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An Along-the-Channel Model for
Proton Exchange Membrane Fuel Cells

Jung S. Yi* and Trung V. Nguyen**

Department of Chemical and Petroleum Engineering, University of Kansas, Lawrence, Kansas 66045, USA

ABSTRACT

An along-the-channel model is developed for evaluating the effects of various design and operating parameters on
the performance of a proton exchange membrane (PEM) fuel cell. The model, which is base_d on a previous one, hgs b(_een
extended to include the convective water transport across the membrane by a pressure gradient, temperature distribution
in the solid phase along the flow channel, and heat removal by natural convection and coflow and counterflow heat
exchangers. Results from the model show that the performance of a PEM fuel cell could be improved by anode humidifi-
cation and positive differential pressure between the cathode and anode to increase the back transport rate of water
across the membrane. Results also show that effective heat removal is necessary for preventing excessive temperature
which could lead to local membrane dehydration. For heat removal and distribution, the counterflow heat exchanger is

most effective.

Introduction

With increasing environmental concerns over vehicle
generated pollution and the limited range associated with
battery powered electric vehicles, the proton exchange
membrane (PEM) fuel cell system is gaining more atten-
tion as an alternative power generation source for electric
vehicles. Attractive characteristics of the PEM fuel cell
system include the simplicity of its design and operation,
self-starting at low temperatures, low cost construction
materials, CO, tolerance, and driving range and refueling
time comparable to conventionally powered vehicles.

Recent interest in this system has resulted in extensive
studies on increasing the catalytic activity and utilization
of platinum-supported gas diffusion electrodes. Efforts in
sputtering the catalyst onto the surface of the electrode
that is later hot-pressed onto the membrane and mixing
the catalyst substrate with membrane material have re-
sulted in significant improvement in fuel cell performance
and reduction in the catalyst loading. The catalyst loading
has decreased from as high as 5 mg Pt/cm? to less than
0.05 mg Pt/cm?® '* These studies have also resulted in a bet-
ter understanding of the important role of the membrane
water and ionic transport properties and heat and water
management in the system performance and stability in
prolonged operations.

During PEM fuel cell operations, water molecules are
carried from the anode side to the cathode side of the mem-
brane by electro-osmosis, and if this transport rate of water
is higher than that by back diffusion of water, the mem-
brane will become dehydrated and too resistive to conduct
high current. On the other hand, at the cathode side of the
membrane where water molecules are not only transported
from the anode side but also generated by the cathodic
reaction, electrode flooding occurs when the water removal
rate fails to keep up with its transport rate out of the elec-
trode. Consequently, a sufficient amount of water must be
added to the anode stream to make up for the amount of
water lost due to the net transport of water from the anode
to the cathode, and water must be removed from the cath-
ode side of the membrane to maintain an active catalyst
surface for reaction. To maintain high membrane conduc-
tivity and prevent flooding at the cathode, proper water
management is required. Moreover, the effect of reacting
gas dilution by high water vapor pressure must also be
taken into consideration.?

Next, even though a PEM fuel cell is a very efficient sys-
tem, there is still 40-50% of the energy produced dissipat-
ed as heat.* This thermal generation is due to the irre-
versibility of the cathodic reaction, chmic resistance, and
mass-transport overpotentials. The thermal distribution
has a strong impact on the fuel cell performance by affect-
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ing the transport of water and gaseous species as well as
the electrochemical reactions in the electrodes. Further-
more, it may give rise to excessive cell temperature and,
consequently, membrane dehydration or shrinkage and
rupture of the membrane. Therefore, proper water and
thermal management is necessary for achieving high per-
formance and efficiency.”

Efficient water and thermal management can be accom-
plished by a number of approaches that include operating
conditions, fuel cell hardware, and membrane electrode
assembly designs. Among the different humidification de-
signs to prevent dehydration at the anode side of the mem-
brane discussed by Nguyen and White,® the liquid water
injection scheme could be used as a water and thermal
management strategy. In their studies, the results show that
injecting liquid water into the anode flow channels could
improve the cell performance by providing not only humid-
ification to keep the anode side of the membrane hydrated,
but also simultaneous heat removal. Also, it was shown that
when air was used, because of the higher gaseous flow
rates, the cathode stream must also be humidified to pre-
vent dehydration of the cathode layers near the entrance,
the region of highest activity. Vanderborgh et al.* discussed
designs that include recirculation gas fans, humidifiers,
and heat exchangers to provide humidification for the
anode and water and heat removal for the cathode. Wicking
materials were also proposed by Watanabe et al.” as a way
to remove water from the cathode.

In search of better fuel-cell designs and operation
strategies, numerous models of PEM fuel celis at different
levels of complexity have been developed.®!! However, by
treating the flow channels in the fuel cells to be perfectly
well mixed, these models cannot account for the effects of
the depletion of the reactants, production of water, and
temperature distribution along the length of the fuel cell.
Proper water and thermal management for PEM fuel cells
needs to account for these changes along the fuel cells.
Fuller and Newman'? and Nguyen and White® have devel-
oped two-dimensional heat and water transport models
that account for variations in the gas-phase compositions
and temperature and membrane hydration condition
along the channels. Results from Fuller and Newman’s
model” showed that adequate heat removal is essential for
preventing membrane dehydration and maintain high per-
formance. Nguyen and White® used the model to investi-
gate the effectiveness of various humidification systems in
maintaining high membrane hydration and performance
for PEM fuel cells. However, in their model,’ the tempera-
ture of the solid phase (flow channel plates, electrodes,
and membrane) was assumed to be uniform and constant.
In practice, there is a significant temperature gradient in
the solid layers along the flow channels of the fuel cell,"®
and this difference affects the temperature distribution of
the fluid in the flow channels and the hydration state of
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the membrane along the flow path. These effects are very
important components of stack and system design and can
have a major impact on the overall system power, cost,
efficiency, and control. To address these problems better, a
new model is developed based on Nguyen and White’s
model to describe mass and thermal conditions in both the
solid and gas phases along the flow path of both the anode
and cathode faces of a PEM fuel cell.

Model Development

A two-dimensional, steady-state, mass and energy model
for a PEM fuel cell is developed. The model regions, con-
sisting of the anode flow channels, cathode flow channels,
and solid phases representing the membrane/electrode
assembly and flow distributors are shown in Fig. 1. The
model accounts for the presence of multiple channels on
each side of the flow fields, mass transport of water and
gaseous species across the cell (y direction) and along the
flow channels (x direction), and heat transport in the
gaseous and solid phases of the cell along the flow path (x
direction).

Assumptions.—In the flow channels, a plug-flow condi-
tion is assumed, and pressure drop along the channels is
neglected. For the gaseous species the ideal gas law is used.
The liquid water is assumed to exist at the surface of the
channels, and its volume is assumed to be negligible.
Water transport in and out of the electrodes is assumed to
be in the form of vapor only. This assumption is probably
the weakest assumption of the model, especially for the
cathode. The water generation rate at high current densi-
ty is very likely to exceed its removal rate from the inner
layers by gas diffusion and, consequently, results in con-
densation and flooding of the electrode. This complexity,
which is neglected here, will be considered in our future
work when we take into account two-phase flow in porous
media. It is assumed that the electrode layers are ultra-
thin, so that gas transport resistance through the electrode
porous layer can be neglected. With these assumptions, the
properties at the faces of the membrane are determined by
the conditions in the channels. Next, since the thickness of
the cell (SH) is relatively small compared to the length of
the channel (L), it is assumed here that there is no temper-
ature drop in the solid phase across the cell (y direction).
With the anode side of the membrane more likely to be
drier than the cathode side due to the positive net water
transport from the anode to the cathode at high current
densities, the electro-osmotic coefficient and the diffusion
coefficient of water in the membrane are assumed to be
determined by the activity of the water in the anode flow
channel. Finally, because of the high electrical conductiv-
ity of the current collectors, no potential drop along the
channels is assumed. Also, anode and cathode gas flows
are assumed to be coflow or parallel to each other.

Cell performance.—The performance of a fuel cell is rep-
resented by the current density and potential relation.
Ideally, a single PEM fuel cell could produce 1.1V at ambi-
ent conditions. In practice, however, its potential outputs

1
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Fig. 1. Schematic diagram of modeling region.
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are less than ideal and decrease with increasing current
density. The potential difference between the cell output
potential and its open-circuit potential is attributed to the
electrode overpotentials (1) and membrane resistance and
current density [f, I(x)/o,], The depletion of the reactant
gases and production of water at the cathode result in
changing local current densities [I{x)], membrane conduc-
tivity, and electrode overpotential along the channels. The
same relation for potential and current density and expres-
sions for the electrode overpotential and membrane con-
ductivity used by Nguyen and White® are employed. Since
the membrane tends to be drier at the anode side, the con-
ductivity of the membrane and the water concentration in
the membrane [c,{x)] are estimated using the conditions in
the anode channels.

Flow channels.—The change in the molar flow rate of a
single-phase species i along the channel length is due to its
normal flux in the y direction into or out of the membrane.
The change in the molar flow rates of water vapor along
the flow channels depends on both the changes in the lig-
uid water and the flux of water vapor in and out of the
membrane. Expressions for the molar flow rates of various
species existing in the channels are the same as those in
Ref. 6. The energy balance equation for the anode and
cathode gaseous streams is

a7l (x)
d.

Y M@, @ ED = valt@) - TE)

where the subscript k represents either the anode or cath-
ode, and i is for gaseous species existing in the channels.
The parameter U is the overall heat-transfer coefficient,
and the parameter a is the heat-transfer area per unit
length of the flow channel. The term on the right side of
Eq. 1 accounts for the energy transported from the fluid in
the channel to the solid layer of the cell. Expressions for the
heat capacity of each component, C,;, are given in Ref. 6.

Membrane.—As was explained earlier, the net water
flux [Ny, ()] through the membrane from the anode side
to the cathode side is proportional to the local current den-
sity, I(x), generated at that position. Water transport
through the membrane can be described by three transport
mechanisms: (i) electro-osmotic drag, which is caused by
proton transport from the anode side to the cathode side of
the membrane, (i1} back-diffusion by the concentration
gradient of water created by the electro-osmotic flow from
the anode side to the cathode side and the cathodic reac-
tion, and (iii) convection by pressure gradient between the
anode side and the cathode side of the channels. Therefore,
the water flux through the membrane (y direction) can be
written as follows

k
M@ = ne@P2 = 0,25 — o, @2 T 12

where n,, D, k,, and p are the electro-osmotic drag coef-
ficient, diffusion coefficient of water, permeability of
water in the membrane, and water viscosity, respectively.
Next, Eq. 2 can be rearranged to yield the expression for
the net water molecules per proton flux ratio, «, as follows

F dc k, F dP,
—p, D% o 2 D 3
*T T T dy T I dy 3)

Since the membrane is very thin (=0.01 cm), the single-
step linear difference assumption between the anode side
and cathode side is used for the concentration and pres-
sure gradients of water across the membrane. Also, the
water concentration in the membrane can be estimated by
taking the algebraic mean of the concentration of water in
the anode and the cathode sides of the membrane. There-
fore, Eq. 3 can be changed to the following form
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F e, (x) — ¢, (@)}
I(x) t

a(x) = ny(x) — D, (x)

m

e @) Fe @)k, FOAR, (®) — P, (x)

4
2 w I(x) t 4l

where c,.(r) and c,.(x) are the concentration of water in
the anode and the cathode channels, and P, (r) and P, (x)
are the water vapor pressure in the anode and the cathode
channels, respectively. Parameter t,, is the thickness of the
membrane.

The electro-osmotic coefficient and the diffusion coeffi-
cient of water depend on the water content in the mem-
brane, and they change along the channels as the water
vapor condition in the channels varies. The correlations
for the dependence of the diffusion coefficient of water
and the electro-osmotic coefficient on water from Ref. 6
are used. However, since the permeability of water in the
membrane is not sensitive to the water content and
remains reasonably constant through the temperatures
below the glass transition temperature of the membrane,**
it is assumed constant for all water contents and tempera-
tures in this work.

In a PEM fuel cell, the water content in the membrane
depends on the activity of water in the gas phase next to
the membrane, and the activities of water in the gas phas-
es of each side of the membrane are different because the
anode tends to be dehydrated and cathode overhydrated
during operation. With the approach used here to describe
the flux of water across the membrane, it is difficult to
determine what value to use for the water content in the
membrane for different environmental conditions on each
side of the membrane. Three different schemes have been
tested using: (i) the water activity in the anode channels
(this is the approach used by Ref. 6), (ii) the water activity
in the cathode channels, or (#ii) averaged values of anode
activity and cathode activity in the channels. When the
cathode water activity and anode-cathode averaged activ-
ity are used, the current and potential relations show
much higher performance than those shown in published
results fror others and our own experimental results.
Therefore, the anode water activity is used to estimate the
water content of the membrane to evaluate the electro-
osmotic coefficient and diffusion coefficient for all calcu-
lations in the work. This approach is deemed reasonable
because the transport of water in the membrane is most
likely to be limited by the anode side unless the cathode
somehow becomes dehydrated, which is only possible with
very high dry air or oxygen flow rates, a highly unlikely
mode of operation.

Zawodzinski et al.”” measured the relation between the
water vapor activity and the membrane water content at
30°C in a condition in which the membrane is surrounded
by water vapor. However, during a fuel cell operation, the
existing phase of water at the faces of the membrane is not
really known. Chances that water contacts the membrane
as a liquid are very likely at the cathode. Springer et al.!
found that when the membrane is immersed in liquid
water, the water content can go as high as 16.8 water mol-
ecules per ionic site at 80°C. This observation along with
the results from Zawodzinski et al.”® suggests the cubic
correlation used in previous modeling works.*!’ Note that
in this correlation water contents are estimated even when
the water activity goes above 1. However, since the activi-
ties of water vapor in the cell are either at one or less, the
correlation for activities above one does not contribute to
the results. Also, since the cubic correlation is very com-
plicated, using it frequently results in instability in the
calculation and gives discontinuous results for some con-
ditions. To prevent the instability and discontinuous prob-
lems, the simple linear relation which is shown below is
proposed and used for all studies in this work

Mx) = 14 g (x) [5]
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Once the water content of the membrane is estimated,
the water drag coefficient and the water diffusion coeffi-
cient in the membrane can be calculated by the expres-
sions provided in Ref. 6.

Solid phase (flow plates and membrane).—When liquid
water exists in the flow channel, it tends to be on the sur-
face of the flow plate. Since heat transfer between the liq-
uid water droplets and the flow plate is always faster than
that between the liquid water droplets and the gas phase,
it is assumed that the liquid and the solid phases exist at
the same temperature. Therefore, when water condenses
or vaporizes in the channels, it is assumed that the phase
change takes place on the surface of the flow plate with
energy transferred to or from the solid phase. The energy
balance equation for the solid phase of the cell is

d’T,(x) _ 1 1 4T (x)
Aak—de nc{Mw.a(x) + Mw¢c(x)}cp‘w dr
= _ncaU{Ta(x) + TC(CL') - 2TS(CL')} - AbUb{The[((L') - TS((L')}
M, dM,,
~ iy, — H @) ey () )
) ’ dx ’ ’ dx

ASy, | AS,, B
+ nchH———2F + F J[Ts(x) + 273] — n(x); I(x) [6]

where n, is the number of the flow channels on each side
of the membrane, A, represents the cross-sectional area of
the solid layer along the flow direction, and 4, is the sur-
face area of the solid flow distributors open for energy
exchange to the surrounding. The first term on the left side
of the equation represents energy flow by conduction in
the solid layer of the cell along the gas flow path (x direc-
tion). The second term is for the energy flow by the liquid
water along the flow channels. The temperature distribu-
tion normal to gas flow (y axis) is assumed to be uniform.
The first term on the right side of the equation is for con-
vective heat transfer between the fluid in the channels and
the solid phase of cell, and the second term is for convec-
tive energy exchange between the solid layer of cell and the
heat exchanger fluid temperature. If convective bulk condi-
tion is applied, T (x) is substituted for the constant bulk
temperature, T,. The third and the fourth terms account for
the energy taken or released from the phase changes of water
in the anode or cathode flow channels, respectively. Values
for the heat of evaporation or condensation, (HY,, — H @),
as a function of temperature are from Ref. 6. The last term
represents heat generation by the irreversibility and over-
potential of the reactions. Since temperature distributions in
the y direction are ignored, energy generated by ohmic re-
sistance in the y-direction is neglected.

Heat exchanger designs.—To examine different heat re-
moval and distribution designs for the fuel cell, different
bulk conditions are considered. In one, constant bulk tem-
perature (T3} for free convection from the exterior surface
of the cell is assumed, and in the other, coflow or counter-
flow heat exchanger designs are evaluated. In both cases,
the external surface area (4,) of the flow fields and the
overall heat-transfer coefficient to bulk (U,) must be
defined for Eq. 6. When the heat exchanger designs are
applied, the following equations are used as the energy
balances for the heat exchanger fluid

AT, ()

MC
' dx

= U, AT (x) — T, (x}

for coflow heat exchanger [7]

MCP% = ~U,AL(E) — Tlx)

for counterflow heat exchanger [8]
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where T,.(x) denotes the heat exchanger fluid temperature
at position x and U, is the overall heat-transfer coefficient
between the exterior surface of the cell and the heat
exchanger fluid. The parameters C, and M represent the
heat capacity and molar velocity of the heat exchanger
fluid, respectively.

, Vol. 145, No. 4, April 1998 © The Electrochemical Society, Inc.

ture for the heat exchanger fluid (T,) is also fixed for both
the coflow and counterflow cases. Since the equation for the
temperature of the solid phase is a second-order differential
equation, two boundary conditions are required

- ) _ At x =0 Mz_gb_g'bff's(x)}
Boundary conditions.—The set of equations used in the dx k
model is given in Table I. There are twelve governing
equations for twelve unknowns, My,, Mo,, My,, MY,., M, c;wMiva(x)
MY, ML, T, T., T, Trer, and I The inlet conditions, at = - T{TQ(I) = T,(x)}
0, for the gas species (My,, Mo,, My,, M}, ,, and M}, ) and s
liquid water (M., ,, and M,,,) are specified, as well as the . .
inlet stream temperatures for the anode and cathode (T, _ Cplew,c(x){T (@) — T.(x)} (9]
and T,). When a heat exchanger is used, the inlet tempera- k4, ¢ )
Table 1. Governing equations for an along-the-channel model.
Hydrogen
dM,
_%(f_) - _-2%1(1) (T-1)
X
Anode liguid water
am! M (x s
wal®) _ k.hd i ) P, — P2 (@) (2]
dx RIT (x) + 2731} | M, ,(x) + My, (x)
Anode vapor water
dM? (x) dM., ()  ho(x)
w.a JE— -8 — Hx T-3
dx dx F () (T3]
Anode stream temperature
v v dT‘a(x)
{My, (x)C, 5, (x) + M, (2)C] (X)) ek Ua{T,(x) — T,(x)} [T-4]
Oxygen
dM;z(r) - ‘thl(r) [T-5)
X
Nitrogen
MNE,C = MoNl,c [T-6]
Cathode liguid water
! Mv'c z sa
dM,, (x) _ k.hd _ wel®) P — P () 7
dx R[T(x) + 273]} | My () + My (x) + My,
Cathode vapor water
v 1
dM?, () _ dM,, () . h{l + 2a(x)) Ix) [T-81
dx dx 2F
Cathode siream temperature
. ; dT,
(Mo, (@)C 0, (@) + My, Cp, (@) + M\‘,,AC(J:)C;‘W‘C(JJ)}—iSCl - UalT(x) ~ T.(x)} (T-9]
Solid layer temperature
. am., . (x)
A.kﬂs(zi) - n MY, () + ML, (@)C} QZS_(«‘Q = —nal(T, () + T,(x) — 20(x)} — ATy () ~ T(D)} — n{Hy, — Hiv,a}(x)T
5 du c w,a w,c . -

- nc{H\‘Lg - H;,,c}(l')

Bulk temperature

1
d_M;_wE). {T(x) + 273 — n@)I(x) [T-10]
X

o ][ 25, ASo,
2F  4F

T, =T} for constant temperature [T-11a]
MCPE-T%:(—:Q = Uy Ap{Ty(x) — Tpes(2)) for coflow heat exchanger [T-11b]
MC, dT};;(r) Uy Ay (T, (x) — Tep(@)} for counterflow heat exchanger [T-11c]
Local current density
o (x
I(x) = a{ ){Vm- = Ve — ) [T-12]

t

m
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dT,(x) _ U

Atx=1L ir 7Cb—{Tb - T(x)} (10]

At the inlet point (Eq. 9), when the initial temperatures of
the solid layer and the injected liquid water are different,
it is assumed that energy is immediately exchanged
between them to allow both to reach the same tempera-
ture. The second and third terms on the right side of Eq. 9
represent the energy transport between the liquid in the
channels and the solid layer. The first terms on the right
side of Eq. 9 and 10 represent the heat transport between
the solid layer and surrounding the solid area normal to
the inlet and outlet flow direction.

Solution techniques.—These equations are solved simul-
taneously using a finite difference algorithm called BAND
(J) proposed by Ref. 16. For a specified average current
density I,.,. a guessed value for the cell potential is chosen,
and the model equations are solved to get a set of local
current densities I(x} and I, using the following equation

L
L= %J.Ol(x)dx [11]

where L is the channel length. If the calculated I,,, is not
equal to the specified I,,,, a different cell potential is cho-
sen. This process is repeated until the calculated I,,, agrees
with the specified I, to within a tolerable range. Instead
of iterating the model manually, an iteration loop based on
the Newton-Raphson method is used to help search for the
correct cell potential. The procedure for this Newton-
Raphson based search method is given in Ref. 6.

Results and Discussion

Proper water and thermal management has been found
to be essential to achieving high performance at high effi-
ciency for PEM fuel cells. Consequently, in the search for
designs and operating strategies and conditions that will
yield optimal fuel cell performance, an accurate computer
model of the system is very useful and cost effective. In
this section, this model will be used to evaluate the effec-
tiveness of some humidification and heat removal strate-
gies and to investigate the effects of various operating con-
ditions on the performance of a PEM fuel cell.

A base case which corresponds to a PEM fuel cell oper-
ating with pure hydrogen and oxygen entering at 1 atm
abs and 80°C, a surrounding temperature held constant at
70°C, and a current density of 1.1 A/cm? is evaluated. The
anode inlet stream is saturated with water vapor, and dried
oxygen is supplied to cathode. The physical and transport
values used represent those of a Nafion of 1100 equivalent
weight. The other parameters for the base cases are given
in Table II.

Base case.—The results for the base case are shown in
Fig. 2-5. Figure 2 shows that as the fluid flows down the
channel, the amount of vapor water (P,,) in the anode de-
creases as the result of the net transport of water from the
anode to the cathode. Even though some water is transport-
ed by diffusion from the cathode back to the anode, the re-
plenishing rate is not fast enough to maintain a high water
content at the anode side of the membrane (see Fig. 3).
Consequently, the current densities generated along the
channel decrease as the membrane becomes drier and more
resistive (see Fig. 5). This membrane drying effect along with
the decrease in the water concentration translate to lower
depletion rates of hydrogen and oxygen farther down the
channels.

Figure 3 illustrates the interesting interaction between
two water transport mechanisms in the membrane of a fuel
cell: diffusion and electro-osmosis. (Convective transport by
a pressure gradient is not present in this case because the
anode and cathode pressures are the same.} In the figure,
positive values of the number of water molecules per proton
denote positive flow from the anode side to the cathode side
of membrane. Near the entrance of the fuel cell, the amount
of reactants and the partial pressure of water in the anode
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Table . Values for parameters used in the base case.

Average current density 1.1 A/em®
Bulk temperature 70°C
Channel width 0.1cm

Channel height 0.1 cm
Channel length 10 cm
Number of channel 50
Open-circuit potential 1.1V
Oxygen exchange current density 0.01 A/cm?
Condensation rate constant 100 /s
Membrane

Dry density 2.0 g/em®

Dry equivalent weight 1100 g/mol

Thickness 0.01275 cm

Intradiffusion coefficient of water 5.5 X 107" em?¥/s
in membrane®
Water permeability®

Water viscosity®

1.58 X 10" cm?®
3.565 X 107° g/em-s

Anode
Inlet temperature 80°C
Hydrogen flow rate 2.0 X I,
Inlet water vapor Saturated
Inlet water liquid
Pressure 1 atm
Cathode
Inlet temperature 80°C
Oxygen flow rate 20X1I.,
Nitrogen flow rate 0
Inlet water vapor Dry
Inlet water liquid 0
Pressure 1 atm

Solid layer
Heat transfer coefficient to bulk®
Heat transfer coefficient to channel ¢
Thermal conductivity®
Heat transfer area to bulk

0.025 J/s cm? °C
0.025 J/s cm? °C
0.005 J/s ecm °C
200 cm?

2 Ref. 6.

" Ref. 14.
¢ Ref. 17.
4 Ref. 18.
¢ Ref. 19.

are high. Consequently, the membrane conductivity is high,
and the local current density is also high. Note that the dif-
fusion effect is positive in this region. That is, water is
transported from the anode side to the cathode side of the
membrane by the diffusion because the anode channel is
saturated with water vapor, in contrast to the dried cathode
stream. Therefore, having a little bit of the water vapor at
the inlet of the cathode stream can improve the cell perfor-
mance by reducing the amount of water diffused from the
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Fig. 2. Water profiles along the flow channels for the base case.
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anode side to the cathode side of the membrane. In this
region, the water transport rate by electro-osmosis and dif-
fusion results in a net transport of water (see o in Fig. 3)
from the anode to the cathode of approximately 1.8 mol of
water per mole of protons. Farther down the channels
where the membrane becomes drier as the result of lower
water concentrations in the anode channel, the membrane
conductivity and local current density decrease even though
the concentration of hydrogen increases. The diffusion coef-
ficient of water and the electro-osmotic drag coefficient in
the membrane also decrease because of their dependences
on the water content in the membrane. However, the amount
of water diffused from cathode to anode increases because
of the higher water concentration gradients now existing
between the anode and cathode channels. This combined
effect results in a continuous decrease in the net transport
rate of water across the membrane to around 0.4 mol of
water per mole of proton near the exit, as illustrated by the
more gradual drop in the water partial pressure in the anode
gas stream. End effects observed in these figures are attrib-
uted to the thermal effects of the differences in the temper-
atures of the fuel cell, gas phase, and surroundings at the
entrance and exit of the fuel cells.

Figure 4 shows the temperature distributions along the
channels. For the flow rates and heat-transfer conditions
chosen in this case, the anode and cathode gas temperatures
stay very close to the solid temperature except near the
entrance, where they drop rapidly because of the lower bulk
temperature. The solid layer temperature starts at a value
about halfway between the gas inlet and bulk temperatures
at the inlet and heats up quickly because the higher gas
temperatures and the energy released by the reactions. Once
the solid temperature reaches the gas temperatures, all
three temperatures increase as the result of the energy
released by the high current density. Beyond about 0.7 cm
down the channel, these temperatures begin to level off as
the heat generation by the reaction decreases with decreas-
ing current density. However, these temperatures start to
increase again at approximately 1.4 cm down the channel
where the water vapor in the cathode gas stream having
reached saturation begins to condense and release energy to
the system (see Fig. 2). Finally, near the outlet, the gas-
phase and solid-phase temperatures decrease more rapidly
as more energy is transferred to the cooler surroundings.

For comparison purposes, the temperatures and current
density distributions along the flow channel obtained from
Nguyen and White’s model 6 are also included in Fig. 4 and
5. In the previous model, the solid layer of the fuel cell is
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Fig. 4. A comparison of temperature profiles along the channels
with the previous model for the base case.

assumed to be uniform and constant. That is, the heat-
transfer rate from the solid phase to the surroundings or a
heat exchanger system was assumed to be infinitely high.
Therefore, the energy generated by the reaction on the sur-
face of the solid was not considered, and the energy associ-
ated with the condensation and evaporation of water was
included in the energy balance equation for the gas phase
resulting in large changes in gas channel temperatures.
These changes in the gas temperatures affect the water con-
tent and, consequently, the transport parameters in the
membrane. However, they do not affect the electrode kinet-
ics which depend on the solid-phase temperature only. By
including the heat-transfer resistance between the gas phase
and solid phase, within the solid phase, and between the
solid phase and the surroundings, the temperatures in this
model are now higher than those from the model in Ref. 6.
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Fig. 5. A comparison of current profiles along the channels with
the previous model for the base case.
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Since the temperatures no longer go through rapid changes,
especially at the region near the inlet, a smoother current
density distribution is now observed as compared to the
complicated current distribution of Nguyen and White’s
model (see Fig. 5). Overall, with the solid-phase tempera-
tures and, consequently, the current densities being higher
along the whole channel, this model predicts a higher cell
potential than that from Ref. 6 for the same operating con-
ditions (0.53 V vs. 042 V at I, = 1.1 A/em’®). Predictions
from the previous model have been regarded to be low rela-
tive to experimentally obtained values.

Humidification designs.—As shown in the base case, the
anode and consequently its interface with the membrane
become less hydrated as the anode gas traverses the chan-
nels and loses its water content to the net transport of
water across the membrane. One of the approaches often
employed by fuel cell designers to overcome the water star-
vation problem is to raise the humidification temperature.
This allows a greater amount of water to be carried into the
anode. The model is used here to evaluate the effect of using
an anode humidification temperature of 90°C. Other condi-
tions are the same as those of the base case. Figure 6 shows
that by increasing the anode humidification temperature
from 80 to 90°C the partial pressure of water increases from
0.5 to 0.7 atm, thus allowing more water to be introduced
into the fuel cell. As the water vapor enters the cell and
encounters the cooler solid temperature of the cell, some
condenses (follow M., in Fig. 6). This condensed liquid
water later evaporates as the gas traverses the channel to
help keep the membrane hydrated (as shown by a much
higher value and more gradual drop of the anode water
partial pressure) and more conductive. With the mem-
brane better hydrated and more conductive, this case has
not only more uniform current densities along the whole
length of the channels (see Fig. 8) but also lower peak cur-
rent than those of the base case. With the membrane more
conductive over a larger length of the channel, the local
current densities are higher, eliminating the need for a
higher peak current at the entrance and correspondingly a
higher cell potential (0.65 V vs. 0.53 V for the base case).
Finally, the solid-phase temperature is also more uniform
and consistently higher giving rise to a lower kinetic
resistance and higher membrane conductivity and water
back-diffusion rate. The sharp increase in the solid-phase
temperature near the entrance is attributed to the hotter
incoming reactant gas and the energy released from the
condensation of water as the incoming gas cools.
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Fig. 6. Water profiles along the channels for the 7, = T. = 90°C case.
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Another method that can be used to increase the anode
humidification level is by liquid water injection. The effec-
tiveness of the liquid injection humidification design is
evaluated next using this model. In this case, an addition-
al amount of 80°C liquid water equivalent to 20% the
amount of hydrogen in the feed stream is injected into a
hydrogen gas stream saturated with water at the same
temperature as the base case (80°C). Compared to the base
case, the liquid injection case has higher water vapor par-
tial pressure over the whole length of the channels (see
Fig. 7). Although not as high as that in the case with the
higher humidification temperature, this slightly higher
water vapor level still results in an improvement of 0.05 V
over the base case (see Fig. 8). The lower solid-phase tem-
peratures in the region near the entrance of the cell are
attributed to the loss in energy required to vaporize the
liquid water. More water could be injected to maintain
higher hydration levels. However, unless the energy need-
ed to vaporize the water is available or the heat-transfer
rate between the phases is very high, injecting more liquid
water will never give this case, a performance equal to
that of the higher humidification temperature case. This is
because of the higher energy content associated with car-
rying water vapor as compared to liquid water.

Figure 9 shows the polarization curves for the three dif-
ferent humidification cases discussed in the previous
paragraphs. Note that at low current densities where the
performances are kinetically controlled there are no dif-
ferences between these humidification designs. However,
at higher current densities where the effect of the mem-
brane ionic resistance is significantly higher, the advan-
tages of having an optimal water management system
becomes obvious, as shown by the higher potentials of the
cases with better humidification. The effects of liquid
water injection have been experimentally demonstrated in
our laboratory.” Experimental results from runs at condi-
tions similar to those simulated here are included in Fig. 9
to prove that injecting liquid water into the anode gas
stream improves the cell performance, especially at higher
current density, thus validating the model predictions.
Note that since these data points are not IR-corrected and
include overpotential contributed by the anode, which is
neglected in this model, the experimental potentials are
lower than those predicted by the model. Finally, the sharp
drop in potential associated with the mass-transport limi-
tation region is not observed in these polarization curves
because the effects of reactant gas transport resistance in
the porous electrodes are neglected in this model.
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Fig. 7. Water profiles along the channels for the liquid injection case.
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Effect of differential pressure.—As shown in Fig. 3, net
water transport in the membrane arises from three mech-
anisms: electro-osmosis, diffusion, and convention. At low
current densities, back-diffusion of water from the cath-
ode to the anode may be sufficient to keep the anode side
of the membrane hydrated. At higher current densities
where water back-diffusion is insufficient to replenish the
water loss from the anode by electro-osmosis, convective
water transport from the cathode to the anode by differen-
tial pressure could be used. With the anode gas maintained
at 1 atm, two different pressure levels, 2 and 3 atm, for the
cathode are evaluated using this model. Other conditions
are identical to those of the base case. Figure 10 shows the
effectiveness of having a higher cathode pressure on the
performance of a PEM fuel cell at various current densi-
ties. A higher pressure difference yields higher cell perfor-
mance over the entire range of current densities investi-
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Fig. 9. The effect of humidification designs on the performance of
a PEM fuel cell. Lines are the model results, and dots are non-IR
corrected experimental results from Ref. 20.
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gated. Increasing the cathode pressure from 1 to 2 atm
yields a larger increase in cell potential than that from 2 to
3 atm. Furthermore, the effects are more significant at
higher current densities. This behavior is attributed to the
fact that as the membrane becomes better hydrated with
more convective flow of water from the cathode to the
anode, the membrane resistance due to dehydration
becomes less influential than activation resistance.
Furthermore, convective flow contributes more at higher
current densities where the effect of electro-osmosis is
higher. Figure 11 shows the contribution by each water
transport mechanism along the channels for the case
where the pressure of the anode and cathode gases are at 1
and 2 atm, respectively. Comparing the curves in Fig. 11 to
those in Fig. 3 shows that the contribution from water
back diffusion is about the same. However, the water
transport rate by electro-osmosis can be maintained at a
high level because the convection flow of water from the
cathode to the anode helps to keep the membrane well
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hydrated and more conductive. Initially, little water exits
in the cathode to take advantage of the pressure gradient.
Therefore, the convection effect starts at a low 0.4 mole-
cule of water per proton level in this front region. As more
water is available along the channels, the convective effect
increases rapidly and stays constant at about 0.9 molecule
of water per proton. At this level, the decrease in the net
water transport is governed by the decrease in the electro-
osmosis effect as a result of lower water concentrations in
the anode channels. Near the end of the channels, the elec-
tro-osmosis effect increases because of the temperature
decrease caused by the energy loss to the bulk at the end
of the channels. This end effect also contributes to the
increase in the net water transport coefficient in the
region. In summary, a higher cathode gas pressure can be
used to reduce the anode dehydration problem and improve
the fuel cell performance. However, the energy and equip-
ment cost of compressing the cathode gas, especially air,
and the effect of oxygen gas crossing over to the anode
must also be considered.

Effect of temperatures.—Figure 12 shows the effect of
the bulk temperature on the cell potential of PEM fuel
cells when I, is held at 1.1 A/cm?®. The anode and cathode
gas stream temperatures are equally maintained, and the
results frora three different temperatures are plotted. When
the bulk temperature increases, the potential shows con-
vexity. Increases in the cell potential at lower tempera-
tures are caused by increases of the transport properties,
D,, ny, and o, of the membrane and the decreases of
kinetic resistance. After the cell potential reaches a maxi-
mum value, overheating causes the overpotential to
increase and the potential to decrease. It is desirable to
have heat removal schemes when the bulk temperature
extends beyond the optimum values. Within the investi-
gated temperature range, it is found that the cell potential
increases with the gas inlet temperature. This happens pri-
marily because more humidified gases are injected with an
increases of gas inlet temperatures as mentioned previous-
ly, even though the overpotential increases. As the gas
stream inle: temperatures increase, the optimum bulk tem-
perature decreases to remove the excess energy that is sup-
plied from the inlet gas streams.

Heat exchanger designs.—A heat exchanger can be used
not only to remove energy from the cell but also to distrib-
ute it more effectively along the channel. Two types of
exchangers are considered: coflow and counterflow re-
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Fig. 12. The effect of bulk temperatures on the performance of a
PEM fuel cell for different gas stream temperatures when Ly =
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spective to the gas stream, to study the effect of energy dis-
tribution. The temperature profiles of the solid-layer and
heat exchanger fluid along the channel for both types of
heat exchanger schemes in contrast to the case in which
convective heat transfer is used with a constant bulk tem-
perature are shown in Fig. 13. Liquid water is used for the
heat exchanger fluid. The heat exchanger fluid inlet tem-
perature is chosen so that the average heat exchanger fluid
temperature is equal to the constant bulk temperature for
the convective heat removal case. As shown in the figure,
the coflow heat exchanger takes energy from the front sec-
tion of the channels and releases it to the end section,
while the counterflow does so inversely. Consequently, the
solid layer shows higher temperatures at the front section
with the counterflow heat exchanger and at the end sec-
tion with the coflow heat exchanger as compared to that
with the constant bulk temperature condition. Even though
the temperature of the solid layer is higher at the end
region using the coflow exchanger, the energy is not used
properly because water content limits the performance of
the cell in that region. Meanwhile, in the counterflow case,
the unused energy at the end region is taken to the front to
maintain higher partial pressures of water in the anode
gas stream (see Fig. 14). As a result, the cell performance
with the counterflow setup is better while that with the
coflow is worse than the case without a heat exchanger
(see Fig. 15).

To study the effect of heat removal, the cell potential vs.
the averaged heat exchanger fluid temperature for two dif-
ferent heat exchanger flow rates is shown in Fig. 15 for a
gas stream temperature of 80°C and an average current
density of 1.1 A/cm® In the figure, a lower flow rate of
heat exchanger fluid corresponds to a higher heat removal
effectiveness. As the flow rate of the heat exchanger fluid
decreases, more energy is transferred along the cell, mak-
ing the energy distribution effect on the cell performance
more significant. Therefore, higher heat transfer improves
the cell performance for the counterflow heat exchanger
case but worsens it for the coflow heat exchanger. Also, for
the counterflow heat exchanger the maximum average bulk
temperature decreases with decreases in the heat exchanger
fluid flow rate because the energy is used more effectively.
On the other hand, for the coflow heat exchanger the maxi-
mum average bulk temperature increases with decreases in
the heat exchanger fluid flow rate due to the insufficient use
of energy at the end region of the flow channel.
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fluid for different bulk designs when T, = 80°C, I, = 70°C, flow
rate of heat exchanger fluid = 0.5 g water/s, and L =1.1A/cm?
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Figure 16 shows the polarization curves for the two dif-
ferent heat exchanger designs as compared to the constant
bulk temperature case. The results illustrate that better
performance will be obtained with the counterflow heat
exchanger for most regions of current density investigat-
ed. Note that, at low current densities where the perfor-
mance is kinetically controlled, there are no differences
among the heat removal designs. However, at higher cur-
rent densities, the advantages of having better heat remaval
and distribution design become obvious, as shown by the
higher potentials of the cases with the counterflow heat
exchanger. Figure 17 shows that the improvement in the
current density at fixed cell potential obtained with the
counterflow heat exchanger is achieved mainly at the end
regions of the channels, and it also shows the most uni-
form distribution of current densities along the channel.
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Conclusions

An along-the-channel model for a proton exchange mem-
brane fuel cell was developed in which the energy balance of
the solid phase and convective water transport by differen-
tial pressure were included. The model was used to evaluate
the effectiveness of various humidification designs, higher
cathode gas pressure, and heat removal schemes for PEM
fuel cells. The results show that humidification of the anode
gas is required to improve the conductivity of the membrane,
and the liquid after injection and higher humidification
temperature can improve the cell performance by introduc-
ing more water into the anode. Also, applying higher cath-
ode gas pressure helps to replenish the water loss by electro-
osmosis, thereby making the membrane more conductive
and thus resulting in higher cell performance. Finally, the
counterflow heat exchanger is more effective than both the
coflow scheme and the constant bulk temperature.

The model presented here can be used to evaluate the
effectiveness of different operating strategies and designs,
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Fig. 17. A comparison of three different bulk designs on the cur-
rent densities along the channels.
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and these results can then be used to help determine an
optimal fuel cell design for a specific application.
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LIST OF SYMBOLS

a heat-transfer length between channel to solid layer
per unit area, cm

a, activity of water in stream k

A, heat transfer length between solid layer to bulk per
unit area, cm

A, conductive heat-transfer area of solid layer per unit
area, cm®
c concentration of water in the membrane, mol/cm?®

¢, concentration of water at k interface of the mem-
" brane, mol/cm®

C heat capacity of heat exchanger fluid, J/mol °C

heat capacity of species i, J/mol °C

R

=}

d channel height, cm

D’  intradiffusion coefficient of water in membrane,
cm?/s

D,  effective diffusion coefficient of water in the mem-
brane, cm?/s

F Faraday constant, 96,487 C/equiv

h channel width, cm

H,, enthalpy of water vapor or liquid in k stream, J/mol

local current density, A/cm?

exchange current density for the oxygen reaction,

A/cm?®

average current density, A/cm?

thermal conductivity of solid layer, J/s cm °C

condensation rate constant, s™*

hydraulic permeability of water in membrane, cm?

cell channel length, cm

molar flow rate of heat exchanger fluid, mol/s

M,  molar flow rate of species i, mol/s

M, ¢ equivalent weight of a dry membrane, g/mol

n, number of channel for each side of membrane

ng electro-osmotic drag coefficient

Niy Y component molar flux of species in k channel,
mol/s-cm?

NGy Y component molar flux of water vapor in k chan-
nel, mol/s-cm?

; partial pressure of species i, atm

. total pressure of channel k, atm

w  Ppartial pressure of water in the membrane, atm

wk vapor pressure of water in k channel, atm
gas constant, 82.06 cm® atm/mol K or 8.314 J/mol K

SH  cell height, cm

SW cell width, cm

BLFEES~
=T ) UE

=vBaviavivigv]

i membrane thickness, cm
T,  bulk temperature or heat exchanger fluid tempera-
ture, °C

T,  temperature of k stream, °C

U overall heat-transfer coefficient between channel
and solid layer, J/s cm? °C

U, overall heat-transfer coefficient between solid layer
and bulk or between solid body and heat exchanger
fluid, J/s em?® °C

V.. cell open-circuit potential, V

Ve cell potential, V

T direction along the channel length, cm

y direction normal to the channel length, cm

1159

Greek
« net water transfer coefficient per proton
3 step size for the potential

AS; change of entropy for the i species reaction on plat-
inum, J/mol K .
overpotential for the oxygen reaction, V

m
W water viscosity, g/cm s
A water contents of membrane

Pmdn density of a dry membrane, g/cm?®
o, membrane conductivity, S/cm

Subscripts and superscripts

a anode

c cathode
calc calculated
guess guessed
H, hydrogen
inert inert gas

k anode or cathode channel
I liguid
n iteration number

sat saturation
spec specified

v vapor
w water
o) initial condition
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