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Correlating Nitrogen
Accumulation With Temporal Fuel
Cell Performance
The permeability or crossover characteristics of a typical perfluorosulfonic acid base
type membrane are used for the temporal and spatial estimations of nitrogen concentra-
tion along the anode channels of a polymer electrolyte membrane fuel cell stack. The
predicted nitrogen accumulation is then used to estimate the impact of local fuel starva-
tion on stack voltage through the notion of apparent current density. Despite the simpli-
fying assumptions on the water accumulation and membrane hydration levels, the cali-
brated model predicts reasonably well the response of a 20-cell stack with a dead-ended
anode. Specifically, the predicted voltage decay and the estimated gas composition at the
anode outlet are experimentally validated using the stack-averaged voltage and a mass
spectrometer. This work shows that the crossover of nitrogen and its accumulation in the
anode can cause a considerable decay in stack voltage and should be taken into account
under high hydrogen utilization conditions. �DOI: 10.1115/1.3177447�
Introduction
Fuel cells fed with compressed and high-purity hydrogen can,

n principle, operate dead-ended with very high hydrogen utiliza-
ion eliminating the need to recuperate the energy lost due to the
ydrogen that exits the stack unused �1,2�. The associated high
uel efficiency and low-hardware complexity cannot always be
ealized because frequent anode purging �short duration event of
igh hydrogen flow� is necessary to remove the nitrogen and wa-
er that cross from the cathode to the anode through the fuel cell

embrane. The accumulation of inert gas in the anode can restrict
eactant transport, and consequently, cause cell voltage degrada-
ion. The cell performance can be restored by purging the inert gas
lthough severe blocking can cause irreversible degradation �3�.

In dead-ended stacks, purging is typically scheduled using fixed
ime intervals or charge intervals �based on amp hours�. These
urge schedules rely on extensive testing and include very high
afety factors to account for uncertainties. High safety factors
ranslate to frequent purging, which, in turn, decrease fuel effi-
iency. As a result validated models of water and nitrogen accu-
ulation in the anode will facilitate the development of optimum

nd safe purge schedules based on model-based control tech-
iques. The robustness of these purge schedules can be enhanced
y taking into account the measured cell voltage to provide valu-
ble feedback of the actual inert gas accumulation in the cell. The
ntegration of the voltage measurement as a feedback relies also
n the availability of a model that predicts the voltage degradation
ssociated with inert gas accumulation. Specifically, the estimated
oltage is compared with the actual voltage and the error is used
o adjust the model-based purge schedule. A similar model-based
echnique was used for the estimation of hydrogen starvation �4�
nd control of the hydrogen production rate from a fuel processor
5�.

To facilitate such a model-based control design for dead-ended
node fuel cell stacks, we developed a model that predicts the
itrogen accumulation along the channels of a fuel cell stack and
he associated voltage degradation. Note that in this work, the
ccumulation of water in the anode is neglected but it is separately
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pursued in Ref. �6�. Here, the nitrogen accumulation along the
channels is quantified in an effort to distinguish the effects of
these two distinct transport mechanisms �nitrogen versus water�
on fuel cell voltage degradation. The estimation of the temporal
and spatial nitrogen concentrations is based on permeability coef-
ficients from Ref. �7�. The one-dimensional model in Ref. �7�
offered insight on how hydrogen utilization and anode recircula-
tion affects the steady-state nitrogen accumulation along the chan-
nel. Our model extends the previous steady-state cell model by
including �i� temporal effects, �ii� prediction of voltage degrada-
tion, and �iii� validation with stack measurements.

The gas composition along the anode flow channels is esti-
mated and experimentally validated by continuously sampling the
stack outlet manifold gases with a mass spectrometer. The mod-
eled nitrogen accumulation along the channels causes local fuel
starvation, which is used to predict the temporal and stack-average
voltages by utilizing the notion of apparent current density. The
apparent current density originally used in Ref. �6� and later in
Ref. �8� to capture the effect of the fuel cell area blocked by water
accumulation is a simplification of the spatially distributed phe-
nomenon of local starvation and approximates the increase in cur-
rent density due to the fuel cell area blocked by nitrogen.

The effect of local fuel starvation on voltage is typically mod-
eled by coupling the Butler–Volmer overpotential with the associ-
ated local current density integrated along the channel �9–11�.
Although this multidimensional modeling approach is more rep-
resentative of what physically happens in an operating fuel cell, it
is difficult to numerically implement, calibrate, and validate with
large stacks under dynamically changing conditions �12�. Apart
from multidimensional models using complex partial differential
equations �PDEs�, simple zero-dimensional models using homo-
geneous channel pressure and concentration cannot capture the
effects of the nitrogen crossover and accumulation in the anode.
Indeed, the maximum nitrogen accumulation that can be predicted
with a zero-dimensional model will be the nitrogen concentration
in a cathode channel, which is not great enough to cause the
experimentally observed decrease in cell voltage.

This modeling work attempts to balance the tradeoff between
modeling complexity and accuracy by combining an along-the-
channel one-dimensional PDE model with calculations of the ap-
parent active channel length and hence the apparent current den-
sity. Section 2 discusses the experimental setup and stack

measurements. Section 3 details the formulation of the partial dif-
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erential equations along with their initial and boundary condi-
ions, the discretization approach for the numerical solution, the

odel of the gas concentrations at the stack outlet manifold and
he voltage response. Then, simulations are used to investigate the
rediction sensitivity associated with two important variables. The
imulation results, together with the comparisons against experi-
ental data, are also shown.
Simulations show that the predicted voltage captures accurately

he observed voltage decay �6 mV/min� but underpredicts the du-
ation of the initial flat voltage response. Moreover, the predicted
oltage reaches an equilibrium value after 1250 s but the mea-
ured voltage keeps on dropping after 1250 s. We postulate that
ur simple cell-average model based on apparent current density
s not valid when a large percentage of the active area is covered
ith a blanket of inert gas because the experimental data show

ncreased cell-to-cell variations. Finally, the model reaches steady
tate outlet concentrations within 600 s, which matches the actual
oncentration measurements.

Experimental Setup
Through a joint venture with ETH Zurich and other academic

nd industrial partners, a hybrid fuel cell vehicle, named the PAC-
ar, was designed and constructed to examine the fuel efficiency

imits of road vehicles. A fuel cell stack from the PAC-Car �13�
as installed on a test bench and used to generate all the experi-
ental data presented in this work. The stack uses Umicore H200
embranes, which are Nafion®-type 112 membranes with a plati-

um load of 0.6 mPt /cm2. The gas diffusion layers are Toray™
90 with 80% porosity before compression. These materials allow
s to use similar permeability coefficients with the ones identified
n Ref. �7�.

The flow field on the anode side was designed to maintain
pproximately constant gas speed and pressure along the chan-
els. As a result, the number of channels is sequentially reduced
rom 24 channels in parallel at the inlet to 3 channels at the outlet
s shown in Fig. 1. This special channel configuration is taken into
ccount in the modeling approach via appropriate boundary con-
itions.

Internal humidifiers were used to humidify the anode and cath-
de inlet flows �14�. An air mass flow controller maintains the
esired air excess ratio, which is the flow supplied in excess to the
ow necessary for the stoichiometric reaction associated with the
urrent drawn. Pressure regulators control the anode and cathode
auge pressures. The coolant outlet temperature was thermostati-
ally controlled to a desired value with an on-off controlled fan. A
olenoid valve at the anode outlet allows anode purging. The hy-
rogen and nitrogen concentrations are measured using a fast
ass spectrometer �Omni Star, GSD 301 C1 by Pfeiffer Vacuum,
ashua NH 03063�. The mass spectrometer continuously samples
small stream from the anode and determines the composition of

ig. 1 Anode flow field „source: Paul Scherrer Institute „PSI……
he gas flow. The flow to the mass spectrometer is a very small
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fraction of the hydrogen mass flow rate necessary for the reaction,
and hence the experimental conditions are exemplary of stack
operation with a dead-ended anode.

Figure 2�a� shows a representative set of experimental data
from the stack. After the initial stack warm-up period, which lasts
1500 s, the stack operates at 50°C under constant load �6 A� and
constant anode and cathode pressures. The air flow controller is
set to provide twice the air flow needed for stoichiometric reaction
��air=200%�. The measured stack voltage and the measured hy-
drogen and nitrogen gas concentrations at the anode outlet are
shown in Fig. 2�b�. As can be seen, the concentration of nitrogen
increases after each purge. Several purges are initiated to verify
that the voltage and concentrations in between purges are repeat-
able. Multiple purges at the 2300th second and 3900th second are
initiated to remove the high water concentration, which causes the
observed oscillation in the measured concentration signals. Vari-
ous purge events define different periods, which are folded in time
later on to facilitate model validation. Due to the warm-up phase
and to the high water concentration this particular set of data is
not best for model validation but it highlights some of the intricate
aspects of the experiment, and hence, provide a good background
to the reader before the technicalities of the model development

0 500 1000 1500 2000 2500 3000 3500 4000
0

5

10

I St
(A

)

0 500 1000 1500 2000 2500 3000 3500 4000
20

40

60

T
(˚

C
)

0 500 1000 1500 2000 2500 3000 3500 4000
1.2

1.3

1.4

p C
a

(b
ar

)

0 500 1000 1500 2000 2500 3000 3500 4000
1

1.2

1.4

p A
n

(b
ar

)

0 500 1000 1500 2000 2500 3000 3500 4000

0

0.5

1

H
2

Pu
rg

e

Time (s)(a)

0 500 1000 1500 2000 2500 3000 3500 4000
0

50

100

C
o

n
ce

n
tr

at
io

n
s

(%
)

Time (s)

H
2

N
2

14

15

16

17

S
ta
c
k
V
o
lt
a
g
e
(V
)

Purge Event

Voltage

Period1 2 3 4 5

(b)

Fig. 2 Experimental data show the operating conditions in the
first four subplots in „a… with the output signals shown in the
last two subplots in „b…
are presented. Note that for model validation, higher temperature
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60°C instead of 50°C� and higher air excess ratio �290% instead
f 200%� are later used to reduce the water accumulation in the
node.

Mathematical Model
The model of the anode flow field is based on the equations of
ass conservation. The gas concentrations in the anode channels

f a fuel cell system are determined from the properties of the gas
treams entering and leaving the channels through the inlet and
utlet orifices by knowing the production or consumption of gas
onstituents due to chemical reactions and by knowing the cross-
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N2 H2O O2 H2
O2, N2, H2O

H2, H2O

O2, N2, H2O

H2, N2, H2ON2 H2O O2 H2
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N2

x

H2

O2 H2O
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λm

ig. 3 Diagram of constituent mass transport and flows within
he fuel cell

nCh
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wR

wCh
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Fig. 4 A „a… generic anode flow field and „b… anode geometry

Table 1 Parame

Parameter

Geo
No. of fuel cells
No. of parallel channels in the anode flow field
Length of the stages in the anode flow field
Width of an anode channel
Height of an anode channel
Rib width of the anode flow field
Membrane thickness
Cell active area
Cross-sectional area of anode outlet manifold
Length of anode outlet manifold

Gas c
First permeability coefficient for hydrogen permeation
Second permeability coefficient for hydrogen permea
First permeability coefficient for oxygen permeation
Second permeability coefficient for oxygen permeatio
Permeation coefficient of N2
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over of gases across the fuel cell membrane. Diffusion is ne-
glected and a constant flow out of the anode channel is employed
for the calculation of the convective flow. The crossover of gases
across the membrane is determined by the permeability coeffi-
cients of the membrane and the membrane thickness �7�. In Fig. 3,
a schematic of the membrane electrode assembly �MEA� sand-
wiched between the gas diffusion layers and the anode and cath-
ode channels �“An” and “Ca,” respectively� is shown, indicating
the constituent transfer through the membrane as well as the inlet
and outlet mass flow rates.

Important inputs to the system are the stack current ISt, the
temperature of the system T, the anode pressure pAn, the cathode
pressure pCa, and the anode and cathode relative humidities �An

and �Ca.
Other important properties of the system are determined by the

system’s geometry. Relevant geometrical parameters, as shown in
Fig. 4�a�, are the number of fuel cells in the stack nCells and the
number of parallel channels in the anode flow field nCh. Other
geometrical parameters such as the width wCh, the height hCh and
the length LCh of an anode channel, and the width between two
adjacent channels wR are shown in Fig. 4�b�. The particular values
for the PAC-Car’s fuel cell system are summarized in Table 1 in
the Appendix.

First, few preliminary definitions and assumptions are intro-
duced. Then, the mass conservation laws are formulated. The
source terms emerging in the conservation equations are detailed
and the initial and the boundary conditions are defined. A method
to discretize the model equations is shown next. The outlet mani-
fold dynamics and the corresponding nitrogen concentration in the
anode outlet manifold are modeled and compared with the mass
spectrometer measurements that are collected in the anode outlet
manifold of the stack. Finally the nitrogen accumulation in the
cell channel is used to scale the cell area available for reaction,
called the apparent cell area, which is subsequently used to predict
the stack voltage response.

3.1 Preliminaries. The gas mixtures in the anode channels
and the cathode channels are described as mixtures of ideal gases
and are assumed to obey Dalton’s law where the pressure of an
ideal gas mixture is equal to the sum of the partial pressures of its
components,

s of the system

Symbol Value

try
nCells 20
nCh �24,12,6,3�
LCh �0.19,0.17,0.16,0.15� m
wCh 0.8�10−3 m
hCh 0.35�10−3 m
wR 0.9�10−3 m
� 50�10−6 m

AActive 136�10−4 m2

AMF 11�10−6 m2

LMF 79�10−3 m

over
�1

H2 6.6�10−11 mol m−1 s−1 Pa−1

�2
H2 21.03�103 J mol−1

�1
O2 0.5·�1

H2

�2
O2 �2

H2

kN2
1.0�10−14 mol m−1 s−1 Pa−1
ter

me

ross

tion

n
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p = �
i

pi = �
i

yip �1�

here yi is the molar fraction of species i. Combined with the
deal gas law piV=miRiT the individual component mass is com-
uted.

mi =
piV

�R/Mi�T
= yi

pV

�R/Mi�T
�2�

n order to keep the programming effort low, the conditions on the
athode side are assumed constant.

pCa�x,t� � pCa, �Ca�x,t� � �Ca

�3�
yO2

Air�x,t� � yO2

Air, yN2

Air�x,t� � yN2

Air

mplying constant cathode partial pressures for oxygen, nitrogen,
nd vapor. If, furthermore, anode temperature T and total pressure
An are assumed to be constant over time and space,

T�x,t� � T, pAn�x,t� � pAn �4�

he anode mass balance equation can be formulated in terms of
olar fractions. The water content of the membrane and the anode

elative humidity are assumed to be constant as well.

�m�t� � �m, �An�x,t� � �An �5�

ote that in practice, the membrane water content and the anode
elative humidity are functions of many operating variables, such
s temperature, stack current, and cathode relative humidity. In
his model the spatial and temporal variations in the membrane
ater content and their effects on membrane crossover and volt-

ge performance have been neglected. Here, the membrane water
ontent and the anode relative humidity are assigned constant val-
es in an effort to clarify the relative contributions of the nitrogen
nd water accumulation to voltage decay.

3.2 Mass Conservation Equations for the Anode. A mass
alance on a control volume in an anode channel yields a PDE for
he mass of each component i� �H2,N2,H2O� of the gas stream
raveling with velocity u�x , t�.

d

dt
mi

An�x,t� = −
�

�x
�u�x,t�mi

An�x,t�� + ṁi
An�x,t� �6�

quation �6� is a convection equation with an additional source
erm. By substituting Eq. �2� into Eq. �6� and applying assumption
4�, the convection equation �6� can be written with respect to
olar fractions yi

An�x , t� as follows:

d

dt
yi

An�x,t� = −
�

�x
�u�x,t�yi

An�x,t�� + ẏi
An�x,t� �7�

ince the molar fractions of a gas mixture sum to one
�iyi

An�x , t�=1�, the mass balance for the gas mixture yields

�
i

d

dt
yi

An�x,t� = − �
i

�

�x
�u�x,t�yi

An�x,t�� + �
i

ẏi
An�x,t� = 0

�8�

hile the conservation equation �7� describes the variation in the
olar fractions of the gas mixture over time and along the chan-

els, the overall balance �8� can be used to determine the flow
peed of the gas mixture.

3.3 Production/Consumption Rates. The source terms
˙ i

An�x , t� in Eqs. �7� and �8� reflect the component production/
onsumption rates. In the following, these rates are quantified for
ach component based on prior work in Ref. �7�.

3.3.1 Hydrogen. The consumption rate of hydrogen �in s−1�

an be expressed as

21013-4 / Vol. 7, APRIL 2010
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ẏH2

An�x,t� = −
RT

pAn
·

wCh + wR

wChhCh
· 	 kH2

�
yH2

An�x,t�pAn + 2
kO2

�
pO2

Ca

+
1

2F
iSt
App�t�
 �9�

The consumption rate �9� is valid only when and where hydrogen
is available, i.e., when yH2

An�x , t��0. For the numerical implemen-

tation, we select a small positive value yH2

AnStarv=0.001 instead of
zero to define the onset of hydrogen starvation where the hydro-
gen consumption is set to zero.

ẏH2

An�x,t� = 0 if yH2

An�x,t� � yH2

AnStarv �10�

In Eq. �9�, the first term in the parenthesis describes the losses of
hydrogen due to the crossover flow to the cathode side. The per-
meation rate is assumed to be proportional to the difference in
partial pressures across the membrane and the permeability coef-
ficient and is inversely proportional to the membrane thickness.
The second term in the parenthesis describes the consumption of
hydrogen due to the permeation of oxygen across the membrane
from the cathode.2 The third term in the parenthesis describes the
consumption of hydrogen due to the electrochemical reaction,
which is proportional to the apparent current density iSt

App�t�. The
apparent current density considers the reduction in active fuel cell
area due to local fuel starvation.

iSt
App�t� =

ISt

AActive
App �t�

�11�

with apparent active area

AActive
App �t� = nCh�wCh + wR�LApp�t� �12�

based on the channel length

LApp�t� = �x�yH2

An�x,t� � yH2

AnStarv� �13�

The partial pressure of oxygen in the cathode pO2

Ca is calculated as

pO2

Ca = yO2

Air�pCa − �CapSat�T�� �14�

where pSat�T� is the vapor saturation pressure at temperature T.
The permeation coefficients of hydrogen and oxygen are modeled
according to Ref. �7� as

kH2
= �1

H2 exp	−
�2

H2

RT

 �15�

kO2
= �1

O2 exp	−
�2

O2

RT

 �16�

where the change in the permeability coefficients with membrane
hydration is neglected.

3.3.2 Nitrogen. The crossover of nitrogen due to concentration
gradients is expressed as

ẏN2
�x,t� =

RT

pAn
·

wCh + wR

wChhCh
·

kN2

�
�pN2

Ca − yN2

An�x,t�pAn� �17�

where the partial pressure of nitrogen in the cathode pN2

Ca is given
as

pN2

Ca = yN2

Air�pCa − �CapSat�T�� �18�

The permeation coefficient of nitrogen kN2
is assumed to be con-

stant.

3.3.3 Water Vapor. The physical reasons for the production or
consumption of vapor are the condensation and evaporation of

2Since per molecule of oxygen two molecules of hydrogen are consumed, a factor

of 2 is employed. However, in Ref. �7�, a factor of 1/2 was proposed.
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ater inside the anode channels and the transport of vapor across
he membrane due to diffusion and electro-osmotic drag. From
ssumption �5� and the conservation equation �7�, the production/
onsumption rate of water vapor follows as

ẏH2O
An �x,t� = yH2O

An ·
�

�x
u�x,t� �19�

ith

yH2O
An =

�AnpSat�T�
pAn

�20�

3.4 Initial and Boundary Conditions. In the following, ini-
ial conditions and boundary conditions for the PDEs �7� and �8�
re defined. Note that the conditions in all channels of the flow
elds of the fuel cells are assumed to be equal.
The initial mole fractions of H2, N2, and H2O in the anode

hannels form the initial conditions for the convection equation
7�. The initial mole fractions are defined as the conditions just
fter a purge event where the fraction of nitrogen in the fuel cell
node channel is assumed to be negligible.

yH2

An�x,0� = 1 − yH2O
An �x,0� − yN2

An�x,0� �21a�

yN2

An�x,0� = 0 �21b�

yH2O
An �x,0� = yH2O

An �21c�

The boundary conditions of the convection in Eqs. �7� and �8�
re given by the molar composition of the gas stream at the anode
nlet and the flow speed at the anode outlet �Dirichlet conditions�.

yH2

An�0,t� = 1 − yH2O
An �0,t� − yN2

An�0,t� �22a�

yN2

An�0,t� = 0 �22b�

yH2O
An �0,t� = yH2O

An �22c�

u�LCh,t� = uAn
Out �22d�

ence the initial and boundary conditions depend on the model

nput variables �An, pAn, T, and V̇An
Out. The anode outlet flow speed

an be calculated from the specified volume flow rate at the anode

utlet V̇An
Out as

uAn
Out =

V̇An
Out

nCellsnChwChhCh
�23�

n the experimental setup investigated here, the volume flow rate

t the anode outlet V̇An
Out is the flow drawn by the mass spectrom-

ter and was estimated based on pressure measurements using an
xperiment similar to the leak test.

3.5 Discretization of the Model Equations. For the numeri-
al evaluation, the PDEs �7� and �8� are converted to a system of
lgebraic equations. The most direct means of discretization is
rovided by replacing the derivatives by equivalent finite differ-
nce approximations. If the time derivatives are represented by a
orward difference and a backward difference formula is used for
he spatial derivatives,3 the conservation of Eqs. �7� and �8� can be
eplaced by

yi
j,n+1 − yi

j,n

�t
= −

uj,nyi
j,n − uj−1,nyi

j−1,n

�x
+ ẏi

j,n �24�

nd

3For positive u, this discretization method is generally referred to as upwind

cheme.
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− �
i

uj,nyi
j,n − uj−1,nyi

j−1,n

�x
+ �

i

ẏi
j,n = 0 �25�

respectively. Generally, 	 j,n is the value of 	 at the �j ,n�th node.
The step size �x is defined by the number of nodes J along an
anode channel,

�x =
L

J − 1
�26�

The step size �t is chosen to be at least ten times smaller than the
limit resulting from the Courant–Friedrichs–Lewy �CFL� stability
condition �15� for the upwind scheme considered.

u
�t

�x

 1 �27�

The algebraic Eq. �24� can be manipulated to give a formula for
the unknown values yi

j,n+1, i� �H2,N2�, in terms of the values at
the nth time level, that is,

yi
j,n+1 = yi

j,n + 	uj−1,nyi
j−1,n − uj,nyi

j,n

�x
+ ẏi

j,n
�t �28�

Note that the molar fraction of vapor is constant by assumption,
and hence,

yH2O
j,n = yH2O, ∀ j,n �29�

The velocity of the gas mixture at the nth time level can be
calculated by rearranging Eq. �25�.

uj−1,n =
1

�iyi
j−1,n	uj,n�

i

yi
j,n − �x�

i

ẏi
j,n
 �30�

and since yAn=�iyi
An=1 the following equation is obtained:

uj−1,n = uj,n − �x�
i

ẏi
j,n �31�

The production/consumption rate of water vapor is determined
from Eq. �19� as

ẏH2O
j,n = yH2O

An uj,n − uj−1,n

�x
�32�

After some manipulations the combination of Eqs. �31� and �32�
finally yields

uj−1,n = uj,n −
�x

1 − yH2O
An · �

i��H2,N2�
ẏi

j,n �33�

The equations to compute the gas concentrations and the veloc-
ity profile along the anode channels �Eqs. �28� and �33�� still apply
for systems where the number of channels decreases along the
anode flow field as in PAC-Car II’s case shown in Fig. 1. We
approximate the complex anode flow field geometry with changes
in the length and number of channels as shown in Fig. 5 and
documented in Table 1. The change in channel number along the
flow causes a discontinuous velocity profile after applying the
boundary condition �23� at the position of the discontinuity in the
channel number. Hence in our case, Eq. �33� is applied along the
channel length starting with the velocity associated with the mass

Outlet

Inlet

Fig. 5 The employed approximation of PAC-Car II’s complex
multistage flow field shown in Fig. 1
spectrometer flow rate up until the first switch from three to six
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hannels. At the channel number switch the flow speed is reduced
y 50% and Eq. �33� is applied again until the next channel num-
er switch.

3.6 Outlet Manifold Dynamics. The model equations so far
ield the gas concentrations along the anode channels of the fuel
ells. The individual anode mass streams are collected in a re-
eiver, the anode outlet manifold, which is continuously sampled
y the mass spectrometer. A schematic of the anode outlet mani-
old with cross-sectional area AMF and length LMF where the vari-
us fuel cells are connected is shown in Fig. 6.

A time delay has been considered for the calculation of the
xpected gas concentrations from the end of the anode channel to
he end of the anode outlet manifold by assuming �i� uniform
ressure and temperature conditions inside the outlet manifold,
ii� equal cell individual mass flow rates, and �iii� a constant cross-
ectional outlet manifold area. The time delay is calculated assum-
ng a linear velocity profile along the outlet manifold dz /dt=u�z
ith the flow speed increasing as it approaches the exit of the

node outlet with the exit flow speed matching the mass spectrom-
ter flow u�LMF=VAn

Out /AMF. The time delay is, hence, determined
s a function of the fuel cell position in the stack, z

�1, . . . ,nCells� and the outlet volumetric flow rate V̇An
Out, which is

ssumed constant, as

�tMF
z =

AMFLMF

V̇An
Out

· ln�z� �34�

he resulting gas concentrations at the manifold outlet are then
etermined as the superposition of the individual cell concentra-
ions, according to

yi
MFOut�t� =

1

nCells
· �

z��1,. . .,nCells�
yi�LCh,t − �tMF

z � �35�

3.7 Voltage Prediction. In order to estimate the impact of
itrogen accumulation on stack voltage, the polarization equation
urrently only considers the change in stack voltage as a function
f the apparent current density VCell�t�=VCell�iSt

App�t��.
At low current densities, the cell overpotential depends on the

as crossover characteristics of the particular membrane electrode
ssembly. Hence, voltage measurements at low current densities
�0.1 A /cm2� and two temperatures �50°C and 60°C� were col-
ected and used to fit a third-order polynomial. The voltage values
re recorded immediately following a purge when no water or
itrogen flooding effects are present. Data and polynomial ap-
roximation are shown in Fig. 7.

For higher current densities the cell ohmic resistance was cho-
en from Ref. �14�. The overall cell voltage �VCell in volts� as a
unction of current density �i in A /m2� at 50°C and 60°C is

z = 1
z = 2
z = 3
z = 4
z = 5

z = nCells

z = nCells − 1
z = nCells − 2
z = nCells − 3

... LMF

AMF

ig. 6 Schematic of the connection between the anode chan-
els and the anode outlet manifold
alculated as
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VCell
50°C = � �V4

+ �V3
i + �V2

i2 + �V1
i3 for i 
 103

0.7643 − 0.514 � 10−4�i − 103� for i � 103

�36a�

and

VCell
60°C = VCell

50°C − 0.019 �36b�
with

�V4
= 0.9005

�V3
= − 3.0578 � 10−4

�36c�
�V2

= 3.1367 � 10−7

�V1
= − 1.4406 � 10−10

For this work, which only provides the proof-of-concept for the
importance of the anode nitrogen buildup in the fuel cell perfor-
mance, the polarization in Eqs. �36a�–�36c� has been calibrated
for a limited set of conditions, i.e., specific anode and cathode
pressures, stack temperatures, and humidification level. In future
work the polarization equation will be extended for general oper-
ating conditions.

4 Simulations and Experimental Validation
Using the fuel cell stack parameters summarized in Table 1 and

the permeability coefficients adopted from Ref. �7�, the model is
simulated using the numerical integration routines in the MATLAB

computing software. The simulation results presented in Fig. 8�a�
�for tSim=100 s� and Fig. 8�b� �for tSim=2000 s� were computed
using the model described in Sec. 3 for the �constant� operating
conditions summarized on the right top corner of each figure. The
input variables of the model were chosen to approximate the con-
ditions encountered in the experimental run shown in Fig. 2. Fig-
ure 8�a� shows an early snapshot �first 100 s� of the predicted
spatially varying phenomena along the fuel cell channel, whereas
Fig. 8�b� shows the predicted asymptotic �after 2000 s� spatial
distributions.

The first subplot on the left side of both Figs. 8�a� and 8�b�
shows the predicted velocity profile of the gas stream in the anode
flow channels. Note the velocity discontinuity at the location that
the channel number and area change. The second and third sub-
plots on the left side of both Figs. 8�a� and 8�b� show the gas
concentrations along the anode flow field. The diffusion rates of
hydrogen and nitrogen are shown in the fourth subplot and the last
subplot. On the right sides of Figs. 8�a� and 8�b�, the gas concen-
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Fig. 7 Measured and fitted polarization curve of the PAC-Car II
fuel cell stack
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node manifold outlet� and the stack voltage are shown after in-
erpolation to smooth out the discontinuities arising through the
iscretization.

The left plots of Fig. 8�a� show that after 100 s approximately
alf of the fuel cell channel length has completely filled with
tagnant nitrogen gas. At the areas with stagnant nitrogen, reaction
f hydrogen is obviously suspended since there is no hydrogen to
upport the reaction. At the same areas, nitrogen is transferred
rom the anode to the cathode �bottom left plot� due to the con-
entration gradient across the membrane. Recall that the nitrogen
oncentration in the cathode is considered fixed and equal to the
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Fig. 8 Simulation results for „a
itrogen concentration in the atmospheric air, namely, 75.3% by
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weight in the dry air. Figure 8�b� shows the asymptotic spatial
distributions where more than 85% of the channel length is filled
with nitrogen.

The first subplots to the right of Fig. 8�a� and 8�b� also show
that it takes approximately 20 s before a steady state
�85%N2, 0%H2, 15%H2O� concentration is reached in the flow
out of the fuel cell channels, which indicates the time when the
end of the channels start filling with nitrogen and consequently
can cause hydrogen starvation and carbon corrosion �16�. The
second subplots to the right of Fig. 8�a� and 8�b� show that it takes
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eached at the exit of the outlet anode manifold. The predicted
oltage follows the temporal evolution of the stagnant N2 front or
he zero-velocity front and reaches steady state approximately af-
er 1250 s, as shown in the last right subplot of Fig. 8�b�.

For the simulations shown in Fig. 8 the flow out of the outlet

anifold in Eqs. �23� and �34� was chosen as V̇An
Out=0.3 ml /min.

his value was estimated through a series of separate experiments
y measuring the pressure drop observed when the stack alone
as pressurized and comparing it with the pressure drop when the
ressurized stack was connected to the mass spectrometer. These
eaklike tests were repeated with different H2 and N2 concentra-
ions, namely, 50/50% or 0/100%. The corresponding estimated
˙ Out
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Fig. 9 Effects of kN2
and V̇An

Out variations on „a…
�air=200%
An value varied pointing to a dependency of the mass spectrom-
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eter sample size on the actual concentration of the sample. Future
work will focus on developing a testing process with a fixed vol-
ume sample to bypass the sensitivity of the standard mass spec-
trometer.

A sensitivity analysis was performed using numerical simula-
tions of the model. The effects of two important model param-

eters, namely, the mass spectrometer flow V̇An
Out and the nitrogen

permeation coefficient kN2
, are shown in Fig. 9. The upper subplot

in Fig. 9�a� shows the V̇An
Out value affects the prediction of nitrogen

concentration. The lower subplot in Fig. 9�b�, however, indicates

that the variable V̇An
Out does not affect the voltage prediction since
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Fig. 10 Comparison between simulations for tSim=500 s and measurements for „a…

stack voltage, „b… nitrogen concentration, and „c… hydrogen concentration
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n the apparent active channel length calculated in Eq. �13�, which
s very sensitive on the consumption rate of hydrogen in Eq. �9�
nd the crossover of nitrogen in Eq. �17�, and specifically the
ermeation coefficient of nitrogen kN2

.
Note the different discrete changes in the voltage and the nitro-

en concentration response. The differences are due to the fact
hat the two responses correspond to the two different dimensions
f the 1+1 D model presented here, namely, the channel dimen-
ion and the outlet manifold dimension. Specifically, the voltage
ollows the concentration of hydrogen in the channels. Its drop
orresponds to the change in current density, which follows the
ecrease in the discretized channel length as the zero-velocity
ront propagates up the channel length. The voltage decay slows
own because the front moves slower and it crosses each channel
iscretization �x slower. The opposite trend is observed in the
imulation of the nitrogen concentration. The nitrogen builds up
lower in the beginning and as time progresses the rate of nitrogen
rowth increases following the effects of the delay through the
ogarithm of the cell position �34� along the outlet manifold.

With constant model parameters, V̇An
Out=0.3 ml /min based on

he leak-rate test measurements and kN2
=10−14 mol /m /s /Pa

ased on Ref. �7�, the model predictions are compared with mea-
urements in one more set of operating conditions, different from
he ones shown or used so far. Figure 10 shows the model valida-
ion for when stack current is adjusted to ISt=11 A, the stack
emperature is set to 60°C, and the cathode air supply �air
290% is 2.9 times larger than the air necessary for the stoichio-
etric reaction associated with the drawn current ISt=11 A.
hese new conditions mitigate the measurement problems associ-
ted with the accumulation of water in the anode, especially when
water droplet goes in the capillary of the mass spectrometer. An

xample of the measurement problems due to liquid water can be
een during the 2100–2200th second and after the 3900th second
n the experiment shown in Fig. 2.

The validation plots show that the model predicts the overall
itrogen and hydrogen concentrations and the voltage decay dur-
ng the first 6 min �360 s� of multiple purging periods. We postu-
ate that some of the voltage mismatch observed in the very early
hase ��70 s� arises from small diffusion of hydrogen from the
utlet manifold to the anode channels. For the mismatch after 6
in, and especially, for the mismatch between the asymptotic pre-

icted �converges after 1250 s or 21 min� and experimental �keeps
n dropping after 21 min with the same decay rate� behavior of
oltage, a quick investigation of the data suggests that large cell-
o-cell variation could be the culprit. Specifically, the experimen-
al data show that just before the sixth minute the cell-to-cell
ariation starts increasing beyond the typical 20 mV, deeming
npredictable conditions for the simple one-dimensional model
resented so far. The measured gas concentrations agree well in
hape and in magnitude with their estimated counterparts up until
he nitrogen concentration exceeds 50% in the exit of the outlet

anifold. The discrepancies between the predicted and measured
oncentrations after this point are most likely due to the decrease

n volumetric flow V̇An
Out of the mass spectrometer associated with

he significant changes in the H2 concentration in the exit flow.

Conclusions
The model predicts an accumulation of nitrogen in the anode

hannels of a fuel cell stack with high hydrogen utilization. This
ccumulation causes a reduction in the effective fuel cell active
rea, and, thus, results in a decay of stack voltage, which agrees
ith the measured voltage decay before significant cell-to-cell
ariations are observed in the experiment. In addition the

easured gas concentrations agree reasonably well with their
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estimated counterparts up until the nitrogen concentration exceeds
50% in the exit of the outlet manifold.

The following points can be addressed to improve the predic-
tion accuracy of the model:

�i� detailed parametrization of the voltage equation
�ii� validation of the assumption on convection dominant char-

acteristics, especially at the end of the channels where the
velocities are very small and diffusion might be important

�iii� modeling H2O crossover and flooding similar to Ref. �17�
�iv� continuous estimation of the water content of the mem-

brane
�v� calculation of the permeability coefficient for N2 as a

function of temperature and membrane humidity, kN2
=kN2

�T ,�m�
�vi� modeling the gas losses due to leakage

On the experimental side, the sensitivity of the mass spectrom-
eter flow on the concentration of the sample and the circular effect
of the outlet flow on the fuel cell gas concentration suggest that a
better measuring method is needed in this fuel cell application.

Concluding, the results presented in this work strongly indicate
that accumulation of nitrogen in the anode channels is an impor-
tant consideration because it is the cause of a significant decay of
stack voltage. The relative significance between nitrogen buildup
and water flooding of the anode channels will be carefully quan-
tified in future work.
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Appendix: Parameters of the System
In Table 1, the parameters of the fuel cell system are summa-

rized. The geometrical parameters describe the geometry of the
fuel cell stack used in the PAC-Car project. The permeability co-
efficients were adopted from Ref. �7�.
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