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bstract

A non-isothermal, non-isobaric water and thermal management model with phase change has been developed to simulate the mass and energy
sensible heat, latent heat, chemical reaction energy, electrical energy) transfer processes inside a PEM fuel cell unit with a non-uniform stack
emperature (hereafter the stack temperature has the same meaning of the cell temperature since only single cell is considered). Based on this model,
he following parameters can be predicted along the channels on both cathode and anode sides: current density, output voltage, stack temperature,

tream pressure and temperatures, stream velocity, relative humidity, water vapor mole fraction, water liquid fraction, density, viscosity, Reynolds
umber, required pumping power, and so on. Also, the results from uniform stack temperature model and non-uniform stack temperature model
re compared in this research.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Most current automobiles are driven by internal combustion
ngines which consume fossil fuel and generate air pollution.
ith the increasing public concerns of environmental protec-

ion, it is predictable that more and more strict regulations will be
nforced to reduce or limit the emission of these vehicles in the
uture. For example, California’s zero emission vehicle (ZEV)
andate [1] requires 10% of the vehicles sold by the automotive
anufacturers after year 2004 to be ZEVs [2]. Similarly, Euro-

ean auto-companies are required to meet their voluntary carbon
ioxide (CO2) emission limits set by the European Union [3].
ccording to the Kyoto Protocol, the international community

s committed to cut greenhouse gas emissions step by step. The
O2 emitted by automobiles is one of the major components
f greenhouse effects. World Governments, including the Cana-
ian Government, have already invested a lot in exploring new

ays to replace the internal combustion engine in automobiles.
mong all the technical proposals, the fuel cell is one of the
ost potential and feasible solutions to achieve this goal. The
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dification; Pressure drop

enefits of using fuel cells are as follows [4]: firstly, fuel cells
onsume hydrogen instead of the exhaustible fossil fuel, which
ventually protect our natural resource and environment; sec-
ndly, fuel cells emit only water, therefore, there is no pollution
t all. Among all the currently existing fuel cells, the proton
xchange membrane (PEM) fuel cell has been widely consid-
red as one of the most promising candidates for automobiles
ince it has one additional advantage over many other fuel cells;
he PEM can operate at room temperature for quick startup.

In recent years, many computer models of PEM fuel cell
ave been developed. Fuller and Newman [5] developed a non-
sothermal model by including the material balances in the
hannel, the concentration and temperature gradients along the
hannel as well as across the membrane surface. Nguyen and

hite [6] studied the variation in current density, water trans-
ort, and flow temperatures along the channel. They also mod-
led the effect of varying anode inlet humidity. Subsequently,
n advanced model was developed by Yi and Nguyen [7] to
ompare different fuel cell designs with coflow and counterflow
eat exchangers. In this analysis, they include the thermal mass

f the stack, account for the impact of the pressure difference
etween anode and cathode on water transport in the cell. How-
ver, a clear validation of results in both of the analyses was
ot presented. Mosdale and Srinivasan [8] gave a good review

mailto:bzhou@uwindsor.ca
dx.doi.org/10.1016/j.jpowsour.2006.02.107
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Nomenclature

a water vapor activity in stream
Ac the heat transfer area between stack and flow in a

control volume (cm2)
Acool the heat transfer area between stack and coolant

(cm2)
Across the cross-section area of channel (cm2)
As the cross-section area of stack (cm2)
CMW concentration of water at interface of the mem-

brane (mol cm−3)
Cp,i heat capacity of species i (J mol−1 K−1)
d channel height (cm)
dp pressure drop (Pa)
D hydraulic diameter of channel (cm)
Dw diffusion coefficient of water (cm2 s−1)
D0 parameter used in expression for diffusion coeffi-

cient of water (cm2 s−1)
f(x) friction factor
F Faraday constant, 96,487 C equiv.−1

h channel width (cm)
I current (A)
I(x) current density (A cm−2)
I0 exchange current density for the oxygen reaction

(A cm−2)
k thermal conductivity of the stream (W m−1 ◦C−1)
kc evaporation and condensation rate constant (s−1)
L length of channel (cm)
M equivalent weight of a dry membrane (g mol−1)
Mi molecular weight of species i (g mol−1)
nd electro-osmotic drag coefficient (number of water

molecules carried by per proton)
N mole number of species in the stream (mol s−1)
Nch number of channel (s)
NE number of electrons (A−1 s−1)
pi partial pressure of species i (Pa)
P cell total pressure (Pa)
Ppump pumping power (W)
q energy (J s−1)
Q volume flowrate (m3 s−1)
Ru the ideal-gas constant (8.3144 J mol−1 K−1)
Re Reynolds number
RH relative humidity
S entropy (J mol−1 K−1)
t thickness (cm)
T temperature of stream (K)
Ts temperature of stack (K)
U overall heat transfer coefficient

(J s−1 cm−2 ◦C−1)
V flow velocity (m s−1)
Vcell cell voltage (V)
x direction along the channel length
y direction normal to the channel length

Greek letters
α excess coefficients of air (oxygen)
αarea reaction area coefficient
βH2 mole fraction of hydrogen (100%)
βO2 mole fraction of oxygen in air (20.9%)
φ water content in stream
η overpotential for the oxygen reaction (V)
µ dynamic viscosity (N s m−2)
ρ density (kg m−3)
ρm,dry density of a dry membrane (g cm−3)
σm membrane conductivity (�−1 cm−1)

Subscripts
air dry air
avg average
A anode
cell the unit fuel cell
concentration the concentration of species in the streams
cool cooling system
C cathode
drag electro-osmotic drag
e electron
ele electricity
gas species except water vapor and water liquid
gen generated
heat heat
H2 hydrogen
H2O produced water
in inlet of channel
latent latent heat
liquid liquid water in the flow
loss energy released to environment
m membrane
MW water in membrane
N2 nitrogen
oc open circuit
O2 oxygen
pressure the partial pressure in the streams
pump the pump supplied the reactants to fuel cell
room environment
rxn reaction
sat saturation
sen sensible
stack the stack of fuel cell
system a closed system
vapor water vapor in the flow
water all water including vapor and liquid in the flow
0 in the standard state
1 A per ampere
# cathode or anode
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n the work that has been conducted at Texas A&M Univer-
ity. In this review, various models are compared and the effect
f different humidification on the performance of the fuel cell
s discussed. Unfortunately, this paper does not give the exact
etails of their modeling approaches. Amphlett et al. [9,10] have
eveloped PEM fuel cell models that are based on both the the-
retical mechanistic analysis and empirical data. They perform
n empirical treatment of the membrane and explain the water
ransport processes in the membrane. Nevertheless, this model
annot predict some parameters, such as anode humidification,
emperature, pressure and so on. Researchers such as Marr and
i [11], Dannenberg et al. [12], Hertwig et al. [13], Ge and Yi

14] and Xue et al. [15] have been performing fuel cell modeling
or many years and have made very impressive progress. Those
odels emphasized important characteristics of the membrane,

lectrodes, as well as a detailed description of the water content
n the membrane. In order to simplify the process, most models
re isothermal and isobaric and with a uniform stack tempera-
ure. These parameters, e.g., stream temperature and pressure,
tack temperature are crucial for optimizing PEM fuel cells.
owever, few papers in the available literature addressed them

n detail. Zhou et al. [16] from the same group as the present
aper, proposed a non-isothermal and non-isobaric model with
hase change effects to address these challenges, although the
tack temperature was also assumed to be uniform to simplify
he real complex processes inside the PEM fuel cells.

In the present study, the model, proposed by Zhou et al. [16],
ill be extended to a non-isothermal and non-isobaric model
ith non-uniform stack temperature. This improved model and

ome simulation results are presented below.

. Mathematical model

Fig. 1 shows a typical construction of a PEM fuel cell. In the
resent study, two coordinate axes are chosen. The x-axis is along

o the gas channels. The temperature, pressure and concentration
f gas flow will be calculated along this direction. The y-axis is
erpendicular to the membrane. The hydrogen ions and water
olecules transport from anode to cathode along this direction.

Fig. 1. Schematic diagram of PEM fuel cell modeling regions.
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he model includes the following parts: mass balance, energy
alance, pressure drop and cell output voltage.

Although most of the equations have been presented in Zhou
t al. [16], they are repeated here for completeness.

.1. Basic assumptions

In the present model, the water transport mechanisms in the
embrane are based on the study by Yi and Nguyen’s study [7].
ome corresponding assumptions are listed as follows:

. Only water vapor can diffuse into the electrode and pass
through the membrane.

. The electrode layer is “ultra thin”, gas diffusion through the
electrode porous layer is neglected.

. The gases and water vapor are fully mixed, and the mixture
is ideal gas.

. Liquid water exists only in the form of small droplets and the
volume is negligible.

. Water vapor is produced in the electrochemical reaction. This
assumption could bring some inaccuracy since the operating
temperature is usually under 100 ◦C. In reality, the product
water could be liquid water, or part of water vapor and part
of liquid water depending on the local conditions.

. No voltage drop exists along the flow channels. This assump-
tion was made to simplify the real situation. It is a reasonable
assumption because the bipolar plate, usually made from
graphite, has a high electrical conductivity.

. The channels in each unit cell have the same geometry and
same surface roughness.

. A single channel is assumed to represent the unit cell for
numerical simulations.

. The temperature of the solid (including MEA and plates) is
assumed to be constant in the y-direction only.

.2. Mass balance

Fig. 2 shows the mass balance in a unit fuel cell. The amount
f inlet gases is calculated according to the amount of gases
onsumed by the electrochemical reaction for PEM fuel cell:

H2 + O2 = 2H2O. One equivalence of electrons is 1 mole of
lectrons or 6.022 × 1023 electrons (Avagadro’s number). This
uantity of electrons has the charge of 96,487 coulombs (C)
Faraday’s Constant). Therefore, the charge of a single electron

Fig. 2. Mass balance of a unit fuel cell.



1 wer S

i
A
a

n

w
c
e
a
o

n

n

n

d

α
gen

drog

n

n

n

n

w
a
s

o
u

N

N

N

t

w
l
d

n
d
m
m
d
w
b
t
f
g
o
s
x
d

N

w
d
r
a

049

849

w
t
w
v
w
e
d

a

a

w
a
a

46 Y. Zong et al. / Journal of Po

s 1.602 × 10−19 C. One ampere of current is defined as 1 C s−1.
s a result, the mole number of electrons for 1 A of current is

s follows:

e = NE1 A

6.022 × 1023 = 1.03656546 × 10−5 mole (A s)−1 (1)

here NE1 A represents the number of electrons of 1 A. It can be
alculated by NE1 A = 1/1.602 × 10−19. Based on the reaction
quation, the theoretical mole numbers of consumed oxygen
nd hydrogen, and produced water for 1 A current output can be
btained by the following equations:

O2,1 A = 1
4ne (2)

H2O,1 A = 2
4ne = 1

2ne (3)

H2,1 A = 2
4ne = 1

2ne (4)

The excess coefficients for air (oxygen) or hydrogen is
efined as

= actually supplied mole number of air (oxygen) or hydro

theoretically consumed mole number of air (oxygen) or hy

Therefore, the supplied oxygen, nitrogen and hydrogen mole
umbers can be calculated by the following equations:

O2,in,1 A = αO2nO2,1 A (6)

N2,in,1 A = nO2,in,1 A
1 − βO2

βO2

(7)

H2,in,1 A = αH2nH2,1 A

βH2

(8)

here βO2 is the mole fraction of oxygen in air (βO2 = 20.9%)
nd βH2 is that of the hydrogen in anode (βH2 = 1 in the present
tudy).

For generating I amperes of current, the molar flowrates of
xygen, nitrogen and hydrogen for the single channel are eval-
ated in (mol s−1) as

C,O2,in = InO2,in,1 A

Nch
(9)

C,N2,in = NC,O2,in
1 − βO2

βO2

(10)

A,H2,in = I
nH2,in,1 A

Nch
(11)

The components of the mixture vary along the channels and
he local molar flowrates in channel are defined as follows:

dNC,O2 (x)

dx
= −nO2,1 AI(x)hαarea (12)

nd(x) =
{

0.0

1.5
dNC,N2 (x)

dx
= 0 (13)

dNA,H2 (x)

dx
= −nH2,1 AI(x)hαarea (14)

w

N

ources 161 (2006) 143–159

en
(5)

here αarea is the reaction area coefficient that accounts for the
and area for reaction due to gas diffusion from the channel to
iffusion layer.

The variations of vapor and liquid water along the chan-
els are more complicated. Water vapor transport and con-
ensation, and liquid water evaporation are considered in this
odel. There are three water transport mechanisms across the
embrane, according Yi and Nguyen [7]: (a) electro-osmotic

rag—since the hydrogen ions pass through the membrane, the
ater molecules are carried from the anode to the cathode; (b)
ack-diffusion by the concentration gradient of water—because
he water concentration is different, some water molecules dif-
use from the cathode to the anode; (c) convection by the pressure
radient—water moves from higher-pressure side to the lower
ne. In a calculated volume, usually it is very small if the grid
ize is small enough, there is negligible potential gradient in the
-direction within the calculated volume. The electro-osmotic
rag flux (mol s−1) in the y-direction is as follows [6]:

drag(y) = nd(x)I(x)

F
(15)

here I(x) is the local current density of the fuel cell, F is Fara-
ay’s constant, nd the electro-osmotic drag coefficient which
epresents the number of water molecules carried by one proton
nd is calculated by [6]:

+ 2.02a(x) − 4.53a2(x) + 4.09a3(x) 0 < a(x) ≤ 1

+ 0.159(a(x) − 1) a(x) > 1
(16)

here a(x) is the activity of water vapor in membrane. Since
he membrane is placed between the cathode and anode, the
ater vapor activity in the membrane is affected by the water
apor activity at both cathode and anode. A weighted average
ater activity for the water vapor activity in the membrane is

mployed. The water vapor activity at anode or cathode a#(x) is
efined as [6]:

#(x) = N#,vapor(x)∑
iN#,i(x)

p#(x)

p#,sat(x)

(i, the species in the flow stream #) (17)

The water vapor activity at the membrane is defined as

M(x) = αMaA(x) + (1 − αM)aC(x) (18)

here αM is the weight coefficient. Thus, the water vapor activity
t the membrane depends on the water activity at both cathode
nd anode.

The diffusion flux caused by the concentration gradient of

ater can be written as follows:

concentration(y) = DMW

(
∂cMW

∂y

)
(19)



Y. Zong et al. / Journal of Power Sources 161 (2006) 143–159 147

where the diffusion coefficient of water is as follows [7]:

DMW =

⎧⎪⎪⎨
⎪⎪⎩

(0.0049 + 2.02a(x) − 4.53a2(x) + 4.09a3(x))D0 exp

[
2416

(
1

303
− 1

Ts(x)

)]
for 0 < a(x) ≤ 1

1.59 + 0.159[(a(x) − 1)]D0 exp

[
2416

(
1

303
− 1

Ts(x)

)]
for a(x) > 1

(20)

Convection flux caused by pressure gradient [7] is

Npressure(y) =
[
cMW,C(x) + cMW,A(x)

2

]
kP

µW(x)

(
∂p#,vapor

∂y

)
(21)

where p#,vapor is the water vapor pressure in the anode and cathode channels, respectively. kp the permeability of water in the
membrane, µW(x) the water viscosity and cMW,C(x) and cMW,A(x) are the concentrations of water in cathode and anode, respectively,
with the expression given below [6]:

cMW,#(x) =

⎧⎪⎪⎨
⎪⎪⎩

ρm,dry

Mm,dry
[0.043 + 17.8a#(x) − 39.8a2

#(x) + 36.0a3
#(x)] for 0 < a#(x) ≤ 1

ρm,dry

Mm,dry
[14 + 1.4(a#(x) − 1)] for a#(x) > 1

(22)

where ρm,dry and Mm,dry are the density and the equivalent weight of a dry proton exchange membrane. Therefore, the change of
water flux along the channel at the cathode can be expressed by

dNC,water(x)

dx
= [nH2OI(x) + Ndrag(y) − Nconcentration(y) − Npressure(y)]hαarea (23)

The variable trend of water flux in anode can be expressed by

dNA,water(x)

dx
= [−Ndrag(y) + Nconcentration(y) + Npressure(y)]hαarea (24)

The mole number of water condensation or evaporation can be calculated as [6]:

dN#,liquid(x)

dx
=

(
kchd

RuT#(x)

) [
N#,vapor(x)∑

iN#,i(x)
p#(x) − p#,sat(x)

]
(i, the gaseous species in stream #) (25)

In order to present the state of vapor water and liquid water, relative humidity (RH) and relative water content (φ) are defined as
follows:

RH#(x) = partial pressure of vapor water

saturation pressure
or RH#(x) = N#,vapor(x)∑

iN#,i(x)

p#(x)

p#,sat(x)
(26)

and

φ#(x) = mole number of water (vapor + liquid)

mole number of water in saturation
or φ#(x) = N#,water(x)∑

iN#,i(x)

p#(x)

p#,sat(x)
(i, the gaseous species in stream #) (27)

2.3. Energy balance

As shown in Fig. 3, the energy in a unit fuel cell consists of the energy released from chemical reactions, which is the source of
energy in fuel cell; the electrical energy for generating power; the heat for increasing the solid phase temperature; the sensible heat
for increasing the temperature of flow; the latent heat for water phase changes; the waste heat taken away by coolant; and the heat
loss to the environment at the inlet and exit of channel.

The total energy balance is

qrxn(x) = qelec(x) + qheat(x) = qelec(x) + q(x)stack +
∑

q#,sen(x) +
∑

q#,latent(x) + qcool(x) (28)

The energy released from electrochemical reaction is difficult to calculate. In general, enthalpy or entropy is employed to evaluate
the energy and electrical work in an electrochemical system. For a reversible cell:

qheat(x) = T0	S(x) (29)

In this study, the entropy is used to calculate the released energy. For the reacting and non-reacting system, the entropy balance
for undergoing any process can be expressed as

(Sin − Sout) + Sgen = 	Ssystem (30)
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Fig. 3. Energy balance of a unit fuel cell.

his means that the change of entropy in a system can be deter-
ined by the net entropy transfer and the entropy generated in

he system. The difference of the entropy change between a sys-
em with chemical reaction and a non-reacting system is that:
he entropy relations for the reactants and the products involve
he entropies of the components, not entropy changes, which is
he case for non-reacting system [17]. Thus, a common base for
he entropy of all substances is established by the third law of
hermodynamics. Based on the third law of thermodynamics, the
ntropy has a common universal scale for each chemical com-
ound. The common scale, called the absolute entropy, is based
n the fact that the entropy for any pure element is zero at the
emperature of absolute zero. For the electrochemical reaction
n a PEM system, it is difficult to calculate the reaction heat for
he total reaction. However, if one could tell the heat generation
n which electrode heat is generated and in which it is absorbed,
he corresponding total reaction heat can be calculated easily.
or the electrode reaction at the anode, the entropy change can
e calculated by

S◦
A = 4S◦

H+ + 4S◦
e− − 2S◦

H2
(31)

here S◦ is the absolute values of species at the standard state:
0 = 298.15 K, P0 = 1 bar. The numerical values for the species
re taken from Refs. [18,19]. The entropy change at anode is:
A = 0.208 J (mol K)−1 [18]. In the same way, the entropy change
or the cathode reaction, can be calculated by

S◦
C = 2S◦

H2O − S◦
O2

− 4S◦
e− − 4S◦

H+ (32)

The entropy change at the cathode is:
C = −326.36 J (mol K)−1 [18]. The absolute entropy of
pecies i at temperature T and pressure P can be calculated
rom

i(T, P, x) = S◦
i +

∫ T

T0

Cp,i(x)

T
dT +

∫ P

P0

[
−∂νi(x)

∂T (x)

]
dp

(33)

here νi(x) is the specific volume of flow at the location of x.
onsidering the total reaction in a cell, the reaction heat flux

J s−1) can be calculated for the reversible process as[ ]

heat(x) = 	SA(x)

2F
+ 	SC(x)

4F
Ts(x)I(x)hαarea dx (34)

For the real irreversible process, due to the ohmic loss and
eaction resistance, some of the electrical energy is turn into the
ources 161 (2006) 143–159

eleased heat. The total reaction heat flux can be expressed as

heat(x) =
[
	SA(x)

2F
+ 	SC(x)

4F

]
TsI(x)hαarea dx

− η(x)I(x)hαarea dx (35)

If the numerical value of qheat(x) is negative, it means that the
hemical reaction emits heat to the surrounding.

The electrical energy (J s−1) is

elec(x) = Vcell(x)I(x)hαarea dx (36)

he sensible heat of mixture flow at cathode channel (J s−1) is

q#,sen(x) =
∑

i

[N#,i(x)Cp,i(x)] dT#(x)

(i, the gaseous species in stream #) (37)

The latent heat for water vapor condensation or liquid water
vaporation at cathode or anode channels (J s−1):

q#,latent(x) = [H#,vapor(x) − H#,liquid(x)] dN#,liquid(x) (38)

In this model, the heat taken by the coolant is considered and
xpressed by

cool(x) = UcoolAcool[TS(x) − Tcool] (39)

here Ucool is the heat transfer coefficient between stack and
oolant, Acool is the area of heat transfer.

When the streams flow along the channels, they will gain or
ose heat due to the heat transfer between the fluid and stack.
herefore, the temperature of flow depends on the stack tem-
erature and the latent heat as well, which can be calculated as
ollows:

i

[N#,i(x)Cp,i(x)]
dT#(x)

dx

= [HW,vapor(x) − HW,liquid(x)]
dN#,liquid(x)

dx

+ U#h[TS(x) − T#(x)] (40)

# represents the heat transfer coefficient between the flow
tream # and stack. The term on left side of the equation repre-
ents the heat flux obtained by gaseous flows. The first term on
he right side of the equation accounts for the enthalpy change
ue to condensation or evaporation of water in the channels,
hich can be calculated using Eq. (41). The second term on the

ight side of the equation is for the convection heat flux between
he stream and the stack:
= 45070 − 41.9[T#(x) − 273] + 3.44 × 10−3[T#(x) − 273]2

+ 2.54 × 10−6[T#(x) − 273]3

− 8.98 × 10−10[T#(x) − 273]4 (41)
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The stack temperature varies with position/location along the
hannels. It is determined by the local current density, local latent
eat, and local cooling heat. It is calculated by the following
nergy balance equation:

ASk
d2TS(x)

dx2 − [NC,liquid(x) + NA,liquid(x)]CP,water
dTS(x)

dx

= −ACU#[TA(x) + TC(x) − 2TS(x)]

− AcoolUcool[Tcool(x) − TS(x)]

− [HA,vapor(x) − HA,liquid(x)]
dNA,liquid(x)

dx

− [HC,vapor(x) − HC,liquid(x)]
dNC,liquid(x)

dx

+
[(

	SA(x)

2F
+ 	SC(x)

4F

)
TS(x) − η(x)

]
I(x)hαarea

(42)

here k is the thermal conductivity of the stack, AS the cross-
ection area of the stack along the flow direction, AC the heat
ransfer area between stack and flows, and Acool is the heat trans-
er area between stack and coolant. The term on the left side of
quation represents energy flow by the conduction in the stack of
he cell along the gas flow path (x-direction). The temperature
istribution normal to gas flow (y-direction) is assumed to be
niform. The first term on the right side of equation is for con-
ective heat transfer between the streams in the channels and the
ell stack. The second term on the right side of equation accounts
or convective heat transfer between the cell stack and coolant.
he temperature of coolant is assumed to be constant along the
hannels. The third and fourth terms represent the energy taken
r released from the phase changes of water in the anode or cath-
de flow (latent heat), which can be calculated in Eq. (40). The
ast term represents heat generation by the reversible chemical
eaction process.

.4. Pressure drop

The pressure drop of the gas mixture in the fuel cell flow
hannel was rarely considered in currently available fuel cell
esearch publications. But, in industrial design and practice, it is
significant parameter simply because it directly affects system
fficiency.

The saturation pressure (Pa) can be expressed in terms of the
ocal temperature [19]:

sat(x) = 1.013 × 105 × 10−2.1794+0.02953(T#(x)−273)−9.1837×10−5

Based on the assumption that the mixture is regarded as an
deal gas, local volumetric flow (m3 s−1) in the cathode and
node can be calculated using the ideal-gas law:
#(x) =
∑

i

N#,i(x)Ru
T#(x)

p#(x)

(i, the gaseous species in stream #) (44)
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x)−173)2+1.4454×10−7(T#(x)−273)3
(43)

The local velocity (m s−1) in the cathode and anode can be
alculated as follows:

#(x) = Q#(x)

A#,cross
(45)

here A#,cross is the cross-section area of channel.
Since the mole fraction of gases in the channel varies, local

ensity (kg m−3) also varies with the different components in
he flow. It can be calculated from

#(x) =
∑

i

[
N#,i(x)∑
iN#,i(x)

M#,i

1000

]
p#(x)

T#(x)Ru

(i, the gaseous species in stream #) (46)

Local dynamic viscosity can be calculated by interpola-
ion. µi,100 is the gas dynamic viscosity at 100 ◦C and µi,0 is
he gas dynamic viscosity at 0 ◦C. The temperature range of
ow in the calculated cases is 0–100 ◦C, so, the local dynamic
iscosity is

#(x) =
∑

i

{
N#,i(x)∑
iN#,i(x)

[
T#(x) − 273

100 − 0
(µi,100−µi,0) + µi,0

]}

(i, the gaseous species in stream #) (47)

For laminar flow, pressure drop in each control volume can
e expressed as (Pa):

dp#(x)

dx
= ρ#(x)f#(x)

V 2
# (x)

2D
(48)

here f#(x) is the friction factor and D the hydraulic diameter of
he channel. In this model, the channels are straight, so that only
riction loss is considered. The local pressure (Pa) is calculated
rom the pressure at inlet by subtracting the pressure drop from
he inlet to the current control volume:

#(x) = p#,in −
∫ x

0

[
dp#(x)

dx

]
dx (49)

The total required pumping power (W) is used by the designer
o choose a pump to maintain the flow. It is given by

#,pump = Nch

∫ L

0

dp#(x)

dx
Q#(x) dx (50)

.5. Cell output voltage

Cell output voltage is a significant parameter that is used

o evaluate the performance of a PEM fuel cell. The goal in
his section is to model the potential losses in the gas diffusion
ayers and membrane, so that the output potential can be accu-
ately predicted. The output voltage of the fuel cell is modeled as
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numerical solution along the channel.
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Table 1
Geometry parameters of a single fuel cell.

Parameters Values

Channel length (L) 85 cm
Channel width at cathode and anode (h) 0.15 cm
Channel height at cathode and anode (d) 0.08 cm
Channel number of cathode and anode (Nch) 6
The effective area 100 cm2

Condensation rate constant (kc) 1.0 s−1

Membrane dry density (ρm,dry) 2.0 g cm−3

Membrane dry equivalent weight (Mm,dry) 1100 g mol−1

Membrane thickness (tm) 0.01275 cm
Fuel cell open-circuit voltage (Voc) 1.1 V
O
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Fig. 4. Control volume layout for

he reversible cell voltage minus activation losses, concentration
ver-potential and ohmic resistance of the electrodes, catalyst
ayer and membrane. The cell potential is expressed as [6]:

cell = Voc − η(x) − I(x)tm
σm(x)

(51)

here Voc is the open-circuit potential of fuel cell and η(x) refers
o the cell over-potential which combines activation losses and
oncentration losses together and is calculated as follows [6]:

(x) = RuTs(x)

0.5F
ln

(
I(x)

I0pC,O2 (x)

)
(52)

here I0 is the exchange current density at one atmosphere
f oxygen, pC,O2 (x) the partial pressure of oxygen at cathode,

I(x)tm
σm(x) the ohmic loss which depends on the membrane water
ctivity, stack temperature and membrane thickness and σm(x)
s the membrane conductivity calculated by the following
quation [19]:

m(x) =
(

0.00514
Mm,dry

ρm,dry
cMW(x) − 0.00326

)

×exp

(
1268

[
1

303
− 1

Ts(x)

])
(53)

here

MW(x) =

⎧⎪⎪⎨
⎪⎪⎩

ρm,dry

Mm,dry
[0.043 + 17.8a(x) − 39.85a2(x) + 36.0a3

ρm,dry

Mm,dry
[14 + 1.4(a(x) − 1)]

The current density is distributed unevenly along the chan-
el. However, when a fuel cell is evaluated, the output current
s of major concern. Therefore, the average current density is
alculated using:

avg = 1

L

∫ L

0
I(x) dx (55)

. Solution procedure

Based on previous analysis, the model can be summarized
nto a set of non-linear differential equations. In this study, iter-
tive methods are chosen to solve the differential equations. The
olution procedure includes three loops. The outer loop adopts
Gauss–Jacobi method to solve the equations, such as mass

f hydrogen, mass of oxygen, pressure drop, stream tempera-

ures, mass of water vapor and liquid water, and so on. In the
nner loop, a Tri-Diagonal Matrix Algorithm is used to calculate
he energy balance to get the stack temperature. For the non-
inear algorithm equation, such as cell potential–current density

m
t
r
o

for 0 < a(x) ≤ 1

for a(x) > 1
(54)

xygen exchange current density (I0) 0.01 A cm−2

iffusion coefficient of water in membrane (D0) 5.5 × 10−7 cm2 s−1

q. (51), the Newton–Raphson method is applied to calculate
he local current density. Before the iterative methods can be
pplied, the differential equations are required to be discretized
nto algebraic equations. In this simulation, the finite difference

ethod is adopted. The channel is subdivided into n control
olumes of equal length L = L/n in x-direction (shown in Fig. 4).
he exit values at the kth control volume are the inlet values at

he (k + 1)th control volume, and all variables are stored at the

entroid of each cell. A set of differential equations is replaced
y algebraic equations based on this method.

In this simulation, the hydrogen and air flow in the channels
re in the coflow mode. Table 1 lists the basic geometric parame-
ers and electrode and membrane properties of the unit fuel cell.

. Model validation and results analysis

A NexaTM system [20] is used in this experiment. The
exaTM system consumes hydrogen and air to provide dc power
p to 1200 W with a nominal output voltage of 26 VDC. It con-
ains a BALLARD® fuel cell stack, as well as all the auxiliary
quipment necessary for fuel cell operation.

Fig. 5 compares the simulation results for constant stack
emperature and for variable stack temperature with the experi-
ental data. When the current density is less than 0.25 A cm−2,
he output voltage in the modes is greater than the experimental
esults. After the current density exceeds 0.3 A cm−2, the
utput voltage in the model is less than the experiment results.
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Table 2
Operating condition in base case

Parameters Values

Inlet temperature of air 313 K
Inlet temperature of hydrogen 313 K
Inlet relative humidity of air 1.0
Inlet relative humidity of hydrogen 1.0
Outlet pressure of cathode 109535 Pa
Outlet pressure of anode 109535 Pa
Current density 0.5 A cm−2

Excess coefficient of flow at cathode 2.02
Excess coefficient of flow at anode 1.169

F

w
c
c
density. Further down the channel, the water activity at the
anode flow drops quickly and the membrane becomes drier and
more resistive which decreases the current density. However,
since there is some water produced by the electrochemical reac-
Fig. 5. Comparison of the model predictions with the empirical data.

bviously, the inner resistances in the models are greater than
hat in practice. Meanwhile, the resistance in the constant stack
emperature model is greater than that in the variable stack
emperature model. It is difficult to explain clearly the exact
easons for the errors between the model results and experiment
esults. However, some factors may contribute to the error of the
esistance calculation, which lead to the above simulation result.

In the model, I(x)tm
σm(x) represents the ohmic loss inside the

uel cell, which depends on local current density, membrane
hickness, and the membrane conductivity. The experimental
quation for membrane conductivity comes from experimental
esults of Ref. [21], which is based on a fully hydrated mem-
rane of Nafion 117. In the real situation, at many local points of
embrane, the hydration is not perfect, which means the water

ctivity in membrane varies. In addition, at the time of this report,
ata on the material and membrane thickness for the NexaTM

ower module was not available. According to previous research
22], the material and thickness of the membrane affect the mem-
rane conductivity greatly. Without the detailed information
egarding the membrane, it is challenging to obtain agreeable
urves between model results and experimental results.

.1. Base case analysis

The simulation is based on an operating condition at near
oom temperature and low pressure, which is called the “Base
ase”. The detailed operating conditions of the base case are
isted in Table 2.

Fig. 6 shows the local current density in the base case along
he channel. The current density is highest at the channel inlet. It
hen drops quickly to the lowest point. After that, current density
ncreases slowly along the channel until it reaches the channel
xit, where the current density increases sharply. This obser-
ation could be attributed to membrane water activity changes

long the channel.

Fig. 7 shows the water activity in the cathode flow, anode flow
nd membrane, respectively. Near the channel inlet, the water
apor in the flow is sufficient and the membrane is well hydrated,
ig. 6. The distribution of current density along channel in the base case.

hich increases the local conductive and electro-osmotic drag
oefficient of the membrane. As a result, more hydrogen ions
an pass through the membrane and generate higher current
Fig. 7. The distribution of water activity along channel in the base case.



152 Y. Zong et al. / Journal of Power S

F
b

t
i
c
i
a
o

d
i
l
c
i
T
i

t
d

F
t

c
t
c
i
t
t
r
a
t
t
p
a
t
b
w
a
a
w
T
l
t
t
a
t
a
w

s
g
A
s
t
d
t

ig. 8. The distribution of hydrogen, oxygen and nitrogen along channel in the
ase case.

ion continually at the cathode, the water activity of the stream
ncreases gradually along the channel. Correspondingly, the
urrent density increases. In summary, the water vapor fraction
n the flow has a direct impact on fuel cell performance. Fig. 9
lso displays that the water activity in the membrane depends
n the water activity in both the cathode and anode streams.

Fig. 8 shows how the mole number of oxygen and hydrogen
ecrease along the channel. Since the excess coefficient of air
s higher than that of hydrogen, the molar fraction of oxygen is
arger than that of hydrogen at the channel exit. The reason for
hoosing a large excess coefficient of air is that the excess air
s needed to take away the extra water in the cathode channel.
he mole number of nitrogen does not change because it is not

nvolved in the electrochemical reaction.

Fig. 9 shows the relationship of water activity, water con-

ent and water relative humidity in channels which have been
efined in the model description section above. In the cathode

ig. 9. The water activity, water content and relative humidity along channel in
he base case.
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hannel, the relative humidity of stream is equal to 1.0. Because
he water is produced continually, the water activity and water
ontent keep increasing. When the water vapor partial pressure
s greater than the saturation pressure, water vapor will condense
o liquid water. If the water vapor condensation rate is too low,
he water vapor partial pressure can be greater than the satu-
ation pressure in a short period of time. Therefore, the water
ctivity can be greater than 1.0. According to their definitions,
he difference between the water activity curve and water con-
ent curve at some point indicates that there is liquid water in this
art of the channel. In the anode channel, since the flow is usu-
lly unsaturated and there is no liquid water along the channel,
he three curves are overlapped. Fig. 10 shows the relationship
etween water content and water activity when the anode inlet
ater content is 1.25 and the liquid water is injected into the

node channels. In this special case, although relative humidity
long the channels is no more than 1.0, it still can be seen that the
ater content curve and water activity curve are not overlapped.
he area between water content and water activity means that

iquid water exists in the channels. This phenomenon is due to
he lower liquid water evaporation rate. Meanwhile, it is found
hat the water content curve and water activity curve overlap
fter 60% of the channel length. This behavior is attributed to
he fact that all of the liquid water evaporates into water vapor
t this location. Therefore, beyond this point, there is no liquid
ater in the channel.
Fig. 11 shows the temperature distribution of the cathode

tream, the anode stream and the stack along the channel. Fig. 12
ives the detailed temperature curves in the vicinity of the inlet.
t this part of the channel, heat can be transferred from the

tack to the environment by convection, which leads to the stack
emperature being lower than the stream temperature. Further
own the channel, there are several heat transfer processes
aking place: (a) a chemical reaction occurs and reaction heat is

eleased to the solid stack; (b) water vapor condenses and latent
eat is released; (c) convection heat transfer occurs as well due
o the temperature difference between the stream and stack.

ig. 10. The water activity, water content along channel for the liquid water
njection case.
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channel length. When the inlet temperatures of flow are 333 and
Fig. 11. The distribution of temperature along channel in the base case.

ccording to the curve, the anode temperature drops quickly
ear the channel inlet. When it reaches the stack temperature,
t increases with stack temperature. The cathode temperature
rops slowly, at 15% of the channel length, it reaches the same
emperature as the stack. It can be observed that the large flowrate
eads to the flow temperature changing slowly at the cathode.

Fig. 13 shows the distribution of pressure along the channel.
bviously, the pressure drop at the cathode channel is larger

han that at the anode channel. This is because the flowrate at
athode increases, which increases the flow velocity as well. On
he other hand, the flowrate and velocity of the stream at the
node decreases, consequently, the pressure drop decreases.

.2. Influence of the inlet temperatures of reactant gases
In this section, the effects of inlet temperatures of flow on the
EM fuel cell performance will be evaluated. The inlet temper-
tures of flows at both anode and cathode are set to 303, 313,
23, 333, and 343 K, respectively.

ig. 12. The distribution of temperature at the inlet of channel in the base case.

3
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Fig. 13. Distribution of pressure along channels in the base case.

The distribution of current density with different inlet
emperatures is shown in Fig. 14. The distributions of current
ensity are totally different for each inlet flow temperature.
hen the inlet temperatures of flow are 303 and 313 K, the

alues of current densities are highest at the channel inlet. They
hen decrease quickly until they reach the lowest point at around
he 8% of length down the channel. After that, the current
ensity increases again. The distribution of current density is
ery interesting when the inlet temperature of flow is 323 K.
he current density increases slightly around the entrance,
nd then begins to drop along the channel. At approximately
0% of channel length, the current density reaches the lowest
alue. After that, the current density starts to increase again.
his upward tendency stops at the position of about 60% of the
43 K, the current densities increase near the inlet, and then keep
ecreasing until the channel exit. This occurs primarily because
he current density depends on the water activity in the mem-

ig. 14. A comparison of current profiles along the channels with the different
nlet stream temperatures.
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seen that the tendency of stack temperature is similar to that of
current density. The larger the current density is, the more the
reaction heat is released and the higher the stack temperature.
Fig. 19 shows that the inlet temperatures of flow have a great
ig. 15. A comparison of membrane water activity along the channels with the
ifferent inlet stream temperatures.

rane and the partial pressure of oxygen in the cathode stream.
t a low inlet temperature, since the gas carries little water
apor, water activity is the primary factor that affects the current
ensity.

Fig. 15 shows the distribution of water activity at the dif-
erent inlet flow temperatures. It is found that the local water
ctivities in the membrane are less than 1.0 when the inlet flow
emperatures are 303 and 313 K. At a position around the 8%
f the length down the channel, the water activity in the mem-
rane reaches the lowest point. This means the membrane is
ery dry and the speed of electrochemical reaction is slow. Con-
equently, only a small number of electrons is produced, which
eads to lower current density. With increasing membrane water
ctivity along the channel, more hydrogen ions pass through the
embrane and therefore, the current density increases. It is also

oticeable that the membrane activity increases quickly near
he channel exit. This can be explained due to the fact that the
tack loses heat to the environment, which quickly lowers the
tack temperature and flow temperatures. According to Eq. (43),
he saturation pressure will drop and the water activities will
ncrease. For the cases with higher inlet temperature, such as,
33 and 343 K, the gases carry more water vapor into the chan-
el. Fig. 15 shows that the water activity in the membrane along
he whole channel is greater than 1.0. According to Eq. (53), the

embrane conductivity changes are small when water activities
re large enough. Thus, the membrane is well hydrated and the
peed of electrochemical reaction is fast. As a result, more oxy-
en is consumed and the partial pressure of oxygen decreases
uickly (shown in Fig. 16). This effect contributes to the drop
f the current density along the channel. When the inlet temper-
ture is 323 K, the current density depends on both membrane
ater activity and partial pressure of oxygen. From the channel

ntrance to about 60% of channel length, the membrane water

ctivity is less than 1.0. The current density changes with the
ncreasing membrane water activity. When the membrane water
ctivity is greater than 1.0, the membrane conductivity does not
hange much. However, the partial pressure of oxygen decreases

F
P

ig. 16. A comparison of partial pressure of oxygen along the channels with the
ifferent inlet stream temperatures.

uickly and consequently, the current density drops beyond 60%
f the channel length.

Fig. 17 shows that increasing the inlet temperature of flow
ields a higher cell potential. This behavior is attributed to the
act that the flow with high temperature introduces more water
nto the channel and membrane resistance decreases due to the
ydration. It is noticed that the polarization curves at the inlet
ow temperatures of 333 and 343 K are overlapped. This is
ecause the membrane resistance remains basically constant
hen the membrane is well hydrated (water activity is greater

han 1.0 along the whole channel).
Fig. 18 shows the stack temperature distributions. It can be
ig. 17. The effect of inlet stream temperatures on the performance of a single
EM fuel cell.
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ig. 18. The effect of inlet stream temperatures on stack temperature of a single
EM fuel cell.

ffect on the pressure change along the cathode channels. When
he inlet flow temperature is high, the speed of electrochemical
eaction increases and more air is required. Thus, the flowrate
n the cathode channels increase and the pressure drop increases
s well.

.3. Influence of pressure

Fig. 20 shows how the pressure affects the performance of a
EM fuel cell under various current densities. Over the entire
ange of the investigated current densities, a higher pressure
eads to higher performance of the fuel cell. However, the poten-

ial difference between 1 and 2 atm is greater than that between
and 3 atm. Furthermore, this effect is more obvious when the

urrent density is high. This is because the high-pressure streams
an bring more water into the channel (shown in Fig. 21). As a

ig. 19. The effect of inlet stream temperatures on cathode pressure of a single
EM fuel cell.

c
i
f
t
p

F
c

ig. 20. The effect of pressure on the performance of a single PEM fuel cell.

esult, the membrane is better hydrated and the speed of chemi-
al reaction increases. Therefore, the fuel cell can generate more
ower under the high flow pressure. From the above analysis, a
onclusion can be drawn that a high inlet gas pressure has a posi-
ive effect on system performance of fuel cell. However, whether
o use the high pressure in a real fuel cell design depends on the
rade off between system improvement and the cost of providing
ompressed gas.

.4. Influence of coolant temperature

Generally, the fuel cell system has cooling equipment to
emove waste heat and keep the fuel cell working under optimal
onditions. To simulate this kind of situation, it is required to

nvestigate how the coolant temperature affects the fuel cell per-
ormance. To keep it simple, the coolant temperature is assumed
o be constant. In order to study the effect on heat removal, the
olarization curves with different coolant temperature, which

ig. 21. The effect of pressure on membrane water activity of a single PEM fuel
ell.
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water content at the anode is 1.1. If the anode inlet water con-
ig. 22. The effect of coolant temperature on the performance of a single PEM
uel cell.

re 293, 298, and 303 K, respectively, are plotted in Fig. 22. The
perating conditions of the fuel cell are: the flow inlet temper-
ture at 313 K and average current density at 0.45 A cm−2. As
an be observed, the lower the cooling air temperature is, the
etter fuel cell performance can be. The reason behind this phe-
omenon is quite simple. As the coolant temperature becomes
ower, more heat can be taken away from the stack, which
educes the stack temperature. As the stack temperature goes
own, so do the flow temperatures due to the intensified heat
ransfer between them (shown in Fig. 23). As the flow tempera-
ure becomes lower, the saturation pressure of water vapor drops
hich leads to an increase in the water activities. According to
ig. 24, the water activity in the membrane reaches the highest
hen the coolant temperature is at the lowest point. Therefore,
he membrane is better hydrated and the speed of electrochem-
cal increases. As a result, the performance of the fuel cell is
mproved as well.

ig. 23. The effect of coolant temperature on stack temperature of a single PEM
uel cell.

t
c
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ig. 24. The effect of coolant temperature on membrane water activity of a
ingle PEM fuel cell.

.5. Influence of anode inlet humidification

Water starvation in the anode channel is one of the prob-
ems that fuel cell designers have to face. As shown in the base
ase (Fig. 7), the anode and its interface with the membrane
ecome less hydrated as the flow travels along the channels.
his is because the water vapor at the anode is carried away
y hydrogen ions and transported into the cathode. One way to
olve this problem is to inject liquid water into the anode chan-
el. As the flow at the anode becomes unsaturated, liquid water
ill evaporate to replenish the water loss. Therefore, the mem-
rane is well hydrated. Fig. 25 illustrates variation of the amount
f liquid water along the channel. It shows that the liquid water
isappears at about 25% of the channel length when the inlet
ent increases to be 1.5, the liquid water will exist in the whole
hannel. This conclusion can be helpful in choosing the optimal
node inlet water content during fuel cell design.

Fig. 25. A comparison of liquid water vary along the channels.



wer Sources 161 (2006) 143–159 157

4

f
i
h
a
w
a
r
i

n
s
a
o
c
c
t
c
t
c
t
a

t
i
a
A
U
s
c
a
i
w
d
i
t

F

F
s

n
a
t
a

c
o
m
i
b
d
k
i
o

Y. Zong et al. / Journal of Po

.6. Constant stack temperature case analysis

In many previous studies, the stack temperature of the PEM
uel cell is assumed to be constant. However, this temperature
s more likely to be variable in real operation. To investigate
ow the assumption of the constant stack temperature affects the
ccuracy of the simulation, a constant stack temperature case
as simulated and the results compared with those discussed

bove. In this section, the Uniform Stack Temperature can be
eferred to as “UST” while the Non-Uniform Stack Temperature
s labeled as “NST”.

Figs. 26 and 13 show the temperature changes along the chan-
el for UST case and NST case, respectively. In UST case, the
tream temperature at the anode is the same as the stack temper-
ture, since no reaction occurs and no heat is generated. Most
f the reaction heat is taken away by the stream in the cathode
hannel. Obviously, this case is hardly true in real situations. The
urves in Fig. 13 are more complex, since the reaction heat was
aken into account. Here, the anode stream temperature is also
lose to the stack temperature but changes along the channel. As
he speed of local reactions change, the local temperature of the
athode channel changes considerably as well. In other words,
he temperature fields of the UST case in both the cathode and
node channels are quite different to those of NST case.

Fig. 27 shows the local current density of the base case along
he channel for the UST case. As in the case of the correspond-
ng curve in Fig. 6 for NST case, the current density is highest
t the channel inlet. Then, it rapidly drops to its lowest point.
fter that, current density increases slowly along the channel.
nlike the NST case, there is no sudden increase of current den-

ity at the channel exit. This can be explained by water activity
hanges which have been presented in Fig. 28 for the UST case
nd Fig. 7 for the NST case. Contrary to the NST case, there
s no large increase of water activity at the end of the channel

hen the stack temperature is constant. Therefore, the current
ensity value does not jump at the channel exit since it is directly
nfluenced by the water activity. In summary, the variable stack
emperature can significantly affect the flow field and thermody-

ig. 26. Flow temperatures and stack temperature distribution along the channel.
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ig. 27. Current density distribution along the channel in the base case of con-
tant stack temperature.

amic parameters inside the channel. Its influence on flow mode
nd energy conversion efficiency can hardly be ignored. Also, in
he PEM model simulation, choosing a right boundary condition
ssumption is very important.

The inlet temperatures of flow have an impact on the PEM fuel
ell performance. Fig. 29 shows that a higher inlet temperature
f flow yields a higher cell potential. As discussed before, this is
ainly attributed to the fact that the flow with high temperature

ntroduces more water to the channel and decreases the mem-
rane resistance due to the hydration. The distribution of current
ensity with different inlet temperatures is shown in Fig. 30. It is
nown that the current density depends on both the water activity
n the membrane and the partial pressure of oxygen in the cath-
de stream. Figs. 31 and 32 show water activity in the membrane

nd the partial pressure of oxygen along the channel. At low inlet
emperature, since the gas carries little water, the membrane is
ry and the speed of electrochemical reaction is slow. As a result,

ig. 28. Water activity distribution along the channel in the base case of constant
tack temperature.
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Fig. 29. Polarization curve for different stack temperature.

Fig. 30. A comparison of current profiles along the channels with the different
inlet stream temperatures.

Fig. 31. A comparison of water activity in membrane along the channels with
the different inlet stream temperatures.
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ig. 32. A comparison of oxygen partial pressure along the channels with the
ifferent inlet flow temperatures.

small amount of oxygen is consumed and the partial pressure
f oxygen is high. When the stream moves down the channel,
ore water is produced and the membrane is hydrated, which

ncreases the water activity as well as the speed of electrochemi-
al reaction. Therefore, the current density increases in the later
art of the channel. At high inlet temperature, sufficient water
as been carried by the gas at the initial phase and the speed
f electrochemical reaction is fast. As a result, more oxygen is
onsumed and the partial pressure of oxygen decreases quickly.
ventually, these factors lead to reduced electrochemical reac-

ion rates and decrease of the current density throughout the rest
f the channel. Since the simulations provide different flow and
emperature fields inside the fuel cell channels for the UST and
ST, the reaction speed and the amount of water produced are
uite different at each point in the channel. Figs. 29 and 17 are the
olarization curves for the UST case and NST case, respectively.
n Fig. 29, the difference between high temperature curves, such
s 333 and 343 K, is more apparent than for the low temperature
313 and 323 K). On the contrary, the low temperature difference
s larger than high temperature in Fig. 17. This means, assum-
ng a constant stack temperature not only affects the analysis of
ow conditions, but also changes the simulation result of fuel
ell performance.

Since a variable stack temperature more likely occurs in a real
uel cell, it makes sense to replace the constant stack temperature
ssumption with a variable stack temperature. Actually, this was
hown in the experimental data. In Fig. 6, the experimental result
as been compared with both the UST case and NST case. It is
bvious that the NST case provides a better simulation result.

. Conclusions
In this research, a model for a single PEM fuel cell has been
eveloped. The simulation based on this model can be used to
nalyze water transport across the membrane, the water phase
hange effect, the pressure variation along the channel and the
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nergy balance. It can also be used to predict the characteristics
f the flows inside the channel and analyze the factors that affect
he fuel cell performance. Based on this study, the following
onclusions can be drawn:

. The NST model is more accurate than the UST model when
predicting a single fuel cell performance.

. The humidification of both anode and cathode sides is a very
important factor affecting the performance of a PEM fuel
cell.

. Increasing the flow inlet temperatures is an approach to over-
come the water starvation problem. However, if additional
equipment is added, the cost of the fuel cell needs to be con-
sidered as well.

. Increasing the flow pressure can improve the fuel cell perfor-
mance.

. Proper liquid water injection at the anode channel inlet can
be useful in fuel cell performance improvement. An opti-
mal amount of liquid water could be determined by using
the simulations based on the model developed in the present
study.

. Decreasing the cooling temperature is helpful in improving
the fuel cell performance.
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