The second part of this research studies the effects of bend angle on the
PEMFC performance with three different flow patterns at two operating
temperatures, 323K and 353K, respectively. The results show that 60—120
pattern achieves the best performance at both operating temperatures due to

highest mass diffusion rate, especially at low operating voltage regime. Also,
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the current density at the bending areas is increased by such pattern. However,
the improvement is achieved with the existence of significant variation in
current density, indicating that the distribution uniformity of current density is
not improved incrementally by the change of bend angle. On the other hand,
water content distributions for these three patterns appear good uniformity that
can reduce mechanical stress in the membrane. Note that the performances of
45-135 and 90-90 patterns are more or less similar because they show the good
agreements with their variable distributions.

Three flow patterns with different bend widths are subsequently studied
under the same cell temperatures stated before, in the analyses of effects of bend
width on performance PEMFC. The simulations show that with wider bend
1020 pattern achieves the highest performance at both 323K and 353K since
there exist expansions that enhance mass diffusion rate in channels. However,
the uniformities of current deénsity. and temperature are comparatively low in
1020 to narrower bend with the ‘eXistence-of hot spots in the bending areas of
1020. On the other hand, high uniformity of water content is shown in the
1020 as well as the pattern with narrower bend width. Considering high
performance of flow pattern with wider bend width, 1020 would be
advantageous for PEMFC. However, for the practical use, there should be a

compromise between PEMFC lifetime and performance.

5.2 Future works

As to the future extension, current model will incorporate thermal stress
analysis to study the influence of temperature variation in the membrane

discussed before. It would also be necessary to develop a transient model to
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study the liquid water transport with different flow patterns inside a PEMFC
which has a more complicated manipulation.  This is because water
management, to control the water transport to avoid dehydration and flooding, is
another critical issue to improve performance of PEMFC. Therefore, an
understanding of flow mechanism of water transport is required for the proper
flow pattern design and the optimization of operating conditions and may
discover some new phenomena in PEMFC. In addition, it would be interesting
to apply current flow patterns to micro PEMFC. Understanding the influences
of bend angle and width on performance of micro PEMFC is indispensable for
flow pattern development to establish universal heuristics and Peclet number

correlations in the design of flow pattern and cell stacks.
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