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a b s t r a c t

The inverse design problem technique presented in this paper is intended for optimizing the shape of the
gas channel at the cathode side in a proton exchange membrane fuel cell (PEMFC). The technique uses the
desired current densities located on a carbon plate near the outlet of the channel at the cathode side as a
vailable online 6 November 2008

eywords:
roton exchange membrane fuel cell
as channel design

starting point. The desired current density distributions can be obtained by modifying the current density
distributions of the existing PEMFC with rectangular gas channels. The geometry of the redesigned gas
channel is generated using a B-spline curve method, which enables the shape of the fuel channel to be
completely specified using only a small number of control points, thus applying the technique of parameter
estimation for the inverse design problem. Results show that by utilizing the redesigned optimal gas
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. Introduction

In order to adapt to environmental change as well as the
orld’s current energy crisis, in the past several years researchers

round the world have been focusing on developing renewable
esources including geothermal energy, solar energy, wind energy,
idal energy and hydrogen energy to substitute for conventional
esources such as coal, oil, and natural gas. Fuel cells have sev-
ral advantages over conventional power generation appliances,
nd can thus be considered major power-generating devices in
he future. In a fuel cell, chemical energy is converted to electrical
nergy directly, with little heat production. This implies that the
fficiency of a fuel cell is not limited by the Carnot cycle efficiency.

In general, fuel cells produce less toxic by-products than con-
entional appliances, thus making them environment-friendly.
oreover, fuel cells are very quiet during operation and can be of

arious sizes; these features will make them ideal for installation
n any place. The application range of fuel cells is very wide, from
soldier’s equipment on the battlefield to huge power generators

or residential and industrial applications. Most fuel cells operate

t low temperatures (around 70 ◦C), with the exception of solid
xide fuel cells, and this, added to the fact that they do not have
ny moving parts, will make them easy to design from a materials
tandpoint.

∗ Corresponding author. Tel.: +886 6 274 7018; fax: +886 6 274 7019.
E-mail address: chhuang@mail.ncku.edu.tw (C.-H. Huang).
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he PEMFC can be increased, and at the same time the phenomenon of
n the channel can be greatly reduced.

© 2008 Elsevier B.V. All rights reserved.

Significant progress in the development of fuel cell technol-
gy has been achieved by an increasing number of experimental
nd theoretical studies [1–6]. One of the most promising types
f fuel cells, the proton exchange membrane fuel cell (PEMFC),
s currently being aggressively researched due to its significant
dvantages in portable electronic applications over conventional
attery systems. It also meets more stringent emissions stan-
ards, because far fewer pollutants are produced by it than
y internal combustion engines. Common flow-field designs for
his fuel cell include the conventional flow fields, i.e., parallel
ow field, Z-type flow field, and serpentine flow field. Due to
he fact that flow-field design in the fuel cell is important in
etermining the fuel cell’s performance, many researchers have
xamined this issue in recent years. However, for simplicity, in
he present study only the case of the parallel flow field is exam-
ned.

In the PEMFC, the maximum current densities will appear at
he flow channel inlets and decrease along the channels to the out-
ets. This is due to the fact that the oxygen is gradually consumed
nd liquid water is accumulated due to the electrochemical reaction
long the flow channels. For this reason, if the large amount of liquid
ater accumulation can be removed efficiently, the current densi-

ies along the channels will be increased and the performance of the

EMFC must therefore be improved significantly. Many efforts have
een devoted to optimizing the flow field design in order to improve
he cell performance [7–12]. This can also be done by redesigning
he shape of the gas channel, applying the technique of the inverse
esign problem [13–15].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chhuang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.10.093
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The direct PEMFC problems are concerned with the determina-
ion of the current densities, saturated water and pressure drops in
he cell when the operational conditions, system parameters and
he shape of gas channels are all specified. In contrast, the inverse
eometry design problem for the PEMFC considered in this paper
nvolves the determination of the optimal shape of gas channels
ased on the requirement of desired current density on the upper
arbon plate of the redesigned gas channel at the cathode.

Recently, Cheng et al. [16] applied the simplified conjugate gra-
ient method (SCGM) in the PEMFC for the optimization of the
eometric parameters of the fuel cells and obtained good esti-
ations. Yan et al. [17] proposed a parallel flow channel design
ith tapered heights or widths to improve reactant utilization effi-

iency for PEMFCs. In their study, the tapered channel designs are
sed and the flow area contraction along the flow channel leads to

ncreased reactant velocities, thereby enhancing the reactant trans-
ort through the porous layers, reactant utilization and liquid water
emoval. However, one should note that these tapered channels
re designed manually and are not based on the algorithm of the
nverse design problem.

With this in mind, the technique of the inverse design problem
hould be used to design the optimal gas channel geometry in accor-
ance with the desired current density distributions of the cell. The
esired current density distributions can be obtained by modifying
he existing current density distributions in the PEMFC. A B-spline
urve is utilized to simulate the shape of the gas channel, and there-
ore the shape parameters in this formulation are the coordinates
f each control point, i.e., this limited number of control points
ecomes the set of parameters controlling the gas channel geom-
try. In the present study, the task is to redesign the gas channel
eometry for parallel flow arrangement, based on both the orig-
nal gas channel geometry and the new desired current density
istributions. The originality of this study lies in that the present
lgorithm can design the optimal shape of gas channel that satisfies
he desired current density.

For the present geometry design problem, due to its inher-
nt nature, a complete regeneration of the mesh is required as
he geometry evolves. Moreover, the continuous evolution of the
eometry itself poses certain difficulties in arriving at analytical or
umerical solutions. For this reason, it is necessary to use an effi-
ient technique that can handle a problem with irregular surface
eometry, especially in this 3D application.

This paper addresses the development of an efficient method
or parameter estimation, i.e., the Levenberg–Marquardt algorithm,
n estimating the optimal gas channel geometry that satisfies the
esired current density distributions. The Levenberg–Marquardt
ethod has proven to be a powerful algorithm in inverse design

alculations. This inverse design method had been applied to pre-
ict the form of a ship’s hull in accordance with the desired hull
ressure distribution by Huang et al. [13]. Subsequently, Chen and
uang [14] applied it to predict an unknown hull form based on the
referable wake distribution in the propeller disk plane. Chen et al.
15] further applied it to the aspect of optimal design for a bulbous
ow.

In Section 2 of this paper, the algorithm used to calculate the cell
urrent density distribution, i.e., the direct problem, is explained.
he method of B-spline curves is described in Section 3. The inverse
esign problem, involving the definition of a cost function and the
evenberg–Marquardt algorithm, is addressed in Section 4. Finally,
computational procedure is summarized in Section 5.
. The direct problem

Fuel cells constitute an important alternative to power gener-
tion by engines or turbines. With an increasing trend towards

2

e
o
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educed emissions and higher efficiency, fuel cells are emerging
apidly as the technology of choice for power generation in the new
entury.

The PEMFC consists of an anode flow channel, an anode dif-
user layer, an anode catalyst layer, a proton exchange membrane, a
athode catalyst layer, a cathode diffuser layer, and a cathode flow
hannel. To simplify the analysis, it is assumed that the gas mixtures
re ideal gases; the flow field is steady, laminar and incompressible;
he cell is isothermal; the electrochemical reaction only takes place
n the catalyst layer; and the cell structures in the diffuser layers,
he catalyst layers, and the proton exchange membrane are made
f isotropic and homogeneous porous material.

The gas channels and the gas diffusion layers inside the fuel
ells are designed to allow the reactant gases to diffuse uniformly
nto the catalyst layers, and at the same time, to prevent excessive
ncrease in electrical resistance against the released electrons from
he catalyst layers. The porous layers include the gas diffusion layers
nd the catalyst layers, in which the mass, momentum, and species
quations for the flows should be derived based on the non-Darcy
aw.

The mathematical models for the present 3D PEMFC involving
our groups of differential equations, namely, (a) mass, momentum,
nd species transport phenomena in the gas channels (GC) and the
orous layers—i.e., gas diffusion layer (GDL) and catalyst layer (CL);
b) electrochemical reactions in the catalyst layers; (c) ionic con-
uction taking place in the catalyst layers and the proton exchange
embrane; (d) electronic conduction in the porous layers and the

arbon plates (CP). These governing equations are described below
16,17].

.1. Mass, momentum, and species transport equations

The conservation equations for mass, momentum, and species
an be used to model the gas flows in the gas channels, gas diffusion
ayer and catalyst layer for the PEMFC. These equations are given
elow for mass, momentum and species equations, respectively:

· (ε� �U) = 0, (1)

· (ε� �U �U) = −ε∇P + ∇ · (ε�) + ε2� �U
k

, (2)

· (ε�UZn) = ∇ · (Deff
n ∇Zn) + Sn. (3)

Here �U denotes the gas velocity vector, ε and k are the porosity
nd permeability of the porous layers, respectively, and � is the fluid
tress tensor. The fuel gases at the anode side and cathode side are
2 and O2, respectively. Zn represents the species mass fraction of

pecies n. It should be noted that ε = 1 and k = ∞ imply pure fluid
ows in the gas channels.

The effective mass diffusivity Deff
n of species n can be obtained

y using Bruggemann’s equation, and is calculated as

eff
n = ε�Dn, (4)

here � is the Bruggemann coefficient of the porous layer and Dn is
he mass diffusivity of species n. In Eq. (3), Sn represents the source
erm of species n, which is due to the electrochemical reactions in
he catalyst layers.
.2. Electrochemical reaction equations

During the reaction, H2 and O2 are consumed in the catalyst lay-
rs of the anode and cathode, respectively, and H2O is the product
f the reaction at the cathode. The source terms for different species
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re defined as follows:

H2 = −Ia
2F

, (5)

O2 = Ic
4F

, (6)

H2O = −Ic
2F

, (7)

here F is the Faraday constant, while Ia and Ic are the transfer
urrent densities at the anode and the cathode, respectively. These
alues can be obtained based on the Butler–Volmer condition:

a = Ia,ref

(
ZH2

ZH2,ref

)ra [
exp

(
˛a,aF�

RT

)
− exp

(−˛a,cF�

RT

)]
, (8)

c = Ic,ref

(
ZO2

ZO2,ref

)rc [
exp

(
˛c,aF�

RT

)
− exp

(−˛c,cF�

RT

)]
, (9)

here Ia,ref and Ic,ref are the reference transfer current densities,
nd ra and rc the concentration parameters at the anode and the
athode, respectively. The terms ˛a,a and ˛a,c are the anodic and
he cathodic charge transfer coefficients for the anode reaction,
hile ˛c,a and ˛c,c are the anodic and the cathodic charge trans-

er coefficients for the cathode reaction. ZH2,ref
and ZO2,ref

are the
eference concentrations at which the exchange current densities
re obtained.

.3. Ionic conduction equations

The ionic conduction occurs in the catalyst layers and the proton
xchange membrane, since protons of hydrogen (H+) are gener-
ted in the anode catalyst layer and then move through the proton
xchange membrane toward the cathode catalyst layer to react with
xygen and the returning electrons. The ionic conduction equa-
ion for determining the phase potential, ϕ, in the catalyst layers
s obtained as

∇ · (	 eff
CL ∇ϕCL) = 
CL, (10)

here ϕCL and 	 eff
CL are the phase potential and effective ionic

onductivity of the catalyst layers, respectively. The effective ionic
onductivity, 	 eff

CL , is evaluated by using the following equation:

eff
CL = ε�CL

s,CL × 	s,CL. (11)

The effective ionic conductivity of the catalyst layer, 	 eff
CL ,

ncreases with the porosity of solid catalyst particles in the cata-
yst layer, εs,CL. The ionic conduction equation for the membrane
an be expressed as

· (	m∇ϕm) = 0, (12)

here 	 m is the ionic conductivity and ϕm is the phase potential
f the membrane. Springer et al. [18] suggested that the expression
or ionic conductivity of the membrane can be expressed as

m(T) = 	m,ref × exp
[

1268 ×
(

1
303

− 1
T

)]
, (13)

here the reference ionic conductivity 	 m,ref is given as

	m,ref = 0.005239� − 0.00326. (14)
Based on the experimental data, the water content of the mem-
rane, �, depends on the dimensionless water activity in the
embrane, ‘a’, which is defined as the gas partial pressure of water

t equilibrium with the membrane divided by the saturation pres-
ure of water vapor at the operating temperature. The expression

w
g
e
a
a

Sources 187 (2009) 136–147

f water activity in the membrane can be obtained as

= XH2OP

Psat
. (15)

The saturation pressure of water vapor, Psat, can be computed
y

sat = 10−2.1794+0.02953(T−273.15)−9.1837(T−273.15)2×10−5+1.4454(T−273.15)3×10−7
(16)

ith T in K.
The relationship between � and a can be obtained as

=
{

0.043 + 17.81a − 39.85a2 + 36.0a3; 0 ≤ a ≤ 1
14.0 + 1.4(a − 1); 1 < a ≤ 3
16.8; 3 < a

. (17)

Finally, based on the solution for the phase potential ϕ, the dis-
ribution of local ionic current density, Ī, may be further determined
y the following expression:

= −	 ∇ϕ. (18)

.4. Electronic conduction equations

The carbon plate, the GDL, and the catalyst layers all serve as con-
uctors for electric current. In the carbon plate and the GDL, there

s no electrochemical reaction taking place. The electrochemical
eactions only take place in the catalyst layers. Due to the electro-
hemical reactions activated in the catalyst layers, there exists a
ource term in the electronic conduction equation. Therefore, the
lectronic conduction equation for these three components can be
xpressed in the following general form:

· (�eff
d ∇) = 
d. (19)

Here, ‘d’ represents three different layers, i.e., the carbon plate,
he GDL, and the catalyst layer, respectively. The term  denotes the
lectronic potential and �eff

d is the effective electronic conductivity.
he effective electronic conductivity for the carbon plate (CP) can
e taken as a constant, while the effective electronic conductivities
or the porous gas diffusion layer and the catalyst layer can be deter-

ined in terms of the porosity based on Bruggemann’s equation.
he equations are listed below:

eff
CP = �CP, (20)

eff
GDL = (1 − εGDL)�GDL × �GDL, (21)

eff
CL = ε�CL

s,CL × �s,CL. (22)

Here, εs,CL and �s,CL denote the volume fraction (porosity) and
lectronic conductivity, respectively, of solid catalyst particles in
he catalyst layer. In addition, the source term 
d in Eq. (10) for the
arbon plate, porous gas diffusion layer and catalyst layer can be
xpressed as

CP = 0, (23)

GDL = 0, (24)

CL =
{


CL,a = −Ia

CL,c = Ic

. (25)

Boundary conditions at the anode flow and the cathode flow
hannels are as follows: the inlet flow rates are constant, the inlet
as compositions are constant, and the flows are fully developed
t the outlets of the anode and cathode flow channels. At the solid

alls, non-slip and zero fluxes hold. At the interfaces between the

as channels, the diffuser layers, the catalyst layers, and the PEM,
quality is applied to the velocity, mass fraction, momentum flux,
nd mass flux. In this study, all the above conservation equations
nd property equations are solved by utilizing a general purpose
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omputational fluid dynamic code, CFD-ACE+, employing a finite
olume method, released by ESI-CFD Inc. [19], since it has the ability
o handle this moving boundary problem. The “moving boundary
roblem” actually implies that the boundary of the gas channel is
ubject to change during each iteration of the process.

The coupled set of equations was solved iteratively, and the
olution was considered to be convergent when the relative error
n each field between two consecutive iterations was less than a
pecified small number.

. Shape generation for gas channel

The reason for using a B-spline curve for optimal channel shape
s that it can generalize a smooth curve that satisfies the desired
urrent distribution and makes it a proper shape for a channel;
herefore the coordinates of the control points become the param-
ters that need to be estimated in this shape design problem to
etermine the optimal gas channel geometry.

Let us consider a Cartesian product parametric B-spline curve
20] given by

(t) =
n+1∑
j=1

BjNj,k(t) tmin ≤ t ≤ tmax; 2 ≤ k ≤ n + 1, (26)

here Bj are the position vectors of the n + 1 defining polygon ver-
ices and Nj,k(t) are the normalized B-spline basis functions. For
he jth normalized B-spline basis function of order k (degree k − 1),
he basis functions Nj,k(t) are defined by the Cox–deBoor recursion
ormulas. Specifically:

Nj,1(t) =
{

1 if xj ≤ t ≤ xj+1
0 otherwise

and

Nj,k(t) = (t − xj)Nj,k−1(t)
xj+k−1 − xj

+ (xj+k − t)Nj+1,k−1(t)
xj+k − xj+1

, (27)

here the values of xi are the elements of a uniform knot vector
atisfying the relation xj ≤ t ≤ xj+1. The parameter t varies from tmin
o tmax along the curve � (t), i.e., � (t) are the curve data points.

The N basis functions can be determined from the knot vector
nd the parameter value t. Bj are the required polygon net points
control points). If Bj are given, the curve data points � (t) can be
alculated from Eq. (26).

. The inverse design problem

The current density distributions in the outlet region of the
as channel are almost uniform in the channel’s width direction,
herefore the redesigned gas channel surface can be assumed as
two-dimensional surface, i.e., it varies only in the length (flow)

nd height directions, and the dimensions are all the same in the
hannel’s width direction. This implies that we need to redesign
he optimal shape of the gas channel only in the length–height
ross-section, and this result is used to generate the redesigned
as channel surface in the width direction.

For the inverse geometry design problem, the shape of the
edesigned portion of the gas channel is regarded as being unknown
nd controlled by a set of control points; in addition, the desired
istributions of current density located on the upper CP surface of
he redesigned gas channel at the cathode are considered available.
Let the desired current densities located on the upper CP surface
f the redesigned gas channel at the cathode be denoted by Y(xi,
i) ≡ Yi, i = 1 to M, where M represents the number of grid points for
he redesigned portion of the gas channel. The inverse geometry
esign problem can then be stated as follows: utilizing the above u
Fig. 1. Physical model of a single-cell, parallel straight channel PEMFC.

entioned desired current densities Yi, design the new shape for
he gas channel.

The solution of the present inverse geometry design problem
s to be obtained in such a way that the following functional is

inimized:

[� (Bj)] =
M∑

i=1

[Ic,i(Bj) − Yi]
2 = UTU; j = 1 to P. (28)

ere, Ic,i represent the estimated or computed current densities
t the channel locations (xi, yi). These quantities are determined
rom the solution of the direct problem given previously by using
n estimated gas channel � (Bj), with P representing the number of
ontrol points.

.1. The Levenberg–Marquardt method (LMM) for minimization

If the redesigned portion of the gas channel is discretized into
points and P control points are used, Eq. (28) is minimized with

espect to the estimated parameters Bj to obtain:

M∑[ ]

∂J[� (Bj)]

∂Bj
=

i=1

∂Ic,i

∂Bj

[
Ic,i − Yi

]
= 0; j = 1 to P, (29)

where M should be equal to or greater than P, otherwise an
nderdetermined system of equations will be obtained, and it
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Table 1
Fixed parameters used by CFD-ACE+ code in the present study.

Parameters Symbols Values

Reference transfer current density at anode **(A m−2) Ia,ref 9E+008
Reference transfer current density at cathode (A m−2) Ic,ref 2.5E+002
Anodic charge transfer coefficients for anode reaction ˛a,a 0.5
Cathodic charge transfer coefficients for anode reaction ˛a,c 0.5
Anodic charge transfer coefficients for cathode reaction ˛c,a 1.5
Cathodic charge transfer coefficients for cathode reaction ˛c,c 1.5
Thickness of carbon plate (m) dCP 2E−003
Width of rib (m) WR 1E−003
Resistivity of carbon plate (ohm-m) ˝CP 2.7E−004
Length of gas channel (m) LCH 5E−002
Height of gas channel (m) HCH 1E−003
Width of gas channel (m) WCH 1E−003
Anode inlet gas velocity (m s−1) va 0.3
Cathode inlet gas velocity (m s−1) vc 0.5
Anode inlet mass fraction of H2 ZH2,a 0.445
Anode inlet mass fraction of H2O ZH2O,a 0.555
Cathode inlet mass fraction of O2 ZO2,c 0.212
Cathode inlet mass fraction of N2 ZN2,c 0.709
Cathode inlet mass fraction of H2O ZH2O,c 0.079
Thickness of gas diffusion layer (m) dGDL 0.3E−003
Porosity of gas diffusion layer (m2) εGDL 0.5
Permeability of gas diffusion layer (m2) kGDL 1.76E−011
Bruggemann coefficient of gas diffusion layer �GDL 1.5
Electronic conductivity of gas diffusion layer (�−1 m−1) �GDL 300
Thickness of catalyst layer (m) dCL 1E−005
Porosity of catalyst layer (m2) εCL 0.112
Permeability of catalyst layer (m2) kCL 1.76E−011
Bruggemann coefficient of catalyst layer �CL 1.5
Electronic conductivity of catalyst layer (�−1 m−1) �CL 300
Thickness of membrane (m) d 5E−005
P
P
B

w
i
t
t
L

(

F

m
orosity of membrane (m2) εm 0.28
ermeability of membrane (m2) km 5E−018
ruggemann coefficient of membrane �m 13

ill be impossible to calculate the inverse solutions. Eq. (29)
s linearized by expanding Ic,i(Bj) in Taylor series and retaining
he first-order terms. Then a damping parameter �n is added to
he resulting expression to improve convergence, leading to the

evenberg–Marquardt method [21], given by

F + �n�)�B = D (30)

= �T� (31)

Fig. 2. Comparison of the numerical and experimental polarization curves.
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ig. 3. The original and estimated optimal shapes of gas channels at (a) 0.4 V and
b) 0.7 V, with 20% increase in the local current density.

= �TU (32)

B = Bn+1 − Bn. (33)

ere, the superscripts n and T represent the iteration index and
ranspose matrix, respectively, � is the identity matrix, and ϑ
enotes the Jacobian matrix, defined as

= ∂Ic

∂BT
. (34)

The Jacobian matrix defined by Eq. (34) is determined by per-
urbing the unknown parameters Bj one at a time and computing
he resulting change in current density from the solution of the
irect problem, Eqs. (1)–(25).

Eq. (30) is now written in a form suitable for iterative calculation
s

n+1 = Bn + (�T� + �n�)
−1

�T(Ic − Y). (35)

When �n = 0, Newton’s method is obtained, and as �n → ∞,
he steepest-descent method is obtained. For fast convergence the
teepest-descent method is applied first, then the value of �n
s decreased, and finally Newton’s method is used to obtain the
nverse solution. The algorithm for choosing this damping value �n

s described in detail by Marquardt [21], so it is not repeated here.
The bridge between CFD-ACE+ and LMM is the INPUT/OUTPUT

les. These files should be arranged such that their format can be
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Fig. 4. The current density distributions for (a) original case, (b) Case A, (c) Case B and (d) Case C gas channels at 0.4 V, with 20% increase in the local current density.

Fig. 5. The current density distributions for (a) original case, (b) Case A, (c) Case B and (d) Case C gas channels at 0.7 V, with 20% increase in the local current density.
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Fig. 6. The original and calculated (a) saturations and (b) oxygen concentrations
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long the center line of the cathode GDL–CL interface at 0.4 V, with 20% increase in
he local current density.

ecognized by CFD-ACE+ and LMM. A sequence of forward PEMFC
roblems is solved by CFD-ACE+ in an effort to update the gas chan-
el geometry by minimizing a residual measuring the difference
etween estimated and desired current densities located on the
pper CP surface of the redesigned gas channel at the cathode under
he present algorithm.

. Computational procedure

The iterative computational procedure for the solution of this
nverse design problem using the Levenberg–Marquardt method
an be summarized as follows:

Step 1. Choose the initial guess for control points B (obtained by
using the original shape of the gas channel and B-spline curve
fitting) at iteration n to start the computations.
Step 2. Solve the direct problem given by Eqs. (1)–(25) to obtain
computed current densities Ic.
Step 3. Construct the Jacobian matrix in accordance with Eq. (34).

Step 4. Update B from Eq. (35).
Step 5. Check the stopping criterion; if not satisfied go to Step 2
and iterate.

r
i
g
m

ig. 7. The original and calculated (a) saturations and (b) oxygen concentrations
long the center line of the cathode GDL–CL interface at 0.7 V, with 20% increase in
he local current density.

. Results and discussion

The accuracy of the solution from CFD-ACE+ plays a very
mportant role in this inverse design problem. If the solution
rom CFD-ACE+ cannot reproduce the actual performance of the
EMFC, the inverse solutions can never be obtained accurately.
he first task is thus to show the validity of the solutions
rom CFD-ACE+ by comparing them with existing experimental
ata.

The benchmark problem for the numerical solution using CFD-
CE+ is examined here based on the experiments conducted by
heng et al. [16]. The grid system for a single-cell fuel cell module
ith a cross-sectional area of 22 cm × 22 cm and an active area of

4 cm × 14 cm has been constructed. Two 2-mm thick composite
raphite plates are used as the flow fields and current conductors.
five-layer membrane exchange assembly (MEA) is placed at the

enter between the two composite graphite plates. Fig. 1 shows
he present single-cell PEMFC. For simplicity, only one gas chan-
el is computed in the present study, as in Cheng et al. [16]. The

nlet velocities for the hydrogen and the air are chosen as 0.3 and
.5 m s−1, respectively. The hydrogen and the air are humidified to

each 100% relative humidity and 80 C temperature before enter-
ng the gas flow channels. The operating and geometrical conditions
iven to the direct problem solver are consistent with the experi-
ents. The fuel cell temperature is maintained at 70 ◦C. The fixed
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Fig. 8. The pressure distributions for (a) original case, (b) Case A, (c) Case B a

arameters used for the numerical calculations in CFD-ACE+ are
isted in Table 1.

Fig. 2 illustrates the comparisons between the numerical solu-
ions using CFD-ACE+ and the experimental data from [16] for
he polarization curves. It is obvious that the numerical solutions
rom CFD-ACE+ match well with the experimental data. Three gas
hannel design problems will be considered here, differing by the
tarting point of the redesigned channel:
1) Case A: the redesigned channel length equals 20 mm (from 30
to 50 mm),

2) Case B: the redesigned channel length equals 15 mm (from 35
to 50 mm), and

d
m

L
i

Fig. 9. The pressure distributions for (a) original case, (b) Case A, (c) Case B and (d)
Case C gas channels at 0.4 V, with 20% increase in the local current density.

3) Case C: the redesigned channel length equals 10 mm (from 40
to 50 mm).

The number of control points is taken as four in all the examples
onsidered here, and the design criterion is that the current density
n the upper CP surface of the redesigned channel is required to
ncrease by 20% of the original current density (for a rectangular gas
hannel) at 0.4 V (low operating voltage) and 0.7 V (high operating
oltage). One should note that even though more control points

escribe the unknown surface more accurately, they also require
ore computer time to obtain the inverse solutions.
The inverse calculations are performed by using the

evenberg–Marquardt method based on the above conditions. The
nitial estimates of Bj are obtained via B-spline curve fitting for

Case C gas channels at 0.7 V, with 20% increase in the local current density.
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ig. 10. The original and estimated (a) optimal shape of gas channels and (b) current
ensity distributions at 0.4 V, with 30% increase in the local current density.

he rectangular gas channel. After only 7–10 iterations (the CPU
ime on an Intel Dual-core 1.8 GHz processor is about 3–4 days),
he estimated shape of the gas channel can be obtained, and this
esult is shown in Fig. 3(a) and (b). The average relative errors for
he desired and calculated current density on the upper surface
f the redesigned channel are calculated as 2.5% (Case A at 0.4 V),
.4% (Case B at 0.4 V), 2.5% (Case C at 0.4 V), 2.7% (Case A at 0.7 V),
.7% (Case B at 0.7 V), and 2.6% (Case C at 0.7 V), where the average
elative error ERR is defined as

RR =
M∑

i=1

∣∣∣∣ Ic,i − Yi

Yi

∣∣∣∣ × 100 ÷ M, (36)

here M = 120, 90 and 60 for cases A, B and C, respectively. It is obvi-
us from these errors that the Levenberg–Marquardt method has
een applied successfully for estimating the optimal shape of gas
hannels in the numerical examples, since the calculated current
ensities closely agree with the desired ones. The overall increased
ercentages for the current in these six cases are obtained as 3.9%
Case A at 0.4 V), 2.5% (Case B at 0.4 V), 1.6% (Case C at 0.4 V), 4.8%
Case A at 0.7 V), 3.6% (Case B at 0.7 V), and 2.4% (Case C at 0.7 V),

espectively.

Fig. 3(a) and (b) shows the original and redesigned optimal
hapes for gas channels at operating voltages of 0.4 and 0.7 V,
espectively. The redesigned optimal gas channels exhibit oscilla-
ory profiles, and the first point of the redesigned channel is always
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Fig. 11. The original and calculated (a) saturations and (b) oxygen concentrations
along the center line of the cathode GDL–CL interface at 0.4 V, with 30% increase in
the local current density.
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Fig. 12. The pressure distributions for (a) original case, (b) Case A, (c) Case B and (d
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t the lowest position. This may be due to the fact that at the first
oint, a sudden increase in the desired current density is required;
o obey this requirement, a sudden contraction of the gas channel is
eeded. However, at the adjacent section of the channel, the height
oes not have to be corrected as low as that in the first position to
atch the desired current density; therefore, the profile of the gas

hannel increases in height smoothly, and then decreases in height
moothly if necessary.

To show that the estimated shape is indeed the optimal shape,
e have considered an artificial rectangular gas channel with a

udden contraction and the same duct volume as Case C at 0.4 V.
ig. 3(a) shows the profile for this artificially contracted gas chan-
el. The direct solution is then calculated based on this gas channel,
nd the average relative error for the desired and calculated current
ensity on the upper surface of the redesigned channel is calculated
s 2.7%, which is greater than that for the optimal gas channel. The
verall increase in the current is 1.4%, which is also smaller than that
or the optimal gas channel. It can therefore be concluded that the
erformance of the PEMFC with an optimal redesigned gas channel

s indeed better than its performance with the artificial gas channel.
igs. 4 and 5 indicate the original and calculated current density
n the cathode CP surface for Cases A, B and C at 0.4 and 0.7 V,
espectively. It is obvious from these two figures that the current
ensities in the redesigned gas channels are all higher than those
or the original gas channel.

From Fig. 3(a) and (b), we found that in order to match the
esired current density, the gas channel must be contracted sud-
enly at the start of the redesigned position of the gas channel,

n order to remove the saturated water as well as to increase the
oncentration of oxygen. The above statements can be verified by
lotting the calculated water saturation and oxygen concentration
ith channel length. Here, water saturation is defined as the ration

f the liquid water volume in the porous medium to the total vol-
me of the porous medium. Fig. 6(a) and (b) indicate the original

nd calculated saturation and oxygen concentration along the cen-
er line of the gas channel and on the cathode GDL–CL interface,
espectively, for Cases A, B and C, at the low operating voltage of
.4 V, while Fig. 7(a) and (b) shows the same for the high operating
oltage of 0.7 V.

) Case C gas channels at 0.4 V, with 30% increase in the local current density.
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Table 3
Polarization data for the original and various redesigned channels with 30% increase in the local current density.

Voltage, V Original total current
density (A m−2)

Case A (0.4 V) total
current density (A m−2)

Case B (0.4 V) total
current density (A m−2)

Case C (0.4 V) total
current density (A m−2)

0.97 285 456 416 386
0.95 404 526 484 452
0.92 562 696 650 615
0.89 785 932 882 843
0.85 1158 1,321 1,265 1,222
0.83 1383 1,555 1,496 1,451
0.8 1785 1,967 1,905 1,857
0.75 2653 2,853 2,785 2,732
0.7 3775 3,996 3,921 3,864
0.65 5094 5,341 5,258 5,196
0.6 6494 6,785 6,687 6,617
0.575 7171 7,499 7,393 7,313
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.55 7781 8,164

.5 8677 9,190

.4 9482 10,115

.3 9729 10,381

From Figs. 6(a) and 7(a), we found that the longer the redesigned
hannel, the more saturated water will be removed, and that the
aturation at 0.4 V is more than that at 0.7 V. Contrarily, the oxygen
oncentration at 0.4 V is less than that at 0.7 V. This is because the
lectrochemical reaction is more moderate at 0.7 V than at 0.4 V,
nd as a result less oxygen will be consumed and less water will be
roduced at 0.7 V. This also explains why the overall increase of cur-
ent at 0.4 V is higher than that at 0.7 V. From Figs. 6(b) and 7(b), at
he redesigned position of the original gas channel, the oxygen con-
entration for 0.4 V is much lower than that for 0.7 V. This implies
perfect reaction at 0.4 V. By imposing the requirement that the

edesigned current density be 20% greater than the original current
ensity at the redesigned position, the amount of the increment of
xygen concentration at 0.4 V is also almost consumed when com-
ared with the case at 0.7 V, and therefore the overall increase of
urrent at 0.4 V is greater than that at 0.7 V.

The pressure is also an important index for this design problem,
ince it will be increased for the optimal gas channel. Figs. 8 and 9
ndicate the pressure distributions along the gas channel at 0.4 and
.7 V, respectively, for the original case, Case A, Case B and Case C at
.4 and 0.7 V. It is obvious that the longer the redesigned gas chan-
el, the larger the pressure difference. If this pressure drop cannot
e handled by the gas pumping system, the optimally designed gas
hannel cannot be used.

Table 2 shows the polarization data based on the optimal gas
hannels, Case A, Case B and Case C, designed for 0.4 and 0.7 V, when
perating at any other voltages. It is obvious that these designs
re for 0.4 and 0.7 V, but can still be applied to different operating
oltages to ensure increase of the overall current.

The next question is whether the current density on the upper
P surface of the redesigned channel can be required to increase by
0% of the original current density (for a rectangular gas channel)
t 0.4 V (low operating voltage) and 0.7 V (high operating voltage).
he inverse calculations are performed again, using the Levenberg-
arquardt method based on the above conditions.
Unfortunately, at 0.7 V, the design fails, since it is impossible

o obtain the needed shape to match the desired current density.
owever, at 0.4 V, it can be estimated successfully. Fig. 10(a) shows

he original and estimated optimal shapes for gas channel at 0.4 V.
he tendency of the designed optimal gas channels is similar to the
revious estimations. The average relative errors for the desired

nd calculated current densities on the upper CP surface of the
edesigned channel are calculated as 2.8% (Case A at 0.4 V), 2.6%
Case B at 0.4 V) and 2.7% (Case C at 0.4 V), and again the calculated
urrent densities closely agree with the desired densities. The over-
ll increased percentages for the current in the present cases are

A

C

8,045 7,956
9,032 8,909
9,917 9,760

10,156 10,005

btained as 6.7% (Case A at 0.4 V), 4.6% (Case B at 0.4 V) and 2.9%
Case C at 0.4 V).

Fig. 10(b) indicates the original and calculated current densities
or Cases A, B and C at 0.4 V. Fig. 11(a) and (b) shows the original and
alculated saturation and oxygen concentration along the center
ine of the gas channel and on the cathode GDL–CL interface for
ases A, B and C at 0.4 V. By comparing Fig. 11(a) with Fig. 7(a) and
ig. 11(b) with Fig. 7(b), it can be seen that more water is removed
nd higher oxygen concentration is obtained under this redesigned
ondition. Fig. 12 indicates the pressure distributions along the gas
hannel for the original case, Case A, Case B and Case C at 0.4 V. It
s obvious by comparing Figs. 8 and 12 that the higher the desired
urrent density, the larger the pressure difference.

Table 3 indicates the polarization data based on the optimal
as channels, Case A, Case B and Case C, designed at 0.4 V, when
perating at any other voltages. Again, the design at 0.4 V can
till be applied to different operating voltages to obtain better
erformance from the fuel cell. Based on the above numerical
xperiment, it is concluded that the design problem of determin-
ng the optimal shape for a PEMFC fuel cell gas channel using the
evenberg–Marquardt method is now completed. The calculated
urrent density can match well with the desired value if the require-
ent is attainable.

. Conclusions

An inverse design problem in estimating the optimal shape
f gas channels for PEMFCs from the knowledge of desired cur-
ent density distributions, using the techniques of B-spline curves
nd the Levenberg–Marquardt method, has been developed and
pplied successfully. Numerical experiments have been performed
ased on low and high operating voltages, in this case 0.4 and 0.7 V.
he results reveal that the present algorithm needs only a few itera-
ions to obtain the optimal shape of the gas channel, and the overall
urrent can be increased by using the estimated gas channel.

The advantages of using the technique of the inverse design
roblem in designing the optimal shape of gas channels lie in the

acts that (1) the time needed to redesign the channel can be short-
ned and (2) the desired current density can be well matched when
ompared with the traditional trial and error method.
cknowledgment
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