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A Water and Heat Management Model for
Proton-Exchange-Membrane Fuel Cells

Trung V. Nguyen** and Ralph E. White*
Department of Chemical Engineering, University of South Carolina, Columbia South Carolina 29208

ABSTRACT

Proper water and heat management are essential for obtaining high-power-density performance at high energy effi-
ciency for proton-exchange-membrane fuel cells. A water and heat management model was developed and used to inves-
tigate the effectiveness of various humidification designs. The model accounts for water transport across the membrane by
electro-osmosis and diffusion, heat transfer from the solid phase to the gas phase and latent heat associated with water
evazporation and condensation in the flow channels. Results from the model showed that at high current densities (> 1 A/
cm®) ohmic loss in the membrane accounts for a large fraction of the voltage loss in the cell and back diffusion of water from
the cathode side of the membrane is insufficient to keep the membrane hydrated (i.e., conductive). Consequently, to
minimize this ohmic loss the anode stream must be humidified, and when air is used instead of pure oxygen the cathode

stream must also be humidified.

Of various existing fuel cell systems, the proton-ex-
change-membrane (PEM) fuel cell is most promising, espe-
cially for terrestrial applications such aslocal power gener-
ation and transportation, because of the simplicity of its
design and low temperature operations. The attractiveness
of this fuel cell system has increased significantly within
the past five years because of the following improvements.
The catalyst loading has decreased from as high as 10 mg
Pt/cm? to less than 0.5 mg Pt/cm®. ** Membranes with im-
proved conductivity, water permeability, and thermal sta-
bility, such as the new perfluorosulfonic acid membrane
from the Dow Chemical Company, have been developed.*
Work to reduce the cost of material processing and prepa-
ration is also underway. The only remaining limiting design
feature to the commercialization of this system is its ability
to be operated at high power density and energy efficiency.
(High power density translates to fewer cells required per
unit power and hence lower system cost.)

Currently, to achieve high energy efficiency most PEM
fuel cells operate at low current densities (consequently,
lower power densities), and when high power density per-
formance is obtained, it is achieved at the sacrifice of en-
ergy efficiency. Recent work has shown that proper water
and heat management is one of the keys for achieving high
power density performance at high energy efficiency.
Proper heat removal and humidification are needed to keep
the membrane well hydrated and conductive, which
translates into lower ohmic losses and higher cell
voltages.”® Power densities greater than 1 W/cm?® have been
reported.®®

In a proton exchange membrane fuel cell, the membrane
acts both as a separator and as an electrolyte, see Fig. 1. The
conductivity of this membrane is highly dependent on its
hydration state.®*® During operation, due to the effect of
electro-osmosis water molecules move from the anode to
the cathode resulting in membrane dehydration on the an-
ode side of the membrane' and flooding on the cathode
side (additional water is produced at the cathode by the
O, + 4H" + 4~ - 2H,0 reaction). Previous results showed
that water replenishment by back diffusion alone is insuffi-
cient to keep the anode side of the membrane hydrated
especially at high current densities.***"® Furthermore, as
the membrane becomes dehydrated the pores within the
membrane shrink, resulting in lower water back-diffusion
rates.®'%*1 Any improper thermal management occurring
during operation would exacerbate the water management
problem.

The transport of water and ions in a proton exchange
membrane fuel cell has been modeled at various levels of

* Electrochemical Society Active Member.
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75149.

2178

complexity by many groups. Verbrugge and Hill have de-
veloped various half-cell and full-cell models'®*® to study
the transport properties of perfluorosulfonic acid mem-~
branes under electrolyte supported condition (i.e., the
membrane was saturated with an electrolyte, typically sul-
turic acid). Fales et al.*® presented a model in which water
transport by hydraulic permeation and electro-osmosis
was assumed. The model was used to study the distribution
of water within the membrane during operation. Fuller and
Newman®® developed a model which was based on concen-
trated solution theory to describe water transport in fuel
cell membranes. Bernardi and Verbrugge™® developed
various models to study the effects of the transport of gases
and water vapor in gas-diffusion eleetrodes on the perfor-
mance of PEM fuel cells. In these models the membrane
was assumed to be uniformly hydrated with constant
transport properties, a case which may exist at low current
densities and with “ultrathin” membranes. Recently, a
more rigorous, isothermal model of a proton exchange
membrane fuel cell was presented by Springer et al.'® The
model accounts for the dependence of the electro-osmotic
coefficient on the water content within the membrane, gas
transport within the diffusion layer of the electrodes, and
water transport across the membrane by electro-osmotic
force and back diffusion.

In general, all these models focused on the one-dimen-
sional transport of the reactants and products in the elec-
trodes and across the membrane. The model presented by
Springer et al.'® may be considered as a pseudo, one-step,
two-dimensional model in which the flow channels were
treated as being perfectly well mixed. The effects of the
depletion of the reactants and the production of water at
the cathode along the length of the fuel cell, and the com-
bined effect of latent heat from water evaporation and con-
densation were not accounted for. Furthermore, all these
models are isothermal and are unsuitable for water and
heat management studies. Nguyen et al.® presented a two-
dimensional heat and mass-transfer model for a PEM fuel
cell, in which the electro-osmotic coefficient was assumed

H,---> 2HT+ 2~ ——
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Fig. 1. Schematic of a proton-exchange-membrane (PEM) fuel cell.
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Fig. 2. Schematic of modeled regions.

to be constant. That model was devleoped as an ex-
ploratory design tool in the development of humidification
systems for a PEM fuel cell. The model presented here was
developed based on the experience gained from the model
presented earlier by Nguyen et al.® and membrane
transport data that have recently become available in the
literature.

Model Description

This model is a steady-state, two-dimensional heat and
mass-transfer model of a PEM fuel cell. The model regions
consist of two flow channels on both sides of the mem-
brane, one for the anode and the other for the cathode (refer
to Fig. 2). The model accounts for mass transport of water
and gaseous reactants across the membrane and along the
flow channels and heat transport from the solid phases to
the gases and vice versa along the flow channels. The as-
sumptions used in the model are:

Assumptions.—

1. Because of the high thermal conductivities of the solid
materials, the temperature of the solid (anode plates, elec-
trodes, and membranes) is assumed to be uniform and con-
stant. .

2. Flow condition within the channel is plug-flow.

3. The total pressure is constant (that is, there is no pres-
sure drop along the channels).

4. Heat transfer by conduction in the gas phase is negli-
gible.

5. Water leaves the channels and enters the electrode/
membrane in the form of vapor only.

6. Assuming that the electrode layer is “ultrathin,” gas-
diffusion through the electrode porous layer is neglected.

7. An ideal gas mixture is assumed.

8. Liquid water is assumed to exist in the form of small
droplets and its volume is assumed to be negligible.

9. Since the anode side of the membrane is most likely to
be drier than the cathode side due to the net water trans-
port from the anode to the cathode at high current densi-
ties, the electro-osmotic coefficient and the diffusion coef-
ficient of water in the membrane are assumed to be
determined by the activity of the water in the anode flow
channel.

10. Because of the high electronic conductivity of the
current collectors, no voltage drop along the flow channels
is assumed.

Material balance.—The change in the number of moles of
a single-phase species i along the channel length is due
to the normal flux in the y-direction into or out of the
membrane.

i= (H27 OZa Nz)
M,
dx

- _th,y,k(x) [1]
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Note that N;,(x) is a function of x. It varies along the
channel length because the current density changes along
this direction as shown later. For water, the change in the
number of moles due to condensation and evaporation are
also included as shown in Eq. 2 and 3 below

Water, liquid

dMys < k.hd ) ( ok t)
W, = C W, P — PSa 2
dx R(Ti+273)) \BIY, + Myyso, wk [2]
Water, vapor
V \\\lrk - dMévk _ v
dx - d.x' th,y,k(x) [3]

where k. is the homogeneous rate constant for the conden-
sation and evaporation of water reaction; h and d are the
width and height of the channel, respectively; and sub-
script k represents either the anode or cathode. The mate-
rial balance on the liquid water depends on the difference
between the partial pressure and the vapor pressure of
water. That is, if the partial pressure of the water vapor is
greater than the vapor pressure of water, water vapor will
condense. Similarly, if the partial pressure of the water
vapor is less than the vapor pressure and if there is any
liquid water present, liquid water will evaporate to gener-
ate water vapor. Consequently, the change in the water
vapor along the flow channels depends on both the change
in the liquid water and the flux of water vapor in and out
of the membrane, Nj ,(x). The molar flux, N, ,, for each
component is

I I
and
Nypul) =8y, ) - L 20@) [4b]

where I(x), the local current density of the fuel cell, varies
along the channel length as the membrane conductivity
and the electrodes overpotential change. F is the Faraday
constant.

The parameter a represents the net water molecule per
proton flux ratio and is calculated as follows
where the two terms on the right side of the equation repre-
sent the effects of migration and diffusion, respectively.
This equation can be rearranged to obtain an expression
for a

New water flux = Ny, .(x) =«

F de,,

* =7~ 7 D, &y (6]
To minimize the complexity of this model, we assume that
the gradient of water concentration across the membrane
can be approximated by a single-step linear difference be-
tween the concentration at the cathode and anode (¢, and
Cya), the final expression for a becomes
F (Cue ~ Cua)

) D, - [7]

a =Ny

where ny, D, and t, are the electro-osmotic coefficient
(= number of water molecules carried by a proton), diffu-
sion coefficient of water in the membrane, and membrane
thickness, respectively. This electro-osmotic coefficient de-
pends on the water content in the membrane, which in turn
depends on the activity of water in the gas phase next to the
membrane.'®

At high current densities, the water transport rate by
electro-omosis from the anode to cathode exceeds the back
diffusion rate of water from the cathode to the anode. This
results in a net water transport rate from the anode to the
cathode, and as a result, partial dehydration along the an-
ode and saturation along the cathode. Based on this ob-
servation, it is reasonable to assume that the water content
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in the membrane is most likely lower on the anode side, and
consequently the activity of the water on the anode side can
be used to calculate the electro-osmotic coefficient across
the whole membrane (Assumption No. 9). We could use the
average of the activity of water in the anode and cathode as
another approach. However, we chose to use this more con-
servative approach. Expressions given by Springer et al.’
are used to calculate the following equation for n, as a
function of the activity of water in the anode flow
channel, a,

1y =0.0049 + 2.02a, — 4.53a2 + 4.09a (fora, = 1) [8a]

and
73=1.59+0.159(a, - 1) (fora,>1) [8b]

Based on the same assumption, the diffusion coefficient of
water is given by the following expression

= (0.0049 + 2.02a, — 4.53a2 + 4.09a%)D°

1 1
exp [2416<303 973 2 Ts):l (fora,=1) [9a]

and

D, =[1.59 + 0.15%(a, — 1)]D°

exp [2416(303

The expression for the diffusion coefficient of water in
the membrane given by Springer et al. was found to be
inappropriate because the values obtained turned out to be
almost independent of the water content in the membrane.
When this expression was used, the model predicted that
the fuel cell could operate at high current densities
(>1 A/em® without humidification for the anode gas
stream. Since our data and those available in the literature
for fuel cells using Nafion®*"* do not support this observa-
tion, we decided to use a different expression. Due to the
lack of data, an assumption was made here that the diffu-
sion coefficient of water in the membrane would be depen-
dent on the water content in the membrane in a similar
manner as the electro-osmotic coefficient. This expression
can be modified when additional data or new expression
for the diffusion coefficient of water in the membrane be-
comes available.

Finally, the expressions for ¢, and ¢, are given below"

1

273‘+Ts)] (fora,>1)  [9b]

Coe = T (() 043 + 1780 —
7 ly[nndry

39.8a; + 36.0af) fora,=1 [10]

Coe = 8% [14 + 1 4(ay — 1)] for g, > 1 (11]
! I»Z}n,ﬂry

where the subscript k represents either the anode or
cathode, and p,, 4, and M,, 4, are the density and the equiv-
alent weight of a dry proton exchange membrane. The ac-
tivities of water in the anode and cathode streams are de-
fined as follows

Anode
_zeP (M, ) P
=P = M, + My Pi f2
Cathode
a =Bl (M )0 [13]
Pw,c ]w“f“-fMOz+M1\72 Pw,c

The expression for the vapor pressure for water as a func-
tion of temperature is®

logo(P3) = 2.95 - 10727
—9.18-107°T2+1.44-107"T¢ - 2.18 [14]
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where the subscript k represents either the anode or the
cathode.

Energy balance.—The energy balance equation for the
anode and cathode gaseous streams is

: dT dM‘l,,
Z (MiCp hadad 4 k

where the subscript k represents either the anode or the
cathode. The parameter U is the overall heat-transfer coef-
ficient, and the parameter a is the heat-transfer area per
unit length of the flow channel [=2(k + d)]. The first term on
the left side of Eq. 8 accounts for the enthalpy change due
to condensation or evaporation of water in the flow chan-
nel. Values for the heat of evaporation or condensation,
(Hy, — H,) as a function of temperature can be calculated
from the following equation™

(Hy. — HL) = 45,070 — 41.9T
+3.44.10°° 7% +2.54 - 107°T% — 8.98 - 107°T* [16]

= (Hyy = How) +Ua(T, - Ty  [15]

Cell potential.—The cell potential can be calculated
from the membrane resistance and electrode polarizations
as follows

Ix)t,

Om() [l

yzeﬂ = ‘cm - 7]@?) -
where V,, is the open-cireuit potential of the fuel cell and
m(x) is the cell overpotential. By assuming tha{ the cell
overpotential is located mainly in the cathode, n(x) can be
calculated from the following equation'®

R@I3+T) ( I(x) )
0.5F I°Po(x)

n(x) = [18]
where I° is the exchange current density at one atmosphere
of oyxgen, and Po,(x) is the partial pressure of oxygen in
the cathode stream, respectively. Since the solid-phase
temperature, which is also the fuel cell temperature, is as-
sumed to be constant with time and distance, the depen-
dence of the exchange current density and the open-circuit
potential on temperature is neglected. Different values will
be used for different fuel cell operating temperatures. The
membrane conductivity, o,(x), calculated as a function of
the water content in the membrane at the anode interface
ile

o.(T) = (o 00514 Momdey () 0.00326)
Pm,dry

1
- eXp (1268[303 8+ T]) (19]

The final equations used in the model are given in Table I
along with the equations for the heat capacities, C,,, of
each component obtained from Ref. 24. There are nine gov-
erning equatlons for the nine unknowns, My,, Mo, My,
M"wa, M,., M;’m ch, T, and T,, and 27 supporting equations

for the parameters used in the governing equations.

Solution technique.— The model is solved as follows. An
average current density, L,, is specified where

L
L =% L Hzx)dx 20]

The parameter L is the channel length and I(z) is the local
current density at every point along the channel length.
Based on the value of L., flow rates for hydrogen, oxygen,
nitrogen (if air is used), and water vapor and liquid are
calculated. Next, a guessed value for the cell voltage is
chosen and the model equations are solved to get a set of
I(x) and I, from Eq. 20. If the calculated L., is not equal to
the specified L., a different cell voltage is chosen. This
process is repeated until the calculated I,,, agrees with the
specified I, to within three digits. Instead of iterating the
model manually, an iteration loop based on the Newton-
Raphson method is used to help search for the correct cell
voltage
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Vs = Vigess — e [21] local current density, I(x), that will yield the guessed cell
( ges) voltage
where ]
e 1@y =1y - fHEL [24]
F(Vguess) Iavg ( guess) Iavg [22] F [I(.’If) ]
and F'(Vg,) is calculated numerically as follows where
n n 1M = ]
F,(Vguess) - F([l + 8] ues:) F(Vg&ss) [23] I(x) ] Vca](x) guess [25]
& Vguess and
A perturbation (8) of 0.001 is used. , FI(1+8) - I(x)] — FlI(x)}
Within the model, fourth-order Runge-Kutta method is FlI(x)] = 1+8) Te) L) [26]

used to solve along the flow channel direction. Proper step
size is chosen to obtain at least five-digit accuracy. Within
each Runge-Kutta step, another iteration loop based on the
Newton-Raphson method is used to search for the correct

3. I(x)

F'[I(x)]is also calculated numerically with a perturbation
(3) of 0.001. To obtain a voltage-current curve, cell voltages
are calculated for a range of I,,,. Table II shows values for

Table I. Governing equations for the water and heat management model.

Anode
. : hl(x
Hydrogen: My, =My, — 2(F) [1-1}
R, M, _ hd ) ( M, _ m)
Water, liquid: ar = ( R(T, + 273) m@ N MHZ P - Py, [1-2]
. Ay, dih,  ol(@)h
Water, vapor: pa o F [1-3]
T(a): 5 (1C,) 48 = e1g, — Hy) W vz, - 1) (1-4]
Cathode
Oxygen: Mo, = M3, ~ EAIL_(F@ [1-5]
Nitrogen: My, = Mg, [1-6]
H id- dMiV.C_ hd MC . sat) 1
Water, liquid: ax = (R(Tc " 273)> (mc N Moz ; MN PP [1-71
) dify,  dM,, I@)h(l+2q)
Water, vapor: prae ar oF [1-8]
\, ch v dec
T(e): 3 (1.C,) g = e — Hid S+ Ua(T, = 1) [1-9]
F Cye — Cya
o =7y —WDW(—’t—W'—) [I-10]
ng=0.0049 + 2.024a, — 4.53a’ + 4.09a¢] (fora,=1) [1-11]
7g=1.59+0.159(a, — 1) (fora, > 1) [1-12]
- _ 2 o 1 H
=(0.0049 + 2.02a, — 4.53a; + 4.09a.)D° exp [2416[303 T3+ T (for a, = 1) [I-13a]
o 1
=[1.59 + 0.159(a, — 1)]D° exp [2416[303 973 1 TSH (fora,>1) [I-13Db]
Co =%ﬂ—m (0.043 + 17.8a, — 39.85a2 + 36.0a%)  fora, =1 (I-14)
m,dry
Cop = oA [14 4 1.4(a, ~ 1)]  fora>1 (1-15]
m,dry
_xy P (M, ) P
“T T <Mw + M) P (-16)
ZyP < My ) P
= ={= - - — 1-1
%= P " il v B+ ) Pi e
log (P =2.95- 10727, — 9.18 - 10 °T¢ + 1.44 . 107"T¢ — 2.18 [1-18])
(HY — HL) = 45,070 — 41,947, + 3.44 - 107°TF + 2.54 - 107°T} — 8.98 - 10717 [1-19]
Cé)w =75.38 J/mol/°C [1-20]
Cyy=33.46 + 6.88 . 10T} + 7.60 - 107°T¢ — 3.59 - 107°T¢ J/mol/°C [1-21]
Con,=28.84 +7.65 - 1077, +3.29. 107572 — 8.70 - 107YT¢ J/mol/°C [1-22}
Co0,=29.10+1.16 - 107°T, — 6.08 - 10°°T2 + 1.31 - 107°T J/mol/°C [1-23]
Con,=29.00 +2.20 - 1073, +5.72 - 107°T2 — 2.87 - 107°T¢ J/mol/°C [1-24]
SV — i) — L)
Vean = Voo — () o7 [1-25}
R(273+T) ( I(x) ) 3
@) == Em I T°P, (@) [1-26]
(x) = (0. 00514%ﬂc (x) — 0.00326) - ex (1268[ 1 ! ]) [1-27]
T ey ™ P 303 273+ T,
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Table ll. Values for parameters used in the base case.

Channel width (k) 0.2 cm
Channel height (d) 0.2 cm
Channel length (L) 10 cm
Current density (L.e) 1 Afem?®

2 atm. absoclute

Total pressure (P)
0.0025 J/s/em?/°C

Heat-transfer coefficient (U)

Condensation rate constant (k) 1.0s™
Temperature of solid phase (T) 90°C
Membrane dry density (pmar) 2.0 g/cm®
Membrane dry equivalent weight (M, 4y) 1100
Membrane thickness (¢,,) 0.01275 cm
Fuel cell open-circuit voltage (V,.) 1.1V

Oxygen exchange current density (I°) 0.01 A/cm?®

D° 5.5 X 107" cm?/s
Anode:

Inlet temperature (T,) 90°C
Hydrogen flow rate (M) 1.5 X Ly

Inlet water, vapor (M;.,) Saturated
Inlet water, liquid (M,) 0 X Mﬁz
Cathode:

Inlet temperature (T,) 90°C

Oxygen flow rate (M) 2.0 X Ly,
Nitrogen flow rate (My) 0

Inlet water, vapor (M) Dry

Inlet water, liquid (M%) 0 X (M3, +My)

the input parameters for the base case. Other case studies
are variations of the base case.

Results and Discussion

As stated earlier, during the operation water molecules
are carried from the anode side to the cathode side of the
membrane by electro-osmosis, and if this transport rate of
water is higher than that by back-diffusion of water the
membrane will eventually become dehydrated and too re-
sistive to conduct high current. Consequently, to prevent
membrane dehydration 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. Figure 3 shows four humidification designs
that can be used for PEM fuel cells.”

In the conventional design, the incoming gas stream is
saturated with water prior to entering the fuel cell. Humid-
ification temperature 10 to 15°C higher than the fuel cell
temperature is often used to increase the amount of water
introduced into the cell. In the “vapor injection” design,
water vapor is introduced inta the electrode chamber at
various points along the flow channel to make up for the
amount consumed by the net water flux from the anode to
the cathode. There are various ways that water can be
added in the vapor injection design. One way is to use a
porous backing plate for flow channels with water on one
side of the plate and the anode stream on the other.!! This
allows water to be continuously added to the gas stream
over the whole length of the flow channels. In the third
design, the gas stream is quickly recirculated through an
external humidifier to keep the gas stream continuously

(1) (®) (3) (4)

gaseous

water vapor water vapor water vapor
+

;SEDUE aseous reactant
l aseow:
%eactant %eactant %eacta:t
To
Fuengell Fuel Cell
L T < Liquid
—_ N 1q Ul
s—E| 11 B |E]s water —»
= = e
c—lEE | E| 113
1 © els
Q |2 3 El=
e E1E =l 1
£ [
—
To To
Fuel Fuel
Cell Exhaust Cell

Conventional Vapor Injection Recirculation Liquid Injection
Design Design Design Design

Fig. 3. Humidification designs for PEM fuel cells.
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saturated. These two approaches have been tested and
found to work.*"’ However, they require complex electrode
designs and flow controls.

The fourth design is a modification of the conventional
design in which an additional amount of liquid water is
injected directly into the fuel cell. This “liquid injection”
design was based on the concept that as water vapor in the
gas stream is lost to the membrane due to the electro-
osmotic effect, additional water in liquid form will evapo-
rate to make up for this loss. Furthermore, the heat removal
characteristic of this “evaporative cooling” process can be
used for thermal management. The model developed here
will be used to evaluate (i) the “liquid injection” design in
comparison to the conventional design and (1) the humidi-
fication problems associated with air operation.

A base case which corresponds to a PEM fuel cell operat-
ing with pure hydrogen and oxygen at 2 atm absolute, 90°C,
and a current density of 1 A/em?® is evaluated first. The inlet
streams are saturated with water using the conventional
humidification design. The humidification temperature is
chosen to be the same as the cell temperature. The physical
and transport values used (Eq. 8-11) represent those of a
Nafion®, 1100 equivalent weight.'® Fuel cell performance
with the Dow’s experimental membranes will be investi-
gated when the transport properties of these membranes
become available. Other parameters for the base case are
given in Table II. In the development of the equation for the
homogeneous condensation and evaporation reaction ex~
pression, Eq. 2, it was assumed that the reaction is com-
plete and instantaneous. Rate constants equal to or greater
than 1 s were found to satisfy this assumption. The value
of 1 57! was used here because values equal to or greater
than 10 s™* were found to result in instability and conver-
gence problems. Finally, for the overall heat-transfer coef-
ficient used in Eq. 15, a value of 0.0025 J/s-cm®-°C was used
as compared to the value of 0.0036 J/s-cm?-°C that was used
by Fuller and Newman in Ref. 5. We based our value on half
the value given for the iron/water vapor system.”

Base case.—The results for the base case are shown in
Fig. 4-8. Except for the partial pressures of water vapor,
all parameters in Fig. 4 are plotted in dimensionless forms.
Masses of liquid water are divided by the total initial
masses of the gases; and temperatures are divided by
the solid-phase temperature. Figure 4 shows that the
amount of water vapor (P,,) in the anode stream decreases
quickly within the first half of the flow channel length and
levels off to a small value. This observation can be
explained as follows. Near the inlet of the fuel cell where
the membrane is well hydrated and highly con-
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Fig. 5. A comparison of the net wafer transport per proton and the
electro-osmotic coefficient along the flow channels for the base case.

ductive, the electro-osmotic drag coefficient is higher (see
curve for n, in Fig. 5) and the current carrying capability of
the membrane is higher (see current distribution curve in
Fig. 8). Furthermore, since the cathode gas stream enters
the fuel cell dry, the water content in the cathode stream is
low and therefore the amount of water transported back to
the anode by back diffusion is low. All these processes
translate to high net flux of water across the membrane (see
curve for o in Fig. 5), high current density, and high deple-
tion rates of hydrogen and oxygen within this region (see
Fig. 7).

Down the channel, the water content in the anode gas
stream decreases which translates to a decrease in the
water content in the membrane, electro-osmotic drag coef-
ficient, and membrane conductivity. Additionally, with
higher water content in the cathode side water transport
from the cathode back to the anode by diffusion is greater.
Consequently, the local current density decreases and the
net water flux across the membrane also decreases, result-
ing in a lower depletion rate of water from the anode gas
stream, a lower production rate of water in the cathode,
and a lower depletion rate of hydrogen and oxygen.

Figure 4 also shows water condensation occurring in the
cathode channel once the partial pressure of water in the
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Fig. 6. Vollage loss due to the oxygen reaction and the ohmic
resistance of the membrane for the base case.
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Fig. 7. Partial pressures of oxygen and hydrogen along the flow
channels for the base case.

cathode stream exceeds the water vapor pressure. The
amount of liquid water increases as more water is gener-
ated from the oxygen reaction and transported from the
anode. Note also the increase in the temperature of the
cathode stream as a result of the latent heat from water
condensation. The temperature of the anode gas stream
does not change because the anode incoming gas entered at
the cell temperature, and no phase changes occurred.

Finally, Fig. 6 shows that voltage loss in a PEM fuel cell
due to the ionic resistance of the membrane is significant at
high current density. For the base case (i.e., at 1 A/em?) this
voltage loss is twice the amount due to the overpotential of
the cathode electrode. The general assumption that most of
the potential loss in a PEM fuel cell is due to the overpoten-
tial in the oxygen cathode electrode does not apply at these
current density and conditions.

Effect of using higher humidification temperatures.—
One of the approaches often employed by fuel cell design-
ers to overcome the water starvation problem is to raise the
humidification temperature. This allows a larger amount of
water to be carried into the anode. Problems such as ther-
mal stress on the membrane and electrode flooding as a
result of water condensation from the temperature differ-
ence between the hot, water-saturated incoming gas and
the cooler fuel cell limit the humidification temperature to
typically 10 to 15°C above the fuel cell temperature. The
model is used here to evaluate the effect of using an anode
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Fig. 8. Current distribution along the flow channels for the base
case.
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humidification temperature of 105°C. Other conditions are
similar to the base case.

Figure 9 shows that by increasing the anode humidifica-
tion temperature from 90 to 105°C the partial pressure of
water increases from 0.7 to 1.2 atm, thus allowing more
water to be introduced into the fuel cell. This extra amount
of water helps keep the membrane better hydrated, result-
ing in higher ionic conductivity and higher cell voltage
(0.58V vs. 0.20V) at the same average current density as the
base case (1 A/cm?). Note that the partial pressure of water
at the outlet for this case is higher than that in the last 80%
of the channel length of the base case. Other differences are
temperature changes in the anode gas stream. As the hotter
anode stream entering the cell cools as it comes in contact
with cooler surfaces in the cell, a small amount of water
condenses. This small amount of liquid water evaporates
farther down the channel as the partial pressure of water
decreases as a result of the net water {ransport across the
membrane, causing further decrease in the gas tempera-
ture. Once the liquid water is completely consumed, the
temperature of the anode gas stream increases as heat is
transferred from the solid phase to the gas phase. The per-
formance of a fuel cell with this humidification design at
various current densities will be shown later in Fig. 12.

Effectiveness of the liquid injection design.—Next, the
model is used to evaluate the effectiveness of the liquid
injection humidification design. In this case, the anode
stream enters the fuel cell saturated with water at the fuel
cell temperature (90°C) and an additional amount of 90°C
liquid water equivalent to 25% the amount of hydrogen in
the feed stream is injected into the fuel cell. In practice, the
liguid water is injected into the flowing gas stream as small
atomized droplets.

Comparing the resulis given in Fig. 4 for the base case
and those given in Fig. 10 for the liquid injection case
shows similar trends except for two major differences. With
this design, the partial pressure of water stops decreasing
beyond four-tenths the length of the channel because there
is sufficient liquid water in the system to evaporate and
replenish the loss water vapor due to the net water trans-
port across the membrane. However, the partial pressure of
water in the cell and the cell voltage (0.48 V) are not as high
as those of the higher humidification temperature case.
This is due to the lower temperature of the anode stream in
the ligquid injection case which occurs as a result of the
evaporation of liquid water and that the heat-transfer rate
from the solid phase to the gas phase is not high enough to
maintain a higher anode stream temperature. Better per-
formance (higher voltage) might be possible with a higher
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heat-transfer rate between the solid phase and the gas
phase. This could be achieved by increasing the heat-trans-
fer surface area and using materials with higher heat-
transfer coefficients.

Figure 11 shows the current distribution along the flow
channels for the three different humidification cases. Note
that the base case has the most nonuniform current distri-
bution followed by the higher humidification temperature
case and then by the liquid injection case. If thermal stress
and stress due to nonuniform current distribution on the
membrane are important, this aspect needs to be consid-
ered in the design of PEM fuel cells. Figure 12 shows the
voltage-current curves for the three humidification cases
investigated here. Note that at low current densities (< 0.3
A/em?) where the performance is kinetically controlled
(that is, the overpotential of the oxygen electrode is much
higher than the voltage loss due to the ionic resistance of
the membrane) there are no differences between these
humidification designs. However, at higher current densi-
ties where the effect of the membrane ionic resistance is
significantly higher the advantages of having an optimal
water management system becomes obvious, as shown by
the higher voltages of the cases with better humidification.

Finally, the results shown in Fig. 13 further illustrated
the need to have the anode stream humidified. In this fig-
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Fig. 11. Current distribution along the flow channels for three
different humidification designs.
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ure, « and ny denote the net number of water molecules
transported across the membrane per proton and the num-
ber of water molecules dragged across the membrane by
electro-osmosis. Their values are averaged values over the
whole channel length. Note that at low current densities
the difference between a and n, is larger because the back-
diffusion rate of water from the cathode to the anode
matches the electro-osmotic rate. However, at higher cur-
rent densities the back-diffusion rate of water becomes in-
sufficient and the net water transport rate across the mem-
brane approaches that by electro-osmosis.

Effect of using air—For applications such as in trans-
portation in which the weight penalty of oxygen tanks is
not acceptable, air is used. In this case the effect of using air
instead of pure oxygen is evaluated, and the need to have
the cathode (air) stream humidified is demonstrated. When
humidified air is used, it is assumed to enter the cell satu-
rated with water at the cell temperature. The anode gas
stream is humidified by liquid injection similarly fo the
previous case. Other conditions are identical to the base
case.
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_Fig. 13. Net water flux per. proton and the electro-osmotic coeffi-
cienf at various current densities for the three humidification designs.
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Fig. 14. The effect of using dry air and water-saturated air on the
performance of a PEM fuel cell.

The results shown in Fig. 14 illustrates that better perfor-
mance will be obtained if the air stream is also humidified.
This observation, which has been verified experimen-
tally,"!° can be explained as follows. The poor performance
of dry air operation is attributed to two factors: low oxygen
partial pressure in air and higher membrane dehydration.
When air is used, to get the same amount of oxygen a much
larger gas flow rate is needed. This high flow rate of dry gas
keeps the partial pressure of water on the cathode side of
the membrane low. As a result, water transport by diffusion
is now in the same direction as that of electro-osmosis:
from the anode to the cathode. This combined affect in-
creases the net transport rate of water across the membrane
and results in a higher consumption rate of water from the
anode stream and eventually membrane dehydration. Con-
sequently, by humidifying the air stream back diffusion is
promoted, resulting in lower net water transport across the
membrane.

Finally, even though the effects of the fuel cell operating
temperature were not investigated, it could be done by
changing the values used for the solid phase, T..

Conclusions

A heat and water management model for proton-ex-
change-membrane fuel cells has been developed. The
model was used to evaluate the effectiveness of three
humidification strategies and the effect of air operation.
The results show that back diffusion of water from the
cathode to the anode is insufficient to keep the membrane
hydrated at high power densities and energy efficiency op-
erations. Consequently, the anode gas stream must be hu-
midified. The results also show that when air is used the
cathode stream must also be humidified. The model pre-
sented here can be used as a design tool to evaluate the
effectiveness of various heat removal and humidification
designs and the effects of various design and operating
parameters on the performance of a PEM fuel cell. These
results can then be used to help determine an optimal fuel
cell design for a specific application.

Manuscript submitted Dec. 5, 1992; revised manuscript
received April 2, 1993.

The University of South Carolina assisted in meeting the
publication costs of this article.

LIST OF SYMBOLS
a heat transfer area per unit length, cm
a, activity of water in stream k
d channel height, cm
De a parameter used in the expression for diffusion
coefficient of water, cm?/s
D, diffusion coefficient of water, cm?/s
C,, heat capacity of gas i, J/mol/°C
Cow heat capacity of liquid water, J/mol/°C
Cow heat capacity of water vapor, J/mol/°C
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concentration of water in the membrane, mol/cm?
concentration of water at k interface of the mem-
brane, mol/cm?

Faraday constant, 96487 C/equivalent

channel width, cm

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

local current density, A/cm®

cell average current density, A/em®

exchange current density for the oxygen reaction,
Afem?

evaporation and condensation rate constant, s~
channel length, cm

molar flow rate of species i, mol/s

equivalent weight of a dry membrane, g/mol
molar flow rate of water vapor in k channel, mol/s
molar flow rate of water vapor in k channel, mol/s
electro-osmotic drag coefficient (number of water
molecules carried per proton)

y-component molar flux of species i in k channel,
mol/s/cm?

y-component molar flux of water vapor in k
channel, mol/s/cm®

cell total pressure, atm

partial pressure of species i, atm

vapor pressure of water in k channel, atm

gas constant, 82.06 cm® atm/mol/K or 8.314
J/mol/K

membrane thickness, cm

temperature of the anode stream, °C

temperature of the cathode stream, °C
temperature of the solid phase, °C

overall heat-transfer coefficient, J/s/cm?/°C

cell open-circuit voltage, V

cell voltage, V

direction along the channel length, cm

mole fraction of water in k stream

direction normal to the channel length, cm

1

net water flux per proton flux
overpotential for the oxygen reaction, V
density of a dry membrane, g/cm®
membrane conductivity, 1/Q/cm

Subscripts and superscripts

anode

cathode
hydrogen

anocde or cathode
membrane
nitrogen

oxygen

water
y-direction
vapor

liquid
saturated
initial condition
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