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Abstract

A numerical model is developed to predict the mass ¯ow between channels in a Polymer Electrolyte Membrane

(PEM) fuel cell with a serpentine ¯ow path. The complete three-dimensional Navier±Stokes equations with multi-

species mixture are solved and electro-chemical reactions are modeled as mass source/sink terms in the control volumes.

The results indicate that ¯ow distribution in both anode and cathode channels are signi®cantly a�ected by the mass

consumption patterns on the Membrane Electrode Assembly (MEA). The water transport is governed by both electro-

osmosis and di�usion processes. Further, the overall pressure drop is less than that expected for a regular straight

channel ¯ow. Ó 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Polymer Electrolyte Membrane (PEM) fuel cell

operates at signi®cantly lower temperatures than other

types of fuel cells and is a strong candidate to be the

power source of future generation automobiles. In a

typical fuel cell, hydrogen fuel indirectly reacts with

oxygen to produce electrical power and the byproduct of

the energy conversion process is water. The PEM fuel

cell commonly has main channel ¯ow paths grooved in

graphite current collectors and reacting gases that reach

the catalyst laden electrode assembly through a porous

di�usion layer. The extent to which mass is transported

in this porous layer may help explain some interesting

characteristics recently revealed in experimental studies

[1]. In this work, numerical predictions of ¯ow and mass

transfer of individual gases are analyzed with the aid of

new computation methods. So far, no experimental data

are available to validate our ¯ow predictions. However,

the current density predictions by our model have been

favorably compared with experimental data as discussed

in Shimpalee et al. [1].

In a typical PEM fuel cell, gas di�usion layers are

used to enhance the reaction area accessible by the re-

actants. These di�usion layers allow a spatial distribu-

tion in the current density on the membrane in both the

direction of bulk ¯ow and the direction orthogonal to

the ¯ow but parallel to the membrane. This two-

dimensional distribution cannot be modeled with the

conventional one and two-dimensional models such as

those shown in [2±7], as discussed recently by Dutta et al.

[8]. The key requirement for prediction of this distribu-

tion is that one account for the e�ect of the width of the

¯ow channel on the velocity distribution. Dutta et al. [8]

reported a numerical model that includes the three-di-

mensional solution to the Navier±Stokes equations for a

straight ¯ow channel PEM and they discussed how the

mass consumed in the electro-chemical reactions a�ects

the momentum transport equations. Here, we extend

their work by modeling a complete fuel cell with the

serpentine ¯ow ®eld shown in Fig. 1.

In this work, we present the numerical predictions of

the velocity distribution, the gas-mixture distribution,

and the detailed reactant consumption on the membrane

electrode assembly (MEA). Predictions of the water

source and sink terms on the two sides of the membrane

show that for the operating conditions considered, the

electro-osmotic drag of water is usually greater than the
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back-di�usion. The simulation regions consist of two

¯ow channels (anode and cathode) separated by the

MEA. There are two di�usion layers, which are made of

porous materials and are placed in between the ¯ow

channels and the MEA.

2. Model development

This numerical simulation is based on a steady state,

single-phase, multi-species, isothermal, and three-di-

mensional mass transfer model of a full-cell PEM fuel

cell. The actual ¯ow path [9] consists of a serpentine gas

channel that has 20 passes as shown in Fig. 1. Fig. 1 also

shows the channel geometry and associated coordinate

system. A thin MEA is sandwiched between anode and

cathode di�usion layers and these di�usion layers can be

compressed as the fuel cell is assembled (e.g., see [10]).

Fig. 2 shows more details of the computational domain,

which is composed of the anode ¯ow channel, anode

di�usion layer, MEA, cathode di�usion layer, and cath-

ode ¯ow channel. We consider four species: hydrogen,

oxygen, nitrogen, and water vapor. The fuel cell opera-

tion is characterized as gas transport and the electro-

chemical transformation of hydrogen and oxygen species

to the protons and water, respectively. The hydrogen

from the anode ¯ow channel is transported through the

di�usion layer towards the membrane. Hydrogen mole-

cules are dissociated to protons and electrons in the cat-

alyst and the water that impregnates the MEA hydrates

the protons. Protons travel to the cathode side of the

MEA and convert oxygen to water. We assume that gas

cannot permeate across the membrane. Water is trans-

ported across the membrane from the anode to the

cathode by electro-osmosis and from the cathode to the

anode by di�usion according to the activity gradients.

The air mixture in the cathode channel is transported

through the di�usion layer toward the membrane where

oxygen reacts with protons. The water activity in the

membrane is simulated by surface-based source terms in

the control volumes in contact with the membrane.

2.1. Model equations

The conservation of mass equation (Table 1, Eq. (1))

in the three-dimensional ¯ow solver software, FLU-

Nomenclature

aK activity of water in stream K, dimensionless

Acv speci®c surface area of the control volume

(cv) (mÿ1)

CwK concentration of water at K interface of the

membrane (mol mÿ3)

Dh hydraulic diameter of ¯ow channel (m)

Di;j pseudo binary di�usion coe�cient of species

i in mixture j (m2 sÿ1)

Dw di�usion coe�cient of water (m2 sÿ1)

F Faraday constant (96,487 C mole-of-

electronsÿ1)

I local current density (A mÿ2)

Io exchange current density for the oxygen

reaction (100 A mÿ2 )

L length of the serpentine ¯ow channel (m)

mK;l mass fraction of the species l in stream K,

dimensionless

Mm;dry equivalent weight of a dry membrane

(kg molÿ1)

MH2
molecular weight of hydrogen (kg molÿ1)

MO2
molecular weight of oxygen (kg molÿ1)

P sat
w;K vapor pressure of water in stream K (Pa)

P pressure (Pa)

PO2
partial pressure of oxygen (Pa)

Q volume ¯ow rate (m3 sÿ1)

R universal gas constant (8.314 J molÿ1 kÿ1)

tm membrane thickness (m)

Ts surface temperature at the anode (K)

Tcell fuel cell operating temperature

u, v, w velocities in x; y; and z directions,

respectively (m sÿ1)

Voc cell open-circuit voltage (V)

Vcell cell voltage (V)

x channel length measured from anode

inlet (m)

Xw;K mole fraction of water in stream K

l dynamic viscosity (kg s mÿ2)

a net water ¯ux per proton ¯ux

k water content in the membrane

nd electro-osmotic drag coe�cient (number of

water molecules carried per proton)

g overpotential for oxygen reaction (V)

rm membrane conductivity (ohmÿ1 mÿ1)

qm;dry density of a dry membrane (kg mÿ3)

q density of the mixture (kg mÿ3)

bn permeability in the n direction

Subscripts and superscripts

a anode

c cathode

H2 hydrogen

K anode or cathode

O2 oxygen

w water

sat saturated

n dummy variable for direction x, y, or z
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ENT, is modi®ed to include the electro-chemical aspects

of a fuel cell by using the respective source terms, Sm,

shown by Eqs. (7) and (10)±(12) of Table 1. Note that

source terms are zero in most of the computation do-

main. These terms correspond to the consumption of

hydrogen in the anode, the consumption of oxygen in

the cathode, and production of water in the cathode.

The ¯ux of water is also included as a source term at the

anode and cathode (i.e., Eqs. (10) and (12)) by ac-

counting for the di�usion, water content in the mem-

brane, and electro-osmotic drag coe�cient as de®ned by

Eqs. (16)±(18), respectively (see Table 2).

The momentum transport equation has a source term

for the porous media used for ¯ows through di�usion

layer and it is based on Darcy's law [11]. The addition of

this source term e�ectively converts the momentum

equation in the x-direction to �oP=ox� � ÿ�l=bx�u in the

porous layer. Since bx is very small, the other terms in

the Navier±Stokes equation become negligible. A

pressure drop is created in the porous layer that is

proportional to the mixture velocity in the cell. The

permeability, bn, is assumed to be isotropic and is taken

as 1:0� 10ÿ12 m2.

The species transport equations (Eqs. (3)±(6) of

Table 1) are solved to calculate the mass ¯ow rates of

the hydrogen, water, and oxygen based on the mixture

velocities, u; v; and w, and the di�usion mass ¯uxes Jn;l.

The species binary di�usion coe�cients are calculated

as shown by Eq. (14) in Table 2. The mass ¯ux of

nitrogen was determined from a summation of the

mass fractions of the other species. Fuller and Newman

[3] integrated the ¯ux expression for the di�usion of

water through the membrane but we assumed a linear

gradient as shown by Eq. (15) and as used in [4,5]. The

¯ux of water through the membrane is critical to the

current density predictions, and local current density

Fig. 1. The picture shows actual ¯ow-®eld plate with the gas channels and its geometry model. There are 20 straight channels con-

nected in a serpentine fashion. Anode-side and cathode-side ¯ow channels are symmetric and placed properly aligned on top of each

other [1].
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governs local mass transfer calculations. Eq. (17) gives

the relationship between the electro-osmotic drag co-

e�cient and water content in the membrane. This

equation is developed by curve ®tting the values of

water content in the membrane and electro-osmotic

drag coe�cient as presented in [2]. The di�usion coef-

®cient, given in Eq. (18), is a function developed by

piecewise linear approximation of the exponential data

plotted in [2].

The expressions for water concentration at the anode

and cathode sides, Cw;a and Cw;c, are calculated accord-

ing to Eq. (19) and the activity of water is also de®ned in

Table 2. It is important to note that the source terms in

Table 1 correspond to the control volume and not the

boundary conditions at the anode or cathode interfaces.

For the correct determination of the concentrations and

activities at the membrane±di�usion layer interface, the

mole fraction for each species used in these equations

are extrapolated to the membrane surface. We used

linear extrapolation with the grid of Fig. 2 and achieved

a grid independent solution.

2.2. Numerical procedure

A control volume technique based on a commercial

¯ow solver, FLUENT (version 4.48), is used to solve the

coupled governing equations. However, this software

requires speci®cation of the source terms shown in

Table 1 and new subroutines are written to calculate the

electro-chemical and permeability for this simulation.

Also FLUENT requires a subroutine to account for the

¯ux of protons and water across the membrane.

Fig. 2 shows that the geometry of fuel cell system

consists of two ¯ow channels (upper is anode and lower

is cathode) separated by two di�usion layers and one

MEA. There are 20 serpentine passes in the ¯ow path, so

that the ¯ow path is approximately 60 cm long in the

axial direction with 0.1 (height) � 0.08 (width) cm2

Fig. 2. The details of computational domain and grid arrangement used in this model [8].
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Table 2

Equations for modeling electro-chemical e�ects

Di�usion mass ¯ux of species l in n
direction

Ji;l � ÿqDi;l

omK;l

on
�13�

Binary di�usion coe�cient [11] PDi;j x; y� �
�Pcÿi � Pcÿj�1=3�TcÿiTcÿj�5=12� 1

Mi
� 1

Mj
�1=2
� 3:64� 10ÿ8 Tcell����������������

TcÿiTcÿj
p !2:334

�14�

Net water transfer coe�cient per proton a�x; y� � nd x; y� � ÿ F
I�x; y�DW x; y� � �Cwc x; y� � ÿ Cwa x; y� ��

tm
�15�

Water content in the membrane k � 0:043� 17:81aa ÿ 39:85a2
a � 36:0a3

a;

0 < aa6 1 � 14� 1:4�aa ÿ 1�; 1 < aa6 3
�16�

Electro-osmotic drag coe�cient nd � 0:0029k2 � 0:05kÿ 3:4� 10ÿ19 �17�

Water di�usion coe�cient DW � Dk exp 2416
1

303

��
ÿ 1

Tcell

��
; Dk � 10ÿ10; k < 2;

Dk � 10ÿ10�1� 2�kÿ 2��; 26 k6 3;

Dk � 10ÿ10�3ÿ 1:67�kÿ 3��; 3 < k < 4:5; Dk � 1:25� 10ÿ10; k P 4:5

�18�

Water concentration for anode and

cathode surfaces of the MEA
CwK x; y

ÿ � � qm;dry

Mm;dry

�0:043� 17:8aK ÿ 39:8a2
K � 36:0a3

K�;

aK6 1 � qm;dry

Mm;dry

�14� 1:4�aK ÿ 1��; for aK > 1; where K � a or c

�19�

Water activity aK � Xw;KP�x; y�
P sat

w;K

�20�

Local current density I�x; y� � rm�x; y�
tm

Vocf ÿ Vcell ÿ g�x; y�g �21�

Local membrane conductivity
rm�x;y�� 0:00514

Mm;dry

qm;dry

Cwa�x;y�ÿ0:00326

 !
exp 1268

1

303

� 
ÿ 1

Ts

�!
�102 �22�

Local overpotential
g�x; y� � RTs

0:5F
ln

I�x; y�P �x; y�
IoPO2

x; y
� �

24 35 �23�

Viscosity of mixture l �
X

i

mili �24�
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cross-section ¯ow area. Each di�usion layer has di-

mension of 0.025 (height) � 3.20 (width) � 3.20 (length)

cm3. The total grid size of this fuel cell simulation is 34 �
200 � 28 uniform grid cells. The transport of water and

proton is simulated by source terms in control volumes

in contact with the membrane.

The solution procedure is based on SIMPLE [12]

algorithm. Three momentum equations corresponding

to three coordinates are solved, followed by a pressure

correction equation that does the mass balance. Species

transport equations are solved after the bulk ¯ow cal-

culation. The mixture properties at each control volume

are calculated based on the local species content. The

anode-side gas mixture contains hydrogen and water

vapor. Whereas, the cathode-side gas mixture contains

oxygen, water vapor, and nitrogen. Therefore, the den-

sity and viscosity of the two ¯ow channels are di�erent

and vary from one location to the other. The compu-

tational domain has two inlets and two outlets with

di�erent gas-densities. To expedite convergence, a

pressure outlet technique is used instead of an ordinary

outlet condition. Moreover, since the density varies form

location to location, a solution technique similar to

compressible ¯ow analysis is used to include these den-

sity variations.

3. Results and discussions

We present results for cases where the operating

pressure is 202 kPa absolute and the cell temperature is

constant at 343 K. We simulate four di�erent inlet hu-

midity conditions used by Lee et al. [9] as shown in

Table 3. The thickness of the MEA used for these sim-

ulations is 100 lm and the cell voltage is set to 0.6 V.

Figs. 3(a) and (b) show the anode and cathode-side ¯ow

vectors and density contours at two di�erent locations of

the fuel cell with very low humidity inlet conditions.

These locations are named A and B and are placed along

the half-way line of the serpentine turns. Location A

corresponds to a location in the middle and location B

shows the pro®les near the exit of the fuel cell. The an-

ode channel consists of a hydrogen and water vapor

mixture and the cathode-side gas mixture consists of

oxygen, nitrogen, and water vapor. The reaction char-

acteristics of the fuel cell signi®cantly depends on the

humidity of the gases because the transport of protons

depends on the local water content. For very low hu-

midity, the reaction rates are lower than other inlet

conditions studied.

The changes in density contours at the two locations

of the fuel cell indicate the gas-composition changes.

Water is produced on the cathode side and depending on

the extent to which it equilibrates with the air stream,

the mixture density decreases downstream as oxygen is

consumed. The anode side shows a decrease in density

from inlet to the mid-section of the fuel cell due to the

consumption of hydrogen and the drag of water from

anode to cathode by electro-osmosis. At downstream

locations near the outlet, enough water is absent from

the anode to create a strong back-di�usion of water

vapor from the cathode side and therefore, the anode-

side gas mixture density increases from the middle sec-

tion.

In Fig. 3, the velocity vectors indicate both magni-

tude and direction of the ¯ow in the planes perpendic-

ular to the main ¯ow channel. The ¯ow predictions show

both main ¯ow and di�usion layer regions of the fuel

cell. Note that the reference vectors are di�erent for the

cathode and anode ¯ow regions to increase the read-

ability. The size of the vectors shows that adjacent ¯ow

channels are signi®cantly coupled with each other

through the di�usion layer. Location A (Fig. 3(a)) shows

that mass is consumed on the anode surface, but at lo-

cation B (Fig. 3(b)) these vectors show that mass is in-

jected to the anode-side ¯ow. The strong vortex

structures in the cathode-side ¯ow channels indicate the

presence of turns in the ¯ow path. Though the plotted

region is at the middle of two turns, the presence of

upstream turns is re¯ected only in the cathode-side ¯ow

Table 3

Di�erent ¯ow conditions used for di�erent inlet humidity conditions

Inlet ¯ow condition Very low humidity Low humidity High humidity Very high humidity

Observed average total current in

A at 0.6 V [1,9]

2.3 4.8 6.5 4.2

Anode channel inlet

Gas-mixture velocity 1.735 1.830 2.210 2.560

Mole fraction of H2 0.96 0.94 0.86 0.79

Mole fraction of H2O 0.04 0.06 0.14 0.21

Cathode channel inlet

Gas-mixture velocity 3.665 3.995 4.525 6.45

Mole fraction of O2 0.2 0.193 0.18 0.15

Mole fraction of N2 0.763 0.735 0.69 0.56

Mole fraction of H2O 0.037 0.072 0.13 0.29
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Fig. 3. (a) Velocity vectors and mixture density contours at location A for very low humidity; (b) velocity vectors and mixture density

contours at location B for very low humidity.
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Fig. 4. (a) Velocity vectors and mixture density contours at location A for low humidity; (b) velocity vectors and mixture density

contours at location B for low humidity.
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Fig. 5. (a) Velocity vectors and mixture density contours at location A for high humidity; (b) velocity vectors and mixture density

contours at location B for high humidity.
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Fig. 6. (a) Velocity vectors and mixture density contours at location A for very high humidity; (b) velocity vectors and mixture density

contours at location B for very high humidity.
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Fig. 7. The production pattern for hydrogen (�10ÿ11 kg/s) on the membrane surface of the anode side for low humidity conditions

(a negative sign indicates consumption).

Fig. 8. Water production rate (�10ÿ11 kg/s) on the membrane surface of the anode side for low humidity conditions (a negative sign

indicates consumption).
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path. This is because of the fact that the velocity and

mass ¯ow rate of the cathode-side gas mixture is higher

than that of the anode side due to the presence of an

inert gas (nitrogen) in the gas-mixture.

Figs. 4(a) and (b) show the velocity vectors and

density contours for the low humidity inlet condition.

Note that the density contours are di�erent from the

previous set of ®gures. The change in density at the inlet

is caused by the presence of higher amounts of water in

the gas-mixtures ¯owing in both anode and cathode ¯ow

channels (e.g., compare Figs. 3(a) and (b)). Due to the

greater water content in the anode gas-mixture, the re-

action rates are more intense at the inlet. In the mid-

region and near the outlet, the anode-side ¯ow vectors

show that back-di�usion is strong as evidenced by sec-

ondary ¯ow going from the membrane to the main ¯ow

channel. Also, the cathode-side vectors indicate a strong

¯ow through the porous layer.

Figs. 5(a) and (b) show the velocity vectors for the

high inlet humidity and Fig. 6(a) and (b) show the

velocity vectors and density contours for very high inlet

humidity. Since presence of water enhances reaction

rates, the density changes in the ¯ow channels are

stronger for these ¯ow conditions. Note that the inlet

velocities and mass ¯ow rates change due to an increase

in the water content in the mixtures and that di�erent

reference vectors are used in Fig. 6. It should be noted

that the conditions of Fig. 6 correspond to a ¯ooded

MEA according to Lee et al. [9]. Local pressures indicate

that the condensation of water is favorable at selected

locations of the di�usion layer. This condensation can

block the ¯ow path as discussed in [1].

Figs. 7 and 8 show contours of the production rates

of hydrogen and water vapor, respectively, on the anode

surface of the MEA for the low humidity condition.

Note that because hydrogen is consumed by the electro-

chemical reaction the sign is negative for these rates. On

the other hand, water transport is governed by a delicate

balance between electro-osmosis and back-di�usion

processes and it may be transported from or to the an-

ode side of the membrane. Fig. 7 shows that the rate of

consumption is about 28% more near the outlet than the

inlet. This can be explained by the water source±sink

term shown in Fig. 8 which indicates that water is car-

ried away from the anode stream to the cathode stream

near the inlet but water is replenished by back-di�usion

near the outlet for this low humidity conditions. More

water is added to the anode stream and less hydrogen is

consumed at the exit and therefore, the exit density and

¯ow velocity are higher than at the anode inlet.

A graph of the oxygen consumption rates could be

prepared by simply multiplying the values in Fig. 7 by a

factor of eight according to the overall stoichiometry

and the di�erences in the molecular weights of hydrogen

Fig. 9. Water production rate (�10ÿ11 kg/s) on the membrane surface of the cathode side for low humidity conditions (a negative sign

indicates consumption). The source term combines chemical production of water and mass-exchange with the anode side of the

membrane.
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and oxygen because they are coupled through the reac-

tion current density. Fig. 9 shows the water production

on the cathode side. Note that water is produced by the

electro-chemical reaction and water is transported from

anode to cathode by electro-osmosis and from the

cathode to the anode by back-di�usion. This ®gure in-

dicates the net mass balance of these three mechanisms

of water transport.

Fig. 10 shows the normalized pressure drop charac-

teristics in the serpentine ¯ow channel. Eq. (24) in

Table 2 was used to calculate the viscosity of the mix-

ture. For a fully developed laminar channel ¯ow, this

normalized pressure drop is expected to be 652. Pre-

dictions show a signi®cant ¯ow cross-over from channel

to channel through the di�usion layers, and therefore,

pressure drop is lower than that expected for a regular

channel ¯ow. Since anode gas-mixture is thinner (con-

tains mostly hydrogen), the pressure drop is lower in this

channel compared to that in the cathode side.

4. Conclusions

A complete ¯ow and mass transfer model is devel-

oped to simulate the inner details of a PEM fuel cell. The

predictions provide detail ¯ow patterns inside the ¯ow

channels that are di�cult to measure. In the presence of

electro-chemical reactions, hydrogen is consumed on the

anode surface of the MEA and oxygen is consumed on

the cathode side. These two gases react to produce

water. Both anode and cathode gas streams are hydrated

at the inlet to provide su�cient moistness to the MEA.

The membrane does not allow gasses to permeate, only

water migrates from one side to the other by electro-

osmosis and di�usion processes. Results indicate that

¯ow directions are signi®cantly dependent on the mass

consumption pattern on the MEA. A signi®cant varia-

tion in gas-mixture density is also observed. Therefore,

the computation technique for fuel cells should incor-

porate density variation e�ects in the calculation. The

¯ow through porous di�usion layers is signi®cant, and

therefore, the overall pressure drop is lower than that

expected in a serpentine channel.
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