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ABSTRACT

Among the various types of fuel cells, the proton exchange membrane (PEM) fuel
cell has been considered as a promising choice for automobile. Proper water and thermal
management is essential for obtaining high performance from a PEM fuel cell. A steady
and unsteady, water and thermal management model was developed to consider the
effects of local pressure on the cell performance, pressure drop, open circuit voltage
variation with stack temperature, water vapor effects on membrane conductivity. These
considerations made the model physically more reasonable and more suitable for various
operating conditions. Additionally, this model combined the along-flow-channel model
and catalyst layer model, which represent a significant improvement to PEM fuel cell
modeling. The model can predict the distributions of a series of important parameters
along the flow channel and in the catalyst layer; thus the effects of various operating and
design parameters on the fuel cell performance can be investigated easily by a numerical
trial-and-error method. The transient performance of the fuel cell can be simulated with
this model as well, which is crucial for the fuel cell system control. The modeling results
agreed reasonably with the available experimental results from the literature. This model
can be used as part of a PEM fuel cell stack or entire system modeling, and represents a

very useful engineering tool for the analysis, design and optimization of PEM fuel cell.
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1. INTRODUCTION

Environmental concerns and the increasing dependence on imported fuels call for
alternative energy sources and better utilization of existing energy sources. Most current
automobiles are driven by internal combustion engines, which consume fossil fuel and
generate air pollution. With the increasing public concern for environment protection, it is
predictable that more and more strict regulations will be enforced to reduce or limit the
emission of these vehicles in the future. For example, California’s zero emission vehicle
(ZEV) mandate [1] requires 10% of the vehicles sold by the automotive manufacturers
after year 2004 to be ZEVs [2]. Similarly, European auto companies are required to meet
their voluntary carbon dioxide emission limits set by the European Union [3]. According
to Kyoto Protocol, international community is committed to cut greenhouse gases
emission step by step. The Carbon Dioxide (CO,) emitted by automobile is one of the
most important parts of greenhouse gases. Governments like Canada have already
invested a lot in exploring new ways to replace the internal combustion engine in
automobiles. Among all the technical proposals, fuel cell is one of the most potential and
feasible solutions to achieve this goal. The benefits of using fuel cells are following [4]:
Firstly, fuel cells consume hydrogen instead of the exhaustible fossil fuel, which
eventually protect our natural resource and environment; secondly, fuel cells emit only
water, therefore, there is no pollution at all. Among all the currently existing fuel cell,
proton exchange membrane (PEM) fuel cells has been widely considered as one of the
most promising candidates for automobiles since it has one additional advantage over

many other fuel cells. In this thesis, our research will focus on the PEM fuel cell related
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topics. [5]

PEM fuel cells are efficient and clean power sources, which are being developed
for both stationary and mobile applications. The polymer electrodes work at low
temperature, which brings the further advantage of quick start-up for a PEM fuel cell.
The thin dimensions of MEAs means that compact fuel cells could be made. Further
advantages are that there are no corrosive fluid hazards, and that the cell could work in
any orientation. This means that the PEM fuel cell is particularly suitable for use in
vehicles and portable applications. During last decade, with increasing environmental
concerns over vehicle-generated pollutions and limited range associated with battery-
powered electric vehicles, the PEM fuel cell system has been gaining more attention as
an alternative power generation device. Attractive characteristics of PEM fuel cells
include its simple design and operation, CO; tolerance, better driving range and refuelling
time, comparing with conventionally power devices such as batteries and internal
combustion engines [6].

But currently most PEM fuel cells can only operate at low current densities in order
to have a high efficiency [7]. When high power density performance is obtained, it is
achieved at the sacrifice of energy efficiency. Recent work has shown that water and
thermal management is one of the keys for achieving high power density performance as
well as high efficiency.

Before we continue the discussion of our research topics, it is necessary to review a
little about the progresses of fuel cell research and development. The fuel cell idea has
been known for over 150 years. Although the first fuel cell was built by Sir William

Grove in 1839, it was until the 1960s that the PEM fuel cell was invented at General
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Electric in U.S. This PEM fuel cell was used by NASA on their first manned space
vehicle. Since early 1980s, the British Royal Navy began to adopt this technology in their
submarine. Since then, many companies and institutes around the world actively work on
fuel cells to improve its safety, performance and low its costs. In 1995, a Vancouver
company named Ballard Power, tested the PEM cell on the buses of Vancouver and
Chicago, and later DaimlerChrysler put the PEM fuel cells in their experimental vehicles
as well.

Although the PEM fuel cell technology has been successfully demonstrated, the
performance of fuel cell still needs to be improved before they can be used as viable
commercial products. One of the technical issues in fuel cell development is water and
thermal management. On the one hand, fuel cells, just like any other energy conversion
device, are not 100% efficient [8]. Part of fuel energy cannot be converted to useful
electrical energy and has to be rejected as waste heat to ambient by the convection. Hence,
heat rejection becomes important consideration in fuel cell design. Furthermore, PEM
fuel cells need water to humidify the air and fuel. They also produce water during the
reactions. It is necessary remove the excessive produced water and achieve “water
balance” inside the PEM fuel cell. Since previous researches showed that water and heat
management have great influence on the fuel cell’s performance, a further study about the
flow behavior inside the PEM module can be very meaningful [5].

In the present study, a steady and unsteady mathematical model with mass and
energy balance in a single PEM fuel cell was developed to provide an understanding of

the flow characteristics in the flow channels and catalyst layer. The transient performance
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of the fuel cell can be simulated with this model as well. The model represents a useful

engineering tool for the design and optimization of PEM fuel cell.
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2. PRINCIPLES OF PEM FUEL CELL

This chapter describes the basic working principle of the PEM fuel cell, how the

PEM fuel cell stack works and what the major concerns are in fuel cell system set up.

2.1 PEM Fuel Cell Working Principle

A typical sandwich construction of a single PEM fuel cell is shown in Fig. 1. It
consists of a proton-exchange membrane, two active layers and electrodes, and two plates
with channels at cathode and anode.

The proton-exchange membrane is a very thin polymer membrane which lies in the
middle of a single cell and between the two active layers and electrodes. The most well-
known polymer material is called Nafion made from fluoroethylene and manufactured by
Dupont. Other kinds of membrane are also available, such as those made from new
perflourosulfonic acids. Many fuel cell companies claim that they developed their own
membrane which is more efficient and durable. Commonly, the thickness of membrane is
between 0.0508 mm to 0.1778 mm [4]. Thin membranes generally have better
performance, lower mechanical stability and lower overall life times [5].

The proton-exchange membrane plays an important role in a PEM fuel cell since it
has a set of very special characteristics. One of its characteristics is that only hydrogen
ions and water molecules can migrate through the proton-exchange membrane. The
hydrogen gas, oxygen gas and electrons, on the other hand, cannot pass through it.

Therefore, even though the proton-exchange membrane separates reactants, it will allow
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the electrochemical reaction happen. Another property of proton-exchange membrane is
that the proton conductivity is directly proportional to the water content. The higher the
water content is, the more the water molecules can pass through the membrane and the
better performance can be obtained. However, sometimes there is too much water to be
fully taken away by the reactant. The water will block the pores in the electrodes and
slow down the reaction speed, which leads to the downgrade of the fuel cell performance.
Therefore, the water management in the proton-exchange fuel cell is considered as a
significant factor which affects the fuel cell performance [5].

The active layer and electrode is a thin layer of porous carbon cloth or carbon paper
that contains a light platinum coating on one face of each electrode. In the early days of
PEM fuel cell development, platinum coating was used at the rate of 28 mg cm™. This is
a major factor in the cost of a PEM fuel cell. Recently, the usage of platinum has been
reduced to around 0.2 mg cm™ [9], which cuts the price of PEM fuel cell greatly. Usually,
a fuel active layer and electrodes, a membrane and an oxidant active layer and electrodes
are assembled as a very thin item, which is called membrane electrode assembly (MEA).

The outer parts of a single PEM are plates which usually made from stainless steel
or carbon graphite, containing many tiny channels. Those plates have the following
functions: 1. deliver hydrogen and oxygen to the MEA; 2. remove the water and waste
heat that are generated in the fuel cell reaction; 3. collect the current produced by MEA.
The reactants (hydrogen and oxygen) flow along the channels at the anode plates and
cathode plates respectively. When the hydrogen gas flows along the channels, it diffuses
into the active layer and contact with platinum catalysts, hydrogen releases electrons and

creates hydrogen ions. The electrochemical reaction on the anode side is
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[41:2H, > 4H" +4e”. On the cathode side active layer, an electrochemical reaction

takes place when oxygen combines with hydrogen ions, which migrated through the

membrane, and the electrons. Water is produced and heat is released. The chemical
reaction that occurs on the cathode side is: O, +4e” +4H" - 2H,0+q,, [5].

Overall view of this device, when we continue feed hydrogen and air, there will
have a stable electrical current from anode to cathode via the external circuit. Water
appears in the cathode channel, and reaction heat will increase the temperature of both

streams and solid.

Anode: H, < 2H" +2e”
Voo

Cathode : 2H" +2e¢” +1/20, < H,0
Overall : H, +1/20, & H,0

The potentials formed by anode hydrogen ions and cathode electrons will output as
the cell voltage, and in general this voltage is around 0.6~0.7 volts for per cell. Because
each single cell’s output power is limited, a bank of cells will be assembled serially in
real application in order to achieve higher power output and current collector will make a
conducting bridge between the cells. Depend on the number of cells, and the active area
of each cell, the total stack power can be in the range of several watts to hundreds
kilowatts. PEM fuel cells have excellent start up and turndown abilities, it is a quiet
device due to the fact there are no moving parts. They have zero emissions which makes
it an environmentally friendly source of energy. Finally solid electrolytes make it

corrosion and leakage free. All these advantages make PEM fuel cells a promising
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technology in transportation industry [10].

2.2 PEM Fuel Cell Stack and System

For all applications of PEM fuel cells, whatever an on board engine, stationary
power plant or in a CHP system, there are at least the following basic components in the
system: the fuel cell stack which consists of a series of single fuel cells, the fuel supply
system, the air supply system, the cooling and humidification system.

The fuel cell stack is key component inside which the electrochemical reactions
happen. It generates the electricity and provides power to external circuit. The cooling
system is another important component of fuel cell system. Since there will be thermal
energy produced as the byproduct, a cooling system is need to removed the waste heat.
The fuel supply system, possibly from a high pressure container or a hydrogen-produced
reformer. PEM fuel cells must use pure hydrogen gas as the fuel, which is obtained from
some fossil fuels such as petroleum or natural gas to coal or bio-fuels such as methanol
and ethanol. Before these raw primary fuels are supplied to the stack, fuel reforming and
processing is the essential method to guarantee that the feeding gas meet the particular
stack fuel requirement. The most common reforming methods include stream reforming,
partial oxidation reforming (POX), catalyst partial oxidation reforming (CPOX) and auto
thermal reforming (ATR). The air is introduced into the stack at certain pressure by a
pump or blower. High inlet pressure will increase the oxygen partial pressure on the
catalyst layer, and will speed up the chemical reaction which achieves higher cell output

voltage. However it will also cause lower system efficiency by consuming more electrical
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power. Generally the fuel cell unit will operate at 70~90°C for optimal performance. To
improve the efficiencies of fuel cell unit, both the hydrogen and oxidant supply need be

humidified before they enter the fuel cell stack. [5] [10]
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3. LITERATURE REVIEW AND OBJECTIVES

3.1 Literature Review

Costamagna et al. [11] gave a very good review about the fuel cell science and
technology up to the year 2000. Another recent review made by Yao ef al. [12] presents
both empirical performance models and theoretical models.

To study the transport of water and ions in a PEM fuel cell, many researches have
developed models at various levels of complexity. One-dimensional PEM fuel cell
models were developed in the early 1990s. Verbrugge and Hill [13] [14] developed
various half-cell and full-cell models. Bernardi and Verbrugge [15] [16] developed
various models to study the effects of the transport of gases and water vapour in gas-
diffusion electrodes on the performance of PEM fuel cells. In these models, the
membrane was assumed to be uniformly hydrated with constant transport properties. The
model of Springer et al. [17] [18] accounted for the dependence of the electro-osmotic
coefficient on the water content within the membrane, gas transport within the diffusion
layer of the electrodes, and water transport across the membrane by electro-osmotic force
and back diffusion. All these models were isothermal and unsuitable for water and
thermal management studies.

Nguyen and White [7] and Fuller and Newman [19] developed two-dimensional
heat and water transport models that accounted for variations in the gas phase
compositions, temperature and membrane hydration condition along the channels. An

improved two-dimensional model was presented by Yi and Nguyen [20]. In this model,
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cell performance with different design schemes was compared. Marr and Li [2]]
presented a simplified model for engineering applications and yet incorporated most
fundamental physical and electrochemical processes. Ge and Yi [22] presented a two-
dimensional, steady state model to describe the effect of flow mode (coflow and
counterflow) and operating conditions on the performance of a PEM fuel cell.

In all these models, however, the pressure effect and pressure drop in the channels
were neglected. In fact, the pressure loss in the fuel cell flow channel is one of the
important factors that must be addressed for system optimal design, especially when
using air instead of pure oxygen in serpentine channels. Based on the currently available
publications on fuel cell modeling, there is little information regarding pressure effects on
fuel cell performance.

To obtain the optimal performance, it is necessary to optimize the pressure drops in
the flow channel. A higher pump power is needed to overcome higher pressure drop,
which would reduce the overall efficiency of the system. On the other hand, a large
pressure drop can be beneficial for water management. In addition, different local gas
total pressure leads to different local partial pressure of reactant, water vapor and water
activity, which is related to membrane performance.

Mabharudrayya et al. [23] presented a CFD-based simulation regarding pressure
losses in channels. But the physical and electrochemical processes in PEM fuel cells were
not considered in their research.

Marr and Li [24] developed the performance modeling of catalyst layer in a proton
exchange membrane fuel cell in the direction across the MEA, in which the composition

and performance optimization of cathode catalyst platinum and catalyst layer structure

11
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has been investigated by including both electrochemical reaction and mass transport
process. The model was based on that the performance parameters along flow channel
direction are uniform, which is not reasonable in practice.

For recent modeling studies, there are two categories; one is the along - channel
modeling, which assumed that the MEA is ultra-thin and made simplification on
corresponding calculation, the other one is based on the direction perpendicular to the
MEA and assumed the uniform performance along flow channel. Both of them have
some certain limitations which can not reflect the real case.

Another issue should be noticed is that among all the available literature, only the
anode water activity was used for the calculation of membrane performance, which
would lead to unreasonable high ohmic losses.

According to these understandings, in the present study, a steady and unsteady,
water and thermal management model was proposed to consider pressure effects,
pressure drop calculation, effects of both anode and cathode water vapor on membrane
conductivity. And the effects of various operating and design parameters on the
performance of PEM fuel cell were investigated. This model incorporates most of the
essential fundamental physical and electrochemical processes occurring in the membrane,

electrolyte, cathode catalyst layer, electrode backing and flow channel.

3.2 Objectives

Fuel cell designers either want to predict the system performance after the inlet

condition is employed, or they want to optimize their design pattern to achieve highest

12
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system efficiency by changing inlet parameters. Instead of a serial experimental test, a

powerful calculation/simulation tool is required to determine PEM fuel cell power and

thermal performance. The designation period between system modeling and concept

design will thus be greatly shortened.

The purpose is to develop a fuel cell simulation/calculation tool based on fluid

mechanics, heat transfer, thermodynamics and the electrochemical model. Using such a

simulation tool, the fuel cell designer can compare different designs scheme efficiently.

In order to enhance the precision and generality of the model, improvements have been

implemented by considering:

1.

2.

Steady and unsteady state.

Local pressure on the cell performance.

Pressure drop along flow channel.

Open circuit voltage variation with stack temperature.

Water vapor effects on membrane conductivity.

Composition and performance of cathode catalyst platinum and catalyst layer

structure.

This improved model allows a wide range of fuel cell simulations, which more

accurately reflect the actual case. The model is a very useful engineering tool for the

design and optimization of PEM fuel cells.

13
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4. MATHEMATICAL MODEL

In this chapter, the model will be introduced which includes the following parts:

e Mass balance

e Energy balance

e Pressure loss

e Cell potential and current density

o Catalyst layer model

Fig. 1 shows the typical schematic diagram of a single PEM fuel cell with the flow
channel in x-direction, and the y-direction is normal to the membrane. Fig. 2 shows the

layout of a serpentine channel for simulation.

rb|

»
o

Cathode ¢ 0,

Joke[ 15A1e18)
peo

Fig. 1. Schematic diagram of PEM fuel cell
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Fig. 2. Layout of a serpentine channel

4.1 Assumptions

For modeling purposes, the following assumptions were made in the present study:

1. Ideal gas law was employed for gaseous species.

2. Water transport in and out of the electrodes was in the form of vapour.

3. The gas transport resistance through the electrode porous layer could be
neglected, i.e., the electrodes were assumed to be “ultra-thin”.

4. The liquid water was assumed to exist at the surface of the channels, and the
volume to be negligible.

5. For the pressure drop calculation, the entrance and exit effects were neglected,
which were too small compared with the overall pressure drop.

6. No potential drop along the channels was assumed.

15
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4.2 Mass Balance

The variation of gas flow rate along the channels was due to the flux N{(x) in the y-
direction or products into or out of the membrane electrode assembly, which could be

described as following modified equation based on that by Nguyen [7].

dM () _

e -h, -

area k 'N,-(X) (l)

where i is Hp, O, or N, and Olureai is the effective area coefficient which reflects
actual active area because of diffusion of reactants. The flux Ny(x) is the function of
coordinate x because the current density varies along this direction. The molar fluxes of

the anode and cathode components are described by:

_Ix
Ny (x)= S F (2)
_Ix)
No, (%)= AF (3)
N, (x)=0 4)

where I(x) is local current density which varies along the channel due to the
variation of water content, activation loss, ohmic loss, membrane conductivity and

temperature.
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The variation of water molar flow rate is due to y-component flux, electrochemical

reaction products, evaporation and condensation as described here [7]:

Liquid water

dM;k (x) = kc hk dk M:»k (x) _ psat
dx - {R[Tk (x)+ 273] M:)k (x) + Mgm ) P.(x) Pw’k (x) (5)
Water vapor

dM\:,k(x)_ delv,k(x)
dc dx

- hk . aarea,k . NI‘;ZO,I( (x) (6)
where k. is the homogeneous rate constant for the condensation and evaporation of
water reaction, and subscript k£ represents anode or cathode. Pi(x) is the local pressure

considering the pressure drop along the channel.

N} o) = “’;") ™
v _ _(1+2a)1(x)
NHZO,c (x) =—— 2—F—— — (8)

where « represents the net water molecule flux per proton. There are three water
transport mechanisms in the membrane [20], which can be seen from the Fig. 3: (i)
electro-osmotic drag, which is caused by proton transport from the anode side to the

cathode side of the membrane, (ii) back-diffusion by the concentration gradient of water
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between the anode side and the cathode side, and (iii) convection by water vapour

pressure gradient between the anode side and cathode side.

O, /Air, H,, Water
Water vapor vapor / liquid
Electro-
osmotic drag
by H .
Water evaporation
or condensation
Diffusion by the o —
concentration .
. o .
gradient .
g >
2 3
Q . 2 .

. & o Electro-Chemical
Convection by water i duct
vapour pressure : reaction products
gradient 7

Fig. 3. Water transport mechanisms and balance
Therefore, « can be evaluated by the following equation [20]:

- _ F de, Kk, F dP,(x)

a(x)=n,(x)- D, (x) IS { D c, B I(x)} p

N B F ¢, .(x)—c,, (%) 9

~n,(x)- D, (x) 5 - 9
. ®+e, 0k, F {P.(®-P, 0}

2 #, 1(x) t,
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where ng D, k, w, and f, are electro-osmotic drag coefficient, diffusion
coefficient of water, permeability of water in the membrane, water viscosity and
membrane thickness respectively. The expressions given by Springer ef al. [18] are used

to calculate these parameters as listed below:

n, =0.0049 +2.024a, —-4.53a> +4.09a>  (a, <1) (10)

n, =1.59+0.159(a, -1)  (a, >1) (11)

D, =D°-n,(x)-exp| 2416 11 (12)
v / P 303 273+T,

The expressions for ¢, 4, Cy,c, Pw,a Py, are given as follows.

Cop = 2m 2 (0.043+17.8a, —39.8527 +36.0a2)  (a, <1) (13)
Wm,dry
Cok _ Py (14+1.4(a, 1)  (a,>1) (14)
Wm,dry
MV
P, (x)= wa(¥) P,(x) (15)
: M, (x)+M H, (%)
MV
Py =| — e () P (16)
Mw,c (x) + MOZ (x) + MN2 (x)

where pnan and W, 4, are the density and equivalent weight of a dry proton

exchange membrane. The water activities in the anode and cathode side are defined as
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follows. P4 x) and P.x) are the local pressures at anode and cathode respectively

considering the pressure drop.

a, =[ M:;,a(x) ) P, (x) (17)
M, (x)+M, (x) | P,5(x)

a, =( M»vv,c(x) J P (x) (18)
M:/,c (x) +M02 ("7)""]‘4N2 (%) Pwsact (x)

The formulation for saturation pressure is expressed by [18].

log,, (P (x)) = 2.95x1072 T, (x) —9.18x 10~ T (x)

(19)
+1.44x107 T} (x)~2.18

4.3 Energy Balance

The local temperatures in anode and cathode channels are affected by latent heat

and heat transfer between the solid surface and the gas [7].

dT,(x) UA (T, (x) - T, (x))
& Y.C, M,

(20)

The heart of the model is a spatial, time-dependent partial differential equation

describing the local temperature of the solid cell support.
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0T, (x)
2

p,C. A, P Ak +n,A,U [T, (x)+T.(x) - 2T, (x)]
dam!
+AbUb[Tinf _T:v(x)]-*_nc[H:/,a _va,a](x)—;’;(x) (21)
. dM, (x) (AH
+ nc [Hw,c - Hvlv,c kx) d;c - e( 2F + Vcell )I(x)

with boundary conditions

kaT(;(x) =U(T,(x»)-Ty)

¥ Lo (22)
LDy (rw-T,)

a‘x x=L

The latent heat of evaporation or condensation can be calculated with the following

equation [25].

AH, , =45070-41.9T,(x)+3.44-107T, (x)* +2.54-10°T, (x)’

vap,k (23)
-8.98-107°T, (x)*

4.4 Pressure Loss

In PEM fuel cell, the gas flow is usually in laminar regime because the channel size

and gas flow rates are small. The pressure drop in a laminar flow strongly depends on the

Reynolds number. The entrance and exit losses were neglected, which were too small
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compared with the overall pressure drop if the channel is long enough. The flow was
assumed fully developed.

Different local gas pressure leads to different partial pressure of reactant, water
vapor and water activity, which is related to membrane performance. The expression of
pressure loss in straight channel could be defined as Equation (24) [26], while that in

curve channel could be defined as Equation (25).

b (x) _ (L)%™,

L= P 5| 5 A (24)
dpP (x) _ ) L .sz(x)' K, -D,

dx = P (%) D, > (fk(x)'*' I ) (25)

where Py(x) is the local total gas pressure in the flow channel, K is minor loss

coefficient, the hydraulic diameter Dy and the friction factor fi(x) are defined as below.

4h,d,

- 26

“ T 2h, +d,) (26)
98

= 27
(%) Re. (%) ( )
Rek(x): pk(x)'Vk(x)'Dk (28)

My (%)
where the Vi(x) is local velocity, which is defined as below.
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v, (x) = 2 29)

The local average density pu(x) and average dynamic viscosity su(x) can be

calculated as follows [27]:

Anode:
M, (x) 2 M., (x) 18 P (x
p.(x)= w2 ZAC N LI N 12 M
M, (x)+ M), (x) 1000 M, (x)+M),(x) 1000 T,(x)-R,
M, (x) T .(x)-T,
x) = 2 u - +
lua( ) MH2 (x) +M:,,a(x)|: TZ _T,l (lqu,Tz ﬂHZ,T‘) ﬂH29Tl (3])
M, (x) T,(x)-T,
+ ’ - +
A@A@+M@ui:n—n g, ~Hps) ¥ b
Cathode:
Mo, (x) 32 My, () 28
Mo, (x)+ My, (x)+ M, (x) 1000 M, (x)+ My (x)+ M, (x) 1000| p(x)  (32)
A= . M) 18 T.0)-R,
M, (x)+ M, (x)+ M, (x) 1000
Mo, (%) [T.(0-T,
= - +
O L @M My )| T, T, o Hour) T Ho
M, (x) T.(x)-T
+ i 5 D1 (,UNZ,T6 — M, 1, )+ Hy, 1, (33)
M, (x)+M, (x)+M ()| T,-T,
M, .(x) [T.(x)-T,
: 3 o,
+ MOZ (x) 4 MNZ (x) + M:,c (x) i T8 _ T7 (/uvap,T8 luvap,T7) ﬂl ip,T;
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The local volume flow rate Qy(x) could be calculated as follows.

Anode: 0,(x) = (M}, () + M, (x)-R, JTDS ; (34)
Cathode:  Q,(x)= (MOZ (X)+My (x)+M,, (x))-R, - ;}Ex; (35)
c X

4.5 Cell Potential and Current Density

The cell voltage E..; was determined from open circuit voltage E,., membrane

resistance, current density and overpotentials [20]:

Ecell = Eoc - nact - nohmic (36)

where 7, is activation loss associated with elctro-chemical reactions, and 7joamic is

the loss from ohmic resistance in the membrane. The reversible open circuit voltage E,.

was calculated from a modified form of the Nernst equation [21].

E, (x)=1229-0.85x107(T,(x) —298.15)

+4.31x107°T, (x)[ln(P,}z (x))+ —;—ln(Péz (x))} e
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where T(x) is the local cell temperature, Pg,z (x) and P(;Z (x) are local effective

surface partial pressures of hydrogen and oxygen in atmospheres (atm) [27] [28].

P (x)=P,(x)-0.5-P, (%) (38)

O.291-I(x)) (39)

Py, (x)=P,(x)= P, (x)— Py, (x)- exp( 70832

Note that the exchange current density at cathode is much smaller than that at
anode; therefore, the overpotential at the anode is negligible compared to that at the

cathode. 77,.[18] and 77,mic could be calculated as follows.

_RR13+T,(x)], | P.(x)-1(x)
) =0 5F ln[ P, (x) } @
_1()-1,
Donmic (X) = —-O_m ) 41)

In a PEM fuel cell, the membrane acts as a separator as well an electrolyte. The
membrane conductive o,(x) is highly dependent on its hydration state. During operation,
the net water flux is from anode to the cathode side, leading to membrane dehydration on
the anode side and flooding on the cathode side with additional water from reaction
production. Therefore, the membrane conductivity o,,(x), is a function of water content in
the membrane. In most of literature, the water activity at the anode side or the average

value between anode and cathode is used. The former is not physically reasonable and the
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latter leads to much higher performance than experimental results. In the present model,
an amendment was given for the water activity in the membrane. The combined effect of

both sides was considered.

a,=p-a,+(1-pa, (42)

where A could be adjusted based on the operating conditions. Knowing a,,, some

formulae similar to (13) and (14) could be used to calculate cn,(x). Then membrane

conductivity could be evaluated as [7]:

14
o, (x)=|0.00514—"2 ¢ (x)—0.00326 |-exp| 1268 L _ 1 (43)
303 273+7.(x%)

m,dry

4.6 Catalyst Layer Model

Catalyst Particles

{)3  —

Fig. 4. Schematic of the catalyst layer [24]
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The cathode catalyst layer is assumed consist of a mixture of catalyst platinum,
ionomer membrane electrolyte, and void space. The small catalyst particles, either on
their own or supported on relatively large carbon black particles, are covered by a thin,
continuous layer of ionomer.

The positive direction points from the cathode electrode to the membrane with its
origin located at the interface between the cathode electrode and catalyst layer. All fluxes
are taken as positive in the positive y-direction, while the electric current density is
opposite to the y-direction, as shown.

The void space is usually sufficiently large so that the Knudsen diffusion is
unimportant compared to the bulk diffusion. The catalyst layer has a uniform distribution
of its various components and a small thickness compared to its height and depth so that a
one-dimensional approximation in the y-direction is made.

The ionomer layer surrounding the catalyst particles is taken to be fully hydrated,
and the void region in the catalyst layer is assumed to be fully flooded.

The current density distribution [24]:

R
O, >ref uts u’s

The specific reaction surface area A4, is given by:

- mPIAs (45)
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where mp, is the catalyst mass loading per unit area of the cathode, 4, is the
catalyst surface area per unit mass of the catalyst, and J is the thickness of catalyst layer.
The catalyst surface area varies greatly for different types of supported catalysts and
platinum black, as shown in Table 1.

C,, is the concentration of oxygen, C, .. is the reference concentration of
2 P

oxygen, « is the transfer coefficient, 7(x,y) is the cathode overpotential, Ty(x) is the
temperature of the catalyst layer, R, is the universal gas constant. Typically, the
reaction order 7 is usually taken as unity.

The experimental data of Parthasarathy er al. [29] were used to correlate the
reference exchange current density for oxygen reduction in Nafion. The data were

correlated with the cell temperature.

4001
log,(Z,,.,r )= 3.507 - e (46)
where Iy,.ris in A/cmz, and temperature is in Kelvins.
The overpotential distribution [24]:
on(x,y) 1 1 1
= + I(x,y)——1(x,6 47
o "\ [ g [00) (47)
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The effective electric and ionic conductivity are determined from the correlations
accounting for the porous nature of the catalyst layer [30] similar to that for gas diffusion

discussed earlier. They are:

k7 =(,4.)"k, (48)
k7 =(1-¢,)"k, (49)

where k,, and k; are the bulk conductivities of the ionomer and solid catalyst.

The ionomer loading /, of the catalyst layer is defined as the ratio of the volume
occupied by the ionomer to the total void space available in the catalyst layer.

It should be noted that the void fraction ¢, is related to the type of catalyst, mp; and

J as follows:

o

where %Pt represents the percentage of platinum catalyst on the carbon black
support by mass, op; and p,. are the densities of platinum and carbon black respectively.
Therefore, for a given type of catalyst, only two out of the three parameters (¢g., mp; and
d) need to be specified and the third can be determined from Equation (50). For pure
platinum, often called platinum black, %Pt = 100%. The void fraction is a macroscopic

parameter representing the porous nature of the catalyst layer, although the microscopic

characteristics of the layer may be very complex and difficult to describe exactly.
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The equation for the oxygen concentration variation in the catalyst layer [24]:

a(’102 (xa Y ) _ 1
oy 4FD§{

[1Gx, ) - I(x,6)] (51)

where the effective diffusion coefficient D;;{ is calculated from the bulk diffusion

coefficient D, , for oxygen diffusion through the void region of the catalyst layer and a

correction factor to account for the non-diffusing space occupied by the solid catalyst
particles [30].
g =4 D, (52

The bulk O, diffusion coefficient can be expressed as follows:

D,_D
DO — Oy—m~"0,-H,0 (53)
: (1 - lm )DOZ—-m + lmDOZ—HZO

where D, ,, and D, _, are the diffusion coefficient of oxygen in liquid

water and membrane.

(34)

D, _,, =—1.0664x107° +9.0215x10™° x exp[w)

106.65
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Three boundary conditions are required for a unique solution. At the cathode
electrode and catalyst layer interface, the protonic current must vanish as electrode is

ionically insulated.

Kxy)=0aty =0 (55)

On the other hand, the protonic current density and overpotential at y = J'is equal to

the local cell current density and overpotential, or

I(x,y) = I(x,6) (56)
n(x,y) =n(x,6) (57)
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5. SOLUTION METHODOLOGY

The main focus of this chapter is how to build the simulation procedure based on
the model discussed in precious chapters. For the integration of non-linear, second order
differential equations, two options are available, namely, keeping constant voltage or
keeping constant average current density. The author adopted the latter one in this work.

The flow charts of the solution are as shown in Figs. 5,6,7.

5.1 The Convergence Criteria

k+1 k
X, —X;
k

For one unknown x, if <g (i=1,2,3,4....., stands for each unknown

X.

I

parameter, & means iteration number), we treat it as a converged value. (¢ is convergence

criteria which the precision is 10°).

5.2 Numerical Methods Review

The set of nonlinear differential equations are used in the model, which include 13
governing equations and 13 unknown variables. It is know that all the main parameters in
this model are coupled, if one parameter gets a change, all corresponding data will
change simultaneously. Generally, the methods to solve nonlinear differential equations
can be categorized into two groups: direct methods and indirect or iterative methods.

Direct method is quite straightforward, the relations between the variables are

predefined, the unknown variables are formulated in term of known variables, once the
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input values are known, the values of corresponding unknowns will be calculated by
these predefined formulas. The classical direct method is Runge-Kutta method, which
numerically integrates ordinary differential equations by using additional steps at the
predicted mid-point of an interval to cancel out lower-order error terms. Therefore, this
method is also called as “predictor-corrector algorithms”.

Fourth-order Runge-Kutta formula is the classical method, which has a certain
sleekness of organization. It requires four evaluations per step. The benefit of this method
is that it is reasonably simple and robust. Runge-Kutta method, which is sometimes
combined with an intelligent adaptive step-size routine, is a good candidate for numerical
solution of differential equations.

The following equations are the formula of fourth-order Runge-Kutta method [31]:

X, =X,+h

1 s (58)
Yo = Vn +g(k1 +2k, + 2k, +k,)+O(h7)
where
ky=hf(x,,y,)
k, =hf(x, +lh,yn +lk,)
2 2 (59)

1 1
k,=h +—hy +—k
s =hf(x, 2 Y ) 2)

ky=hf(x,+hy, +k)

At step n, the value of current point x,, y, and the interval between the current point
and next point 4 are already known. Function f{x, y) can evaluate the slope of solution

curve at a particular point (x, y). According to Euler method y= Aflx, ), a y-direction
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jump value can be derived. At step n+1, x,+; can be simply attained by add step interval .
However, the value of y,+ in y-direction is much more complex to decide. In the above
formula, k; means y-direction jump from the current point to the next Euler-predicted
point; k; is far more interesting. Here, we also use Euler's method to predict a mid-point
which lies half-way across the predicted interval. The value of this predicted mid-point in

x direction is x, + A/2, and y, + ki/2 in y direction. Recalling that function f (x, y) means

1 1
the slope of solution curve, Af(x, +Eh’ Vu +5k1) give us the second y-direction jump

ko; Similarly, &; is the third y-direction jump, but instead of using k;, we use the 4, to
predict the y-value of the mid-point; k4 is the jump value which is based on the predicted
right end-point of the interval. As before, the y-value of this predicted point is decided by
ks. Once all the four jump values in y-direction have been calculated, a weighted average
formula is used to evaluate the y,+;. To analysis the algorithm, if we can generalize the
direct methods by using y,+ = ¢ yn, Where c is a coefficient that depends upon the method
used and the equation being evaluated. The primary reason, which makes the fourth order
Runge-Kutta method successful, is that the coefficient c that it produces is almost always
a very precise approximation to the actual value [5].

Compare to direct method, iterative methods are relatively easy for programming,
and use less computer memory than the direct methods. The tradeoff of iterative method
calculation is that it will take longer time to repeat the same calculations in each
recursion. Unlike the direct methods which are always try to find an exact solution to the
equations system, iterative methods attempt to find the solution by repeatedly solving the
equations system by using approximations to the vector. Iterations continue until the

solution is within a predetermined acceptable bound on the error. For the linear equations
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system, well-known examples of this kind of algorithm include Gauss-Jacobi, Gauss-
Seidel and Tri-diagonal matrix methods. For non-linear equations system, Newton-
Raphson method is a commonly used algorithm. The disadvantages of iterative methods
are: the total number of operations, typically on the order of N per iteration cycle, cannot
be predicted in advance; in addition, it is hard to guarantee the convergence unless the
equations system satisfies fairly strict criteria. The main advantage of iterative methods is
that only non-zero coefficients of the equations need to be stored in core memory. A brief
explanation of each of these methods is listed as the following [5].

1. Gauss-Jacobi iteration can be expressed as [32]:

n+

%.,=D"b-D"'(L+U)-%, (60)

where D is strictly diagonal matrix, b and %, are known, and D' (L+U) just

scales the each row of the sum (L+U) by the reciprocal of the corresponding element of
D. Since the Gauss-Jacobi algorithm uses all values from the previous iteration, it has the

disadvantage of slow convergence.

2.Gauss-Seidel iteration can be written as [32]

(D+L)-%,+U-% =b 61)

where x,+; can be computed quite easily with simple forward substitution because

(D+L) is a lower triangular matrix. The practical advantage of this method over the
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Gauss-Jacobi algorithm is that as soon as an element of the new solution vector at the
iteration n+/ has been calculated, it can be used successively for the calculation of the
remaining elements of x,.;. Compared with the Gauss-Jacobi algorithm, which only uses
elements calculated at the iteration » to approximate the solution at iteration n+/, the

Gauss-Seidel iteration converges twice as fast as Gauss-Jacobi in the average [5].

3. Tri-Diagonal Matrix Algorithm (TDMA) [33]: Gauss-Jacobi and Gauss-Seidel
iterative methods are easy to implement, but they can be very slow to converge especially
when the system of equations is large. In many real situations, the equations system can
be simplified and described in form of tri-diagonal matrix, which means there are only
nonzero elements on the diagonal, sub-diagonal and super-diagonal of matrix. Neither
Gauss-Jacobi method nor Gauss-Seidel methods has any special treatments to make use
of this special situations to improve their performance. Therefore, much computational
time is wasted on the calculation of a full matrix, most of these calculations result in zero.
In 1949, Thomas developed a technique for rapidly solving tri-diagonal system which is
now called the Thomas Algorithm or the Tri-Diagonal Matrix Algorithm (TDMA).
TDMA try to solve these sparsely populated matrices matrix system which have the
equations in the form of Ax=b, where x and b are vectors, and 4 is a tri-diagonal matrix.
Basically, the TDMA follows the rule of the Gaussian elimination. In a full-matrix
Gaussian elimination, TDMA eliminates all values below the main diagonal, solve the
final equation, and then use that value in back-substitution to solve the remaining
equations. For an n-dimensional matrix 4, instead of storing a matrix of #, we need store

just three n-dimensional vectors. In summary, by eliminating the unnecessary zero items
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in the matrix 4, TDMA can save computational time and use less system memory, which

eventually leads to the improvement of the efficiency [5].
4. Newton-Raphson Algorithm [34]: Newton-Raphson method is one the most
powerful methods in solving the nonlinear equations system. It is a root-finding

algorithm that uses the first few terms of the Taylor series of a function f{x) in the vicinity

of a suspected root. The Taylor series of f{x) about the point x=x,+¢is given by
! 1 r
S (x, +5):f(x0)+f(xo)g+5f (x)e? +... (62)
Keeping the term only to the first-order, the above equation can be simplified as:

F(xg +8) = f(x0) + f'(x)e (63)

in which, & means the offset between the root and an initial guess values xy. For a

S (x,)
(%)

given initial guess value xy, & can be estimated asg, = — . After that, the method

refines the guessed value asx, = x, + &,, and uses this value to get another &.. So on and

so forth, the algorithm repeats the same process until it converges to a root

S(x,)

usingg, = ———"- [5].

f'(x,)
In this study, fourth-order Runge-Kutta and Tri-Diagonal Matrix Algorithm are

combined together to solve the one order and second order differential equations because
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of the advantages discussed above. Newton-Raphson method is chosen to calculate the
local current density and cell voltage. The mathematical model is implemented in a Java
program on the Solaris platform with friendly Graphic User Interface. For a better
understanding of solution procedure, the flow charts of the solution procedure are shown

in Fig. 5 and Fig. 6.

5.3 Method for Unsteady State {35]

Parameters will change with the time in unsteady state. The standard discretised

form for unsteady problem is [35]:

a,T, = a, |61, +(1 -T2 |+a, o1, + 1-0)T]

64
+]a® - -0)a, —(1-O)a, 12 +b 9

The exact form of the final discretised equation depends on the value of 6. When 6
is zero, we only use temperatures T, ,T,,T, at the old time level 7 on the right hand

side of the equation to evaluate 7p at the new time; the resulting scheme is called explicit.
When0 <6 <1 , temperatures at the new time level are used on both sides of the
equation; the resulting scheme is called implicit. The case corresponding to & =1/2 is
called the Crank — Nicolson scheme.

Explicit scheme — The right hand side of the equation only contains values at the
old time step so the left hand side can be calculated by forward marching in time. The

scheme is based on backward differencing and its Taylor series truncation error accuracy
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is first-order with respect to time. The inequality sets a stringent maximum limit to the
step size and represents a serious limitation for the explicit scheme. It becomes very
expensive to improve spatial accuracy because the maximum possible time step needs to
be reduced as the square of space step. Consequently, this method is not recommended
for general transient problems. Nevertheless, provided that the time step is chosen with
care, the explicit scheme is efficient for simple problems.

Crank — Nicolson scheme — This method results from settingd=1/2, the

discretised equation is [35]:
0 0
a,T, =05[¥}+aw{w]+[ag _a_E_a_W}Tig +b (65)

Since more than one unknown value of T at the new time level is present in this
equation, the method is implicit and simultaneous equations for all node points need to be
solved at each time step. The time step limitation is less restrictive than that associate
with the explicit method. The Crank - Nicolson method is based on central differencing
and hence it is second-order accurate in time. With sufficient small time steps it is
possible to achieve considerably greater accuracy than with the explicit method. The
Crank - Nicolson scheme is normally used in conjunction with spatial central
differencing.

In this study, the Crank - Nicolson scheme is chosen for unsteady case simulation.
The time step At = 0.5 second is used in the dynamic calculations, thus changes of all the
parameters could be traced at each half second. To make a clear understanding of the

procedure, the flow chart of the solution procedure is shown in Fig. 7.
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5.4 Parameters Used in Simulation

Channels are in rectangle shape and the co-flow configuration is used. The typical
dimensions and parameters used for the simulations are listed in Table 2.
In this paper, the new concept “relative water content,4” is proposed, which is very

useful for water analysis along the flow channel.

mole number of water (vapor + liquid)

= (66)
mole number of water vapor at saturation
i v
g (ry = Vs 0+ M, ) (67)
Pw,k (x)
Mgas k (x) :
' P, (x)
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Fig. 5. Flow chart for steady state simulation with constant stack temperature
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Fig. 6. Flow chart for steady state simulation with variable stack temperature

End

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

42




START

l

Initialise Ts;

A 4

Set time step At

A

Lett=t+ At
Crank-Nicolson scheme

l

Iteration process until
convergence

|

END

Fig. 7. Flow chart for unsteady state simulation
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6. RESULTS AND DISCUSSIONS

6.1 Validation of the Model

Model validation is conducted here by comparing our simulation results with the
experimental results from other group [36]. Fig. 8 shows a comparison of the simulation
result from the present model (solid line) with the experimental data based on the similar
operating condition (air is applied as oxidant; Nafion 115 membrane; hydrogen and air
inlet pressure: 1.34 atm; hydrogen and air inlet temperature: 70°C). It can be seen that the
prediction of the present model is in reasonable agreement with the experimental results.

From the figure, when the current density is less than 0.5 A/cm?, the output voltage
in the model is greater than experiment results. After the current density exceeds this
value, the output voltage in the model is less than the experiment results. It means that the
inner resistance in the model is greater than that in practice. Some factors may contribute
to the error of the resistance calculation, which lead to the above simulation result.

In addition, for most operating region, the performance prediction by the variable
stack temperature model (solid line) is better than that by the constant stack temperature
model (dash-dot line).

Because the experimental facility is too complex and some information is not
available, to get a more matched simulation with the experiment, we need to improve our
model based on each specified experimental environment. Nevertheless, in this research,

we'll use current model for further discussion since its prediction follows the same
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tendency as the experimental data. As the same time, its prediction has an acceptable

accuracy for qualitative analysis.

6.2 General Performance Analysis

Effect of anode inlet humidification

Fig. 9 shows the cell potential as a function of current density (the polarization
curve) for different values of anode inlet relative water content with saturated cathode
inlet gas. Fuel cell voltage increases as the anode inlet relative water content increases.
Proper liquid water injection at the anode inlet is essential to supplement water vapor to
the anode side. Higher water content of membrane because of higher inlet relative water
content would lead to lower membrane resistance, which means the ohmic loss would be
reduced. It should be mentioned that at low current density, the cell performance is
kinetically controlled [7], which means that there would be no significant difference for

different water content.

Effect of pressure difference

From the above analysis, net water molecule flux in the membrane arise from three
mechanisms: electro-osmotic drag, which is caused by proton transport from the anode
side to the cathode side of the membrane; back-diffusion by the concentration gradient of
water between the anode side and the cathode side; and convection by water vapour
pressure gradient between the anode side and cathode side. At lower current densities,

back-diffusion water from the cathode to the anode side may be sufficient to maintain the
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membrane well hydrated. But at the higher current densities, back-diffusion water is not
sufficient to replenish the water loss because of electro-osmotic drag. Under this
condition, the convection by pressure gradient could be used. With the anode gas inlet
pressure maintain at 1 atm, three cathode inlet pressure levels are chosen, 1 atm, 2 atm
and 3 atm. Other conditions are identical. Fig. 10 shows the effect of different pressure
difference on the fuel cell performance at various current densities. Higher pressure
difference leads to higher cell performance over the entire range of investigated current
densities. The increase of cell performance by increasing the cathode inlet pressure from
1 atm to 2 atm is larger than that by increasing from 2 atm to 3 atm. The effect is more
significant at higher current densities. This is because that the membrane is better
hydrated with more water convection from cathode side to anode side, which yields lower
ohmic loss. At higher current densities, electro-osmotic drag is higher, water convection

plays more important role.

Effect of temperature

Fig. 11 shows the polarization curves for different cell temperatures. For lower
current density, the flow rates of reactants and water are very small. The open circuit
voltage dominates the cell voltage. Therefore, higher cell temperature leads to lower cell
voltage. This is because the open circuit voltage decreases with the increase of cell
temperature, which can be seen from Equation (37). For higher current density, it
shows that fuel cell voltage increases with the increase of cell temperature. Higher

temperature would lead to more inlet water with fixed inlet relative water content. The
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water content in the membrane would increase consequently, which increases the

membrane conductivity. However, cell temperature should not be higher than 373K [22].

Effect of membrane thickness

Fig. 12 shows the polarization curves for different membrane thickness. Fuel cell
performance increases with the decrease of membrane thickness. This is because the
ohmic loss decreases with decrease of distance traveled by hydrogen ions across the
membrane. Therefore, a thinner membrane would produce better cell performance.
However, the difficulty of preparing membrane electrode assemble using thin membrane

should be considered [22].

Effect of excess hydrogen and oxidant

Fig. 13 shows the polarization curves for two oxidant gas compositions (pure
oxygen and air) with different excess coefficients for hydrogen. Higher oxidant gas
composition enhance the fuel cell voltage and maximum current density, therefore using
pure oxygen instead of air as the oxidant would enhance overall performance. Higher H,
excess coefficient would increase concentration of H; resulting in a further increase in
cell performance. It should be noted that at low current density, cell performance is
kinetically controlled and thus almost no perceivable difference in performance would be

observed for different H, concentrations.

6.3 Influence of Inlet Water Content and Along Channel Analysis
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Because the membrane performance and water transport are mainly controlled by
the water content of anode side. In this section, we focus on the influence of anode inlet
water content.

Fig. 14 shows the effect of anode inlet water content on the membrane
conductivity. For the same cathode inlet water, the membrane conductivity increases with
the anode inlet water content especially near the inlet, because higher anode inlet water
leads to better hydrated situation. In anode channel, the liquid water will evaporate to
generate water vapor.

Fig. 15 shows the local current density profiles with various anode inlet relative
water contents when cathode inlet water content is fixed at 1.0. At the front part of the
channels, the membrane is well hydrated, which leads to high membrane conductivity
and high local current density. The water content of anode side dominates the membrane
performance. Therefore, the current density increases with anode inlet relative water
content near the inlet up to the inlet with saturation condition. In Fig. 15, comparing the
two cases of ¢,;,,=1.0 and ¢,;,=1.1, it can be found that if liquid water is supplied
(@sin=1.1), the current density is a little lower near the inlet. This is because the change
of membrane conductivity due to the liquid water (@, »=1.1) is very small near the inlet,
while the cell voltage for ¢, ,,=1.1 is higher than that of saturation condition (¢, »=1.0) at
inlet (Fig. 16). In the downstream channel, the membrane conductivity is better because
of the evaporation of liquid water, so the current density is a little higher than that with
saturation condition at inlet. The membrane performance and water transport are mainly

controlled by the water content of anode side.
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Fig. 17 shows the anode inlet water effect on the activation loss. In the front part of
the channel, the activation loss increases with anode inlet water up to saturation, which
agrees with the local current density discussed in Fig. 15. In the rear part of the channel,
the effect is reversed due to the combined effects of temperature, local current density
and partial pressure of oxygen.

For Fig. 14, Fig. 15 and Fig. 17, there are some common characteristics for these
figures. Near the inlet of fuel cell, ¢,;, plays an important role, especially when g, ,, <1.
Along the channel in the main flow direction, this effect decreases. This is because the
water content of anode side decreases along the channel due to water transportation from
anode side to cathode side, while water content of cathode side increases due to water
transportation from anode to cathode and reaction production inside cathode. The effects
of water content of cathode side on membrane performance increases. For the curve with
#.im0f 1.1, a sudden change at the position of x around 90% of channel length is observed
since there is no more liquid water thereafter to evaporate.

Fig. 18 shows the effect of anode inlet water contents on the ohmic loss. Increased
amount of inlet water leads to lower ohmic loss. This is because the increased amount of
inlet water leads to a higher membrane conductivity as shown in Fig. 14, which
dominates the ohmic loss although the higher inlet water contents leads to higher current
density in certain area as shown in Fig. 15. The ohmic loss profile along the flow channel
depends on the combined effects of local current density and membrane conductivity,
which can be seen from Equation (41).

Fig. 19 shows the effect of anode inlet water content on the net water flux per

proton. Near the inlet, the net water flux is higher due to high electro-osmotic drag
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coefficient near the anode inlet. The net water flux increases with anode inlet water
content, which is because the higher anode water content provides higher electro-osmotic
drag coefficient as shown in Fig. 20.

Fig. 21 and Fig. 22 show the effect of anode inlet water content on the partial
pressure of hydrogen and oxygen along the channel. The main reason for the increase of
the partial pressure of hydrogen is that anode vapor pressure decreases more rapidly than
hydrogen. The higher the anode inlet water is, the lower the partial pressures are for both
hydrogen and oxygen. For hydrogen, higher anode inlet water leads to higher partial
pressure of water vapor, which decreases the partial pressure of hydrogen.

The partial pressure of oxygen decreases along the channel because of the depletion
of oxygen and the increase of cathode water vapor pressure, which is shown in Fig. 24.
The partial pressure of oxygen decreases rapidly near the inlet because of the higher
depletion rate of oxygen due to the higher local current density (Fig. 15) in this region.
For oxygen, higher anode inlet water leads to higher water vapor transportation across the
membrane that leads to lower oxygen partial pressure. Once the anode inlet has reached
saturation condition, its effect on the partial pressure of oxygen is very small because the
water vapor of anode side is enough for the requirement of transportation and the liquid
water evaporates very slowly under this condition. Therefore, the increase of water vapor
on anode side because of liquid water evaporation almost has no effect on the pressure of
cathode side.

Fig. 23 shows the effect of anode inlet water content on the water vapor partial
pressure along the anode channel. The vapor pressure decreases along anode channel due

to the water transportation across the membrane from anode to cathode side. At the front
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section of the channel, the vapor pressure decreases rapidly. This is because that the
membrane is well hydrated near the inlet, which leads to higher electro-osmotic drag
coefficient (n;) and net water flux per proton ().

Fig. 24 shows the effect of anode inlet water content on the water vapor partial
pressure along the cathode channel. The vapor pressure increases along cathode channel
due to water transportation and electrochemical reaction. Increased anode inlet water
content corresponds to increased vapor pressure for both sides.

Fig. 25 shows the effect of anode inlet water content on the liquid water mole
number in anode channel. It is clear that there would be no liquid water in anode if the
anode inlet water content is less or equal to one. When ¢, >1.0, in anode channel, the
liquid water decreases along the channel since it evaporates to supplement vapor
continuously. With ¢, ,, =1.1, the liquid water disappears at the position of x around 90%
of channel length. There is no more liquid water thereafter to evaporate.

In Fig. 26, the liquid water in cathode channel increases along the channel since
vapor condenses to liquid due to more water supplied by reaction. The increased anode
inlet water amount corresponds to higher liquid water on the cathode side due to water
transport across membrane from anode side to cathode side. Once the anode inlet reach
saturation, such effect of the liquid water is very small as shown in the figure for ¢,
=1.0, 1.1 and 1.25.

Reynolds number is one of the important parameters in fluid flow. Fig. 27 shows
the effects of anode inlet water contents on the Reynolds number at cathode along the
channel. Reynolds number increases in cathode because viscosity decreases, velocity

increases as shown in Fig. 28 and density does not change much along the channel as

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



shown in the authors’ previous research [26]. The larger the inlet water content, the larger
the velocity and Reynolds number in cathode flow channel. For the present studies, the
flow is obviously in laminar flow regime. In Fig. 28, the gas velocity increases along
cathode flow channel due to water transportation and electrochemical reaction product.
Higher anode inlet water content yields higher gas velocity in cathode channel because of
water transport from anode side to cathode side.

The pressure loss cannot be neglected and it is one of the important parameters for
fuel cell system design especially for cathode channel with air as oxidant instead of pure
oxygen. Fig. 29 shows the local pressure in cathode along the channel. The local cathode
pressure varies almost linearly. The greater the inlet water amount, the larger the pressure
drop. The pressure drop in cathode is around 8000 Pa, which is very close to practical
operating situation, e.g., the Nexa™™ Ballard PEM fuel cell operated here in our
laboratory.

The pressure drops for different control volumes are not equal. The local pressure
drop increases because volume flow rate increases. The required pumping power for
cathode increases with the increase of the length of channel, which is shown in Fig. 30.
The greater the inlet water content at anode and cathode, the larger the pumping power
required. Four channels are applied for the present study. The total pumping power for
cathode flow of a single cell is proportional to the number of channels.

Fig. 31 shows the effects of pressure loss in the flow channel and anode inlet water
content on the power of single fuel cell. It can also be seen that when the pressure loss is
considered, the cell power is lower than that without considering the pressure drop. The

most important reason is that the pressure loss decreases the partial pressure of oxygen,
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which leads to higher activation loss. In addition, the pressure loss decreases the water
content in the membrane, which decreases the membrane conductivity and increases the
ohmic loss. In the case the average current density is fixed, the higher the anode inlet
water content (@,,, = 0.5 ~ 1.25), the higher the fuel cell power, i.c., the fuel cell
performance can be improved by humidifying the anode. Also injecting certain amount of
liquid water into anode inlet could improve the fuel cell output power. Table 3 gives the
detailed information of this effect. It can be seen that the percentage of the power loss
due to the pressure drop increases with the decrease of anode inlet water content. The
lower the fuel cell power is, the higher this percentage is.

Fig. 32 shows the gas temperature distributions in the anode flow channel, cathode
flow channel and the stack temperature. At the vicinity of the inlet, heat can be
transferred from the stack to the environment by the convection, which leads to the stack
temperature lower than the stream temperature. The stack temperature heats up quickly
because the higher gas temperatures and the energy released by reactions. Further down
to the channel, there are several heat transfer processes took place: (i) chemical reaction
occurs and reaction heat is released to the solid stack. (ii) water vapor condenses and
latent heat is released. (iii) convection heat transfer occurs as well since the temperature
difference between the stream and stack. According to the curve, the anode and cathode
gas temperatures drop quickly near the inlet of channels. When they reach the stack
temperature, they increase with stack temperature. In the downstream channel, the anode
and cathode gas temperatures stay very close to the solid temperature except that stack
temperature drops rapidly near the outlet as more energy is transferred from the stack to

the surroundings [20].

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 33 shows the contribution of each water transport mechanism, including net
water flux per proton (@), electro-osmotic drag coefficient (n,), diffusion part by
concentration gradient of water vapor and convection part by water vapor pressure
gradient. The contribution of convection part looks like zero in the figure just because the
value is too small. Near the inlet of fuel cell, the electro-osmotic drag coefficient ()
and net water flux per proton () is higher because the membrane is well hydrated, as
mentioned earlier. Diffusion is from anode to cathode side in this region, and then from
cathode to anode side, since the water concentration of anode side decreases and that of
cathode side increases along the flow channel. This is because that the water transfer
across membrane due to diffusion effect is purely dependent on the water concentration
gradient across the membrane. It could be back-diffusion only if the water concentration
at cathode is higher than that in anode as usually it does.

Fig. 34 shows the local relative water content (¢), water activity (a) and relative
humidity (RH) along the anode flow channel. The a, (dotted) is hidden by RH (solid)
since RH equals to a if a< 1. Water vapor decreases along the anode channel as the water
vapor is transported across the membrane along the channel from anode to cathode side.
Because the partial pressure of water vapor is less than saturation pressure in the channel,
the liquid water would evaporate to generate water vapor, and water activity and relative
humidity would have the same value. At the position of 90% of length, evaporation
process is complete and all the liquid water in the channel have been utilized and the
three curves merge. The region between solid line and dashed line represents liquid water

and that below the solid line represents water vapor, as shown in Fig. 34.
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Fig. 35 shows the local relative water content (@), water activity (a) and relative
humidity (RH) along the cathode flow channel. There are three sources of water in
cathode channel; one is water transferred from the anode side, the second is water from
reaction products, and the third is the water carried from the cathode inlet. The three
curves start from the same point of 0.5. Water vapor increases along the cathode channel.
The region between “a” and “¢@” represents liquid water and that below “a” represents
water vapor. Note that water activity could be greater than one, especially if the
condensation rate is less than the overall effect of production and transportation. Because

the partial pressure of water vapor is greater than saturation pressure in the channel, the

water vapor would condense to generate liquid water.

6.4 Catalyst Layer Analysis

This model combined the along-flow-channel model and the catalyst layer model.
Instead of the published catalyst layer model with the main assumption of the uniform
performance along flow channel, the local parameters along the flow channel are applied,
which is closer to the real case. As well known, the catalyst layer is situated between the
electrode and membrane. In a typical PEM fuel cell, the catalyst layer is composed of a
porous mixture of platinum, often supported with a carbon substrate, ionomer and Teflon
binder. This region is the heart of the fuel cell [37]. The simulation result and analysis
can be very useful for the catalyst layer design and optimization, such as composition,

platinum loading and so on.
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To solve the set of governing differential equations, a four order Runge — Kutta
method is chosen. The catalyst layer has a thickness of 5.0 pum and platinum loading of
4.0 mg/cm®. The operation conditions are listed in Table 2. Fig. 36 shows a typical result
for the distribution of the current density within the cathode catalyst layer. At the front
part of the flow channels, the membrane is well hydrated, which leads to high membrane
conductivity and high local current density. At the interface between cathode electrode
and catalyst layer (y = 0), the current density is equal to zero as electrode is ionically
insulated [24]. The current density at the membrane boundary is equal to the output
current density of the cell. It can be seen from the figure that current density increases
rapidly near the electrode boundary (y = 0). The current density reaches the cell current
density at the location that the oxygen concentration vanishes as shown in Fig. 38.

Fig. 37 shows a result for the distribution of the overpotential within the cathode
catalyst layer. The overpotential is normalized by the value at membrane boundary and
inlet of the flow channel. The figure shows that the variation of overpotential is quite
small within the catalyst layer as compared with the oxygen concentration and current
density. Fig. 38 shows the distribution of the oxygen concentration within the catalyst
layer. The oxygen concentration is normalized by the value at electrode boundary and
inlet of the flow channel. The oxygen concentration decreases along the flow channel
because of the depletion of oxygen and the increase of water vapor. The oxygen
concentration decreases rapidly near the inlet of the flow channel because of the higher
depletion rate of oxygen due to the higher local current density in this region. Along the
direction across the catalyst layer, it is seen from the figure that the oxygen concentration

decreases rapidly since the current density increases rapidly in this region. At the inlet of
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the flow channel, the oxygen concentration vanishes at the position of about 40% of the
catalyst layer thickness. This zero oxygen concentration location moves towards the

electrode boundary along the flow channel since depletion of oxygen.

6.5 Unsteady State Analysis

The dynamic response of fuel cell is important for vehicular applications since the
fuel cell does not usually operate at the optimal steady state designed by the fuel
manufacturer. The dynamics of PEM fuel cells are complex and include the mass
transport of materials through the membrane and to and from the electrodes, reaction
mechanisms and rates at the electrodes, voltages and currents produced depending on the
pressures, temperatures and concentrations at the electrodes, overpotential and Ohmic
loss throughout the process. The implicit Crank — Nicholson method is used, in which the
partial differential equation is discretized, resulting in a system of algebraic equations
that defines the dependence between the stack temperature profiles and consecutive times
[38].

In this study, the system transient phenomena is computed starting from a uniform
solid temperature of 25°C using the data from the base case. Fig. 39 shows the evolution
of average stack temperature with time. And the evolutions of stack temperature profiles
with time (t =2.5s,t=50s,t=75s,t=10s,t=15s,t=20sandt=25s) are
shown in Fig. 40. It can be seen from the two figures that the system settles well inside 25

seconds.
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Fig. 41 and Fig. 42 show the evolutions of the pressure drop in the anode and
cathode flow channels with time. With the increase of temperature, the volume flow rate
increases, resulting in higher gas velocity in the flow channel, which leads to higher
pressure drop on both anode side and cathode side. Fig. 43 shows the evolution of
pumping power at cathode side with time. The pumping power increases with time since
the same transient tendency of pressure drop. Only the pumping power on cathode side is
shown here since the pressure drop on cathode side is significant. Fig. 44 and Fig. 45
show the evolutions of average membrane conductivity and activation loss with time. The
membrane conductivity is based on the combined effects of stack temperature and water
activity in the membrane, which can be seen from Equation (43). From Fig. 45, it can be
seen that the activation loss increases with time before the fuel cell system settles. Low
stack temperature will cause a slow electrochemical reaction; as a result, the cell output
voltage will be reduced. Increased stack temperature does speed up the reaction and
reduce activation loss, however there is negative effect. It will enhance the partial
pressure of water vapor inside the flow channel. For an inlet pressure fixed channel, it
will reduce the partial pressure of the reactants. Base on Equation (40), the activation loss
increases with stack temperature. In general, the dynamic simulation results are very

important for the fuel cell system control.

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this study, a steady and unsteady, water and thermal management model was
developed, which considers pressure effect, pressure drop, open circuit voltage
dependence on pressure and stack temperature, and membrane conductivity dependence
on the water vapor from both anode and cathode sides. It is shown that the present model
agreed reasonably with the experimental results and has sufficient accuracy for
engineering applications.

The model can predict a series of important parameter profiles along the flow
channel; current density, overpotential and oxygen concentration distributions in the
catalyst layer can be calculated. Transient phenomena of the PEM fuel cell can be
simulated with this model as well. This model can be used as part of a PEM fuel cell
stack or system modeling.

In addition, a new concept of relative water content was proposed; this concept is
useful for identifying liquid water and water vapor along the flow channels. Through this
parameter, the water flow rate and its phase (liquid or vapor) can be identified easily by
reading the curves. Thus it provides an easy way to classify the state of water that is very
important for the designers when they propose a new design.

The effects of various operating and design parameters on fuel cell performance

were investigated. The effects of anode inlet relative water contents on the fuel cell
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performance were also investigated. In addition, the simulations for unsteady state were
conducted. Based on this study, the following conclusions can be drawn:

1. The humidification of both anode and cathode is very important for the
performance of PEM fuel cell. The water content of anode side, which tends to
dry, dominates membrane performance and plays a key role on the
performance of PEM fuel cell. When inlet humidification is applied to improve
cell performance, the increase of pumping power and burden of water removal
because of humidification should also be considered in the system design.

2. Proper liquid water injection at anode inlet could improve fuel cell
performance since the liquid water could evaporate to generate water vapor and
thus to make the membrane well hydrated. The liquid water injection at
cathode inlet is not advocated because it would not improve the cell
performance but increase the burden of water removal.

3. The PEM fuel cell performance could be improved by increasing the flow inlet
temperatures within a reasonable range (should not be higher than 373K).

4. Higher pressure difference between cathode and anode side leads to higher fuel
cell performance.

5. The pressure drop in the PEM fuel cell flow channels increases the pumping
power cost. So it must be paid more attention when designing a fuel cell,
especially air is used other than pure oxygen. Pressure loss is one of the
important parameters that affect total system efficiency and optimization.

6. The dynamic simulation results are very important for the fuel cell system

control.
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7.2 Recommendations for Future Work

It is recommended that future work be conducted in term of the following aspects:

1. The model presented here should be validated through systematic experimental
investigation.

2. The liquid water behavior in the flow channels and two-phase flow may be

introduced into this model to simulate the phase change more precisely.
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Fig. 31. Effects of anode inlet water content and pressure loss

on the power of a single fuel cell (Air)
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Fig. 32. Temperature profiles along the channels
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Fig. 33. Contribution of electro-osmotic drag coefficient (n,), diffusion

and convection effect on net water flux per proton ()
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Fig. 34. Water vapor and liquid distribution along the anode flow channel
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Fig. 35. Water vapor and liquid distribution along the cathode flow channel
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Fig. 36. The distribution of current density within the catalyst layer
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Fig. 37. The distribution of overpotential within the catalyst layer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

95



: o

= 1 . : TV ain ‘
L : : ¢c,in,.=-.1'0"' ,
= : sl e 10AMm
S 084 : w = HOA
3 :

< 0.6 .4 :

c

S
O pad

o
o .
‘c OVC: e

3
0
= {1

£

5

-0.7 .

< 100

U
Percentage of Catalyst Layer Percentage of Channel Length

Fig. 38. The distribution of oxygen concentration within the catalyst layer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96



50 1 1 T 1 T | 1 1 T

70

60 /

a0 +

40 +

l,g=10 (afcm?)

20+ %in

Average Stack Temperature (*C)

10

D 1 1 1 1 I 1 1 1 1

0 5 10 15 20 25 30 35 40 45
Time (Second)

Fig. 39. The evolution of average stack temperature with time

using implicit Crank — Nicholson for different time steps
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Fig. 40. The evolution of stack temperature profiles with time

using implicit Crank — Nicholson for different time steps
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Fig. 41. The evolution of pressure drop in anode channel with time

using implicit Crank — Nicholson for different time steps

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2500 T T T T T T T T T

(Y]

o

o

o
T

—
[4)]
o
Q
T
1

Cathode Channel Pressure Drop (Pa)
=
fom |

| =1.0 Afcm?
a2vg
200 + ¢a,in =125 .
¢c,in =10
D 1 1 1 1 1 1 1 — 1
0 9 10 15 20 25 30 35 40 45 50

Time (second)

Fig. 42. The evolution of pressure drop in cathode channel with time

using implicit Crank — Nicholson for different time steps
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Fig. 43. The evolution of pumping power at cathode side with time

using implicit Crank — Nicholson for different time steps
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Fig. 44. The evolution of average membrane conductivity with time

using implicit Crank — Nicholson for different time steps
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Fig. 45. The evolution of average activation loss with time

using implicit Crank — Nicholson for different time steps
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Table 1. Representative catalyst surface areas for different catalyst types

Surface area / Pt mass
Catalyst type

A, (m%/g)
10% Pt on carbon black 140
20% Pt on carbon black 112
30% Pt on carbon black 88
40% Pt on carbon black 72
60% Pt on carbon black 32
80% Pt on carbon black 11
Pt black 28
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Table 2. Typical dimensions and parameters used in the simulation

Parameter Value
Channel length 95.34 mm
Channel width 0.1 mm
Channel height 0.1 mm
Inlet pressure at anode 1.1 atm
Inlet pressure at cathode 1.1 atm
Inlet temperature of flow at anode 343K
Inlet temperature of flow at cathode 343K
Anode excess coefficient 2.0
Cathode excess coefficient 2.0
Average Current Density 1.0 A cm™

Permeability of water

1.58x10™ cm?

Water viscosity

3.656x10° gem™ s

Heat transfer coefficient

0.0025 J s'em?°C!

Dry membrane density 20gcem”
Dry membrane equivalent weight 1100 g mol”
Membrane thickness 0.1275 mm

Intradiffusion coefficient of water in membrane

5.5x107 cm” s™

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

105



Table 3. The effects of pressure loss and anode inlet water content
on the power of the single cell

Buin 0.5 0.75 1.0 1.25
Voltage (V) 0.10 0.25 0.38 0.42
Current (A) 38.12 38.12 38.12 38.12
Power (W) 3.812 9.53 14.486 16.01
Power loss due to 0.3812 0.3812 0.3812 0.3812
pressure drop (W)

Percentage of power loss | 10 4 2.6 2.4
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