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Abstract

This work concentrates on the improvement in the performance of the polymer electrolyte membrane fuel cell (PEMFC) through

optimization of the channel dimensions and shape in the flow-field of bipolar/end plates. Single-path serpentine flow-field design was used for

studying the effect of channel dimensions on the hydrogen consumption at the anode. Simulations were done ranging from 0.5 to 4 mm for

different channel width, land width and channel depth. Optimum values for each of the dimensions (channel width, land width and channel

depth) were obtained. For high hydrogen consumptions (�80%), the optimum dimension value for channel width, land width and channel

depth was close to 1.5, 0.5 and 1.5 mm, respectively. Studies on the effect of channel shapes showed that triangular and hemispherical shaped

cross-section resulted in increase in hydrogen consumption by around 9% at the anode. Consequently, their use would lead to improved fuel

cell efficiency.
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1. Introduction

Fuel cells are electrochemical devices that can efficiently

convert the chemical energy (oxidation potential) of the fuel

directly into electrical energy. They operate like batteries

and are similar in components and characteristics, but unlike

batteries, they do not get exhausted and are environmentally

friendly. As long as fuel is supplied to the cell along with an

oxidant (typically air), the fuel cell continues to produce

electrical energy and heat.

The use of fuel cells has several advantages over the

conventional power generation systems. They offer a source

of electrical energy that is continuous (as long as fuel is

provided), environmentally safe and always available. Addi-

tional benefits include low maintenance, excellent load

performance, etc. In fuel cells, the chemical energy is

directly converted into electricity, i.e. without preliminary

conversion to heat. Consequently, this conversion is not

limited by the Carnot cycle and efficiencies as high as

90% can be obtained.

Several types of fuel cells exist: polymer electrolyte

membrane fuel cell (PEMFC), alkaline fuel cell, phosphoric

fuel cell, molten carbonate fuel cell, solid oxide fuel cell,

which are in different stages of development [1]. The

PEMFC is seen as a system of choice for automotive

applications due to several advantages that this fuel cell

offers over the other types. PEMFCs operate at low tem-

peratures (�80 8C), allowing for faster startups and immedi-

ate response to changes in the power demand. The PEMFC

consists of an anode and a cathode with a proton exchange

membrane sandwiched in between. Hydrogen is supplied at

the anode where it dissociates into charged protons and

electrons. The protons migrate across the membrane onto the

cathode side while the electrons flow through the outer

circuit generating electricity. These protons and electrons

combine at the cathode and react with oxygen to produce

water. The electrochemical reactions are:

anodic : H2 ! 2Hþ þ 2e� (1)

cathodic : 1
2

O2 þ 2Hþ þ 2e� ! H2O (2)

net reaction : H2 þ 1
2

O2 ! H2O (3)

Fuel cell vehicles (FCVs) termed as zero emission vehi-

cles (ZEVs) of the future are one option to meet new and
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stringent EPA emission standards. Despite significant

technological progress by Partnership for a New Genera-

tion of Vehicles (PNGV) in making fuel efficient vehi-

cles, the production models slated for debut in 2004 will

not meet EPA emission standards [2]. Fuel cell vehicles

have the greatest potential to meet these standards and

fuel-efficiency requirements. The focus is now on mass

production and commercialization of hydrogen powered

FCVs.

However, some technical issues still exist that prohibit the

commercialization of these types of fuel cells. These are: (1)

electrocatalyst poisoning by low-level carbon monoxide

concentration in the fuel; (2) water management and mem-

brane operating temperature limits; (3) cell life; and (4) fuel

cell materials and system operating costs. The biggest

challenge for the development of fuel cells for automotive

applications is reduction of the cost of the cell stack

(currently at $ 500 per kW while the 2004 PNGV goal is

$ 50 per kW [3]). The high cost is mainly ascribed to the use

of materials such as precious metal catalysts, Nafion1

membrane and bipolar/end plates. The stringent require-

ments in terms of the compactness, high energy density,

performance stability and low cost changed the fuel cell

research direction to that of optimizing the different aspects

of PEMFC system.

The efficiency of the fuel cell depends upon the kinetics of

the electrochemical process and performance of the com-

ponents. Several experiments have been conducted by

researchers for varying design dimensions of the cell com-

ponents, operating parameters, etc. However, experimental

investigations are costly and models have been developed to

understand and optimize the kinetics of the process. Several

models which explain the mass transport effect of different

species in the fuel cell are developed and these models can

very precisely predict the cell performance. However, little

focus is being given on the design dimensions of the fuel

cell, typically those of the bipolar/end plate’s flow-field.

This work therefore concentrates on studying the effect of

dimensions and shape of the channels in the flow-field of the

bipolar plate. This would help to better understand some of

the design considerations for the bipolar plates and give the

fuel cell developers a scope of further improvement of the

fuel cell technology.

2. Model development

The polymer electrolyte membrane model described

here is developed to study the effect of the channel

dimensions and shape in the flow-field of the bipolar/

end plates. Consequently, to avoid complexities, we

decided to develop the half-cell model for the anode side

of the fuel cell. The problem domain for the half-cell

PEMFC model consists of three different zones, viz. (1)

flow-field channels (serpentine design) which are

imprinted onto the bipolar plates; (2) gas diffusion elec-

trode; and (3) catalyst layer. It was assumed that fuel was

hydrogen on the anode side. The hydrogen gas enters the

domain at gas inlet in the bipolar plate. The flow-field in

the bipolar plate helps in the distribution of hydrogen

reactant gas onto the surface of the electrode. The gas is

transported towards the anode electrode via diffusion and

convective transfer. The next layer is the catalyst layer,

where hydrogen molecule breaks into the protons and the

electrons.

We decided to choose the rectangular cross-section chan-

nels for studying the effect of channel dimensions. The flow-

field was chosen to be single-path serpentine design. Once

the optimum channel dimensions have been achieved, we

would then compare the results with those for other channel

shapes.

2.1. Problem domain

Fig. 1 shows the serpentine flow-field design for the

bipolar plate with rectangular cross-section channels,

showing typical dimensions for channel width, land width

and channel depth. Since we are studying the effect of

channel dimensions on the fuel cell performance, we have

used many different dimensions for the channels. Each of

channel width, land width and channel depth was varied

from 0.5 to 4.0 mm. The representation in Fig. 1 is only a

typical representation for one of the several cases for the

channels dimensions used in simulations. The active area

of the domain was 4.0 cm ðlengthÞ � 4:0 cm (width). The

thickness of the gas distribution electrode and catalyst

layer was taken to be 0.25 and 0.05 mm, respectively. All

these zones were taken for the anode side of the cell only.

The cross-section of the problem domain is shown in

Fig. 2.

2.2. Model assumptions

The following assumptions were used in developing the

half-cell model for studying the effect of channel dimen-

sions on the performance of the fuel cell:

(1) Steady state and stationary conditions exist in the

single cell stack. Also, the effect of gravity was

neglected.

(2) Isothermal conditions exist in the cell domain.

(3) Based on the Reynolds number calculation the flow in

the fuel cell is laminar. Hence, all the transport

equations were formulated for laminar behavior.

(4) The permeability of the electrode material is assumed

to be isotropic and has a value of 10�12 m2.

(5) The volume of the by-product liquid H2O was assumed

to be negligible in the domain.

(6) Since the density of the reactant gas (H2) varies from

location to location in the domain, compressible gas

technique [4] was used to determine the density of the

gas mixture.
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2.3. Governing transport equations

The basic transport equations (conservation of mass and

momentum) were written for each of the zones of the

domain. The conservation of mass, also called equation

of continuity is given by:

@ðrvxÞ
@x

þ @ðrvyÞ
@y

þ @ðrvzÞ
@z

¼ Sm (4)

where r is the density of the fluid in the medium, and vx; vy

and vz are the components of the velocity in x-, y-, and

z-direction, respectively. The source term, Sm appears due to

the electrochemical reaction and corresponds to the con-

sumption of hydrogen, and is given by [5]:

Sm ¼ 0; z0 	 z 	 z2 (5)

Sm ¼ � l½H2�
kþ ½H2�

; z2 	 z 	 z3 (6)

where [H2] denotes the concentration of hydrogen in the

domain, l and k are terms that have no physical meaning and

their value depends upon the rate constants for the atomic

oxidation of H2 and platinum loading in the catalyst layer.

As discussed by Hontanon et al. [5], the value of k was set

equal to 1. Since the value of l may change from one fuel

Fig. 1. Serpentine flow-field design in bipolar plate showing typical dimensions for channel width (a), land width (b) and channel depth (c).

Fig. 2. Half-cell cross-section of the polymer electrolyte membrane fuel cell.
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cell system to another, we will present cases corresponding

to different values of l.

The conservation of momentum, also called as Navier–

Stokes equation is given by:

momentum (x-direction):

vx
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þ vy
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þ vz
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(7)

momentum (y-direction):
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momentum (z-direction):
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(9)

The source terms in the above equations arise due to the

pressure difference when a fluid passes through a porous

medium. So these terms exist only for electrode and catalyst

zones in the domain. The source term, for low velocities of

fluid, typical to those in fuel cells, is given by Darcy’s law:

Spx ¼ � mvx

bx

; z1 	 z 	 z3 (10)

Spy ¼ � mvy

by

; z1 	 z 	 z3 (11)

Spz ¼ � mvz

bz

; z1 	 z 	 z3 (12)

where m is the viscosity of the fluid in the medium, and b is

the permeability of the electrode material. Since the perme-

ability of the medium was assumed to be isotropic, bx, by and

bz each has a value of 10�12 m2.

2.4. Boundary conditions

The boundary conditions were imposed for the model

which was same for all the simulation cases. The operating

temperature and pressure were set to 350 K and 2 atm,

respectively. The mass-flow-inlet of the hydrogen reactant

gas was kept constant at 2:5 � 10�7 kg/s. Also it was

assumed that at the mass-flow-inlet the hydrogen reactant

gas enters the gas flow-field channel normal to the cross-

section of the channel.

2.5. Solution strategy

The model equations were solved using commercial

computational fluid dynamics software Fluent1 6.0 with

Gambit1 as a preprocessor [4]. Control volume technique

was used for solving the problem. The domain was divided

into hexahedral volume elements with 20 nodes per element.

The size of the hexahedron volume element chosen along

with zone dimension in the problem domain is given in

Table 1. The total number of volume elements in the flow-

field distributor depends on the channel thickness and varies

from case to case. In the gas distribution electrode and

catalyst layer, the total number of volume elements was

102,400 and 25,600, respectively. A grid adaptation tech-

nique was used to obtain a solution which is independent of

the dimensions of the chosen grid. The source terms were

incorporated into Fluent1 through the introduction of User

Defined Functions (UDFs) code written in C language. The

solution strategy is based on simple algorithm [4]. Momen-

tum equations were solved for the velocity. This was fol-

lowed by solving of equation of continuity, which updates

the pressure and flow rate. Results were then checked for

convergence. Since the density of the hydrogen gas varies

from point to point, a technique similar to ideal gas tech-

nique was used for solving the model.

3. Results and discussion

Simulations were performed for different sets of channel

dimensions. Three different parameters, viz. channel depth,

channel height and land width between the channels were

chosen for study. Each of the parameter was varied from 0.5

to 4.0 mm, resulting in total for six different dimensions

Table 1

Dimensions of different zones and volume mesh element for each zone considered in half-cell model

Zone name Zone dimensions

(X � Y � Z, mm � mm � mm)

Size of hexahedron volume element

(X � Y � Z, mm � mm � mm)

Total number of

volume elements

Flow-field distributor 40 � 40 � ca 0.25 � 0.25 � 0.25 6,400 � c

Gas distribution electrode 40 � 40 � 0.25 0.25 � 0.25 � 0.0625 102,400

Catalyst layer 40 � 40 � 0.05 0.25 � 0.25 � 0.05 25,600

a c is the channel thickness in the flow-field of bipolar plate and may vary between 0.5 and 4 mm depending on the chosen case.
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cases (0.5, 1.0, 1.5 2.0, 3.0 and 4.0 mm). These cases are

represented graphically in Fig. 3 for one depth. With all

permutations and combinations amongst the parameters we

have a total of 6 � 6 � 6 ¼ 216 cases.

We chose the hydrogen consumption at anode, as the

parameter to judge the performance of the fuel cell. It may

be noted that higher the hydrogen consumption at the anode

better will be the fuel cell performance. Simulations corre-

sponding to these 216 cases were done for different chosen

values of l. We choose four different values of l corre-

sponding to 5, 10, 15 and 20. The hydrogen consumption for

each of these cases came out to be roughly 20, 42, 63 and

83 mass%, respectively. Considering the fact, that the prac-

tical fuel cell operates at high value of fuel consumption

(like 80 mass%), we decided to choose the value of l as 20

for our simulations. Further the simulations done at low

values of l like 5 or 10, showed little effect of changing the

channel dimensions on hydrogen consumption. This was

expected, since diffusion mass limitations of hydrogen in

areas on ribs (land area) would be small at low reaction rates

(low hydrogen consumption).

Fig. 4a–f shows the contour plots of consumption of

hydrogen at anode as a function of channel width and land

width. Each of the figures is plotted for constant channel

depths ranging from 0.5 to 4.0 mm. As is clear in each of

these figures, a region of maximum hydrogen consumption

exists, corresponding to an optimum value for the channel

width and land width. For example, in Fig. 4a, the region

corresponding to channel depth of 1.5 mm and land width of

0.5 mm shows a maximum hydrogen consumption, and

hence will perform better. Similar behavior was observed

in other cases too. So we have a region of optimum dimen-

sions of the channel width and land width. This is kind of an

expected phenomenon, since the gases have to diffuse under

electrode areas beneath the ribs. So in cases of large land

width, diffusion mass limitations occur, and hence the net

consumption of hydrogen decreases. Increasing the channel

width results in decrease in the total length of the channels

(or number of channels), and hence the pressure drop in the

channels decreases, which lowers the performance. Second

thing which can be noticed from these simulations results are

that the hydrogen contours are more closely placed beyond

the optimal point in increasing land width direction than in

increasing channel width direction. This implies that increas-

ing the land width has more sensitiveness than increasing the

channel width on the hydrogen consumption at the anode.

This is due to pronounced diffusion mass limitation of

hydrogen beneath the ribs when land width is increased.

The interesting phenomena in all these simulations results is

that maxima for hydrogen consumption in all the cases occur

near to the minimum land width (0.5 mm) which was chosen

for the study. This makes us to believe that smaller land width

will definitely improve upon the hydrogen consumption at

the anode. The effect of channel depth on hydrogen con-

sumption can be studied by comparing the Fig. 4a–f. We see

that for case, when channel depth was 1.5 mm, maximum

hydrogen consumption (84.8%) at anode takes place. On

either sides, i.e. when the channel depth is decreased or

increased beyond 1.5 mm, the consumption of hydrogen in

the flow-field decreases. However, the decrease was more

when channel depth was decreased. This is more clearly

represented in Fig. 5 which shows the effect of change in

channel depth with hydrogen consumption at anode at opti-

mum channel width (1.5 mm) and land width (0.5 mm). So

the established optimum dimensions from these simulations

were channel width ¼ 1:5 mm, land width ¼ 0:5 mm and

channel depth ¼ 1:5 mm. These results were consistent with

those observed by other researchers in their work. Watkins

et al. [6] studied the optimal dimension for bipolar channels

on cathode side of the fuel cell. They claimed the most

preferred ranges to be 1.14–1.4 mm for channel width, 0.89–

1.4 mm for land width and 1.02–2.04 mm for channel depth.

Based on the results, that the hydrogen consumption at

anode increases as land width is decreased, we decided to

study cases where land width can be reduced, close to a

value of zero (0þ mm). However, making such bipolar plates

flow-field channels with very small land width (�0 mm) by

machining or casting process is not practically feasible.

Therefore, alternative methods must be looked at to fabricate

such designs. One such method which can be employed is

that of corrugated rolling process. However, this method is

good only for metals/alloys systems. Keeping in mind that

the currently used graphite bipolar plates suffer from some

disadvantages (high machining cost, low mechanical proper-

ties, etc. [7,8]) and much of research is focused on use of

metallic bipolar plates, we decide to study these systems.

Based on the foregoing discussion, we decided to use

corrugated metallic bipolar plate for our simulation. The

cross-section of the channel in these plates was triangular

instead of the conventionally used rectangular cross-section

in graphite bipolar plates. Before modeling for the triangular

cross-section we wanted to quickly look, if such cross-

section channels will perform better or at least comparable

to that of square cross-section channels. So we decided to

Fig. 3. Simulations cases corresponding to different channel width and

land width at fixed channel depth.
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study the pressure drop in channels for different cross-

sections (rectangular, triangular and hemispherical), which

would give an idea about the performance of the triangular

or hemispherical shaped cross-sections in flow-field design

of the bipolar plate.

The flow rate (q)–pressure drop (DP) relationships for

some of the basic cross-section shaped channels are given in

Eqs. (13)–(15). Each of the expressions is plotted in Fig. 6,

for same channel width (1 mm).

Rectangular cross-section (square: a ¼ b ¼ 1 mm) [9]:

q ¼ 4ba3

3m
��DP

Dx
1 � 192

p5b

X1
i¼1;3;5;...

tanhðipb=2aÞ
i5

" #
(13)

Triangular cross-section (equilateral triangle: a ¼ 1 mm)

[9]:

q ¼
ffiffiffi
3

p
a4

320m
�DP

Dx

� �
(14)

Fig. 4. Contour plots for the hydrogen consumption at anode as a function of channel width and land width for channel depth of: (a) 0.5 mm, (b) 1.0 mm, (c)

1.5 mm, (d) 2.0 mm, (e) 3.0 mm, and (f) 4.0 mm.
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Circular sector (hemisphere: a ¼ 0:5 mm, a ¼ p radians)

[9]:

q ¼ a4

4m
�DP

Dx

� �"
tanðaÞ � a

4
� 32a4

p5

�
X1

i¼1;3;5;...

1

iði þ ð2a=pÞÞ2ði � ð2a=pÞÞ

#
(15)

As can be seen from Fig. 6, hemispherical cross-section

channels results in maximum pressure drop flowed by

triangular cross-section. The pressure drop in these shaped

cross-sections is around six to seven times higher at a gas

flow rate of 20 cm3/s, than that of rectangular cross-sectional

channel, and hence will perform better in fuel cell. So we

decided to model these cross-sections for the flow-field

design using the Fluent1 CFD tool. Using such channels

serves our two purposes. Firstly we can achieve close to zero

value for land width, and secondly, we can achieve higher

pressure drop, both of which will provide enhanced fuel cell

performance.

The simulations results for the triangular and hemisphe-

rical shaped cross-sections are represented in Fig. 7. These

results are plotted for optimum channel dimensions which

were obtained for rectangular shaped cross-section chan-

nels. For triangular cross-section these dimensions are:

channel width ¼ 1:5 mm, channel depth ¼ 1:5 mm, and

land width ¼ 0þ mm and for hemispherical cross-section:

Fig. 4. (Continued ).

Fig. 5. Effect of channel depth on hydrogen consumption at the anode. Fig. 6. Effect of channel shape on the pressure drop in the channels.
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channel width ¼ 1:5 mm, land width ¼ 0þ mm. It may be

noted that in case of hemispherical cross-section, by choos-

ing the channel width as 1.5 mm (diameter of hemisphere),

the channel depth (radius of hemisphere) became 0.75 mm.

The bar graph (Fig. 7) shows the hydrogen consumption at

the anode for triangular and square cross-sections and

compares these values to that for rectangular cross-section.

The hydrogen consumption for the triangular shaped cross-

section channels was 92.5% while that for hemispherical

shaped cross-section channels was 92.9%. These values are

approximately 9% more than that for rectangular shaped

cross-section (84.8%). So it is clear that with use of cross-

section other than rectangular shapes (like triangular and

hemispherical) will enhance the hydrogen consumption at

the anode, which in term will enhance the fuel cell perfor-

mance.

4. Conclusions

A computational three-dimensional half-cell model for

predicting the effect of different channels dimensions and

shapes in the flow-field of the bipolar plate was developed.

Simulations were performed using the commercial compu-

tation fluid dynamics software Fluent1 6.0. Simulations

results for different channel dimensions showed that opti-

mum values exist for channel width, land width and channel

depths. It was found that for high fuel consumption (�80%),

which is more close to a practical case, the optimum channel

width, land width and channel depth were close to values of

1.5, 0.5 and 1.5 mm, respectively. Also, it was found that

decreasing the land width will increase the hydrogen con-

sumption at the anode. Based on this, triangular and hemi-

spherical cross-section shaped channels were studied. For

these shapes, the land width is close to 0 mm. Simulation

results for these shapes showed an increase in hydrogen

consumption by 9% over the rectangular shaped cross-

section. The use of such channels with proper dimensions

will lead to increased hydrogen consumption at the anode,

which in turn will lead to better fuel cell performance.
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