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Abstract

Geometric design, including the internal structure and external shape, considerably affect the thermal, fluid, and electrochemical characteristics
of a polymer electrolyte membrane (PEM) fuel cell, which determine the polarization curves as well as the thermal and power inertias. Shape
optimization is a natural alternative to improve the fuel cell performance and make fuel cells more attractive for power generation. This paper
investigates the internal and external structure effects on the fuel cell steady and transient operation with consideration of stoichiometric ratios,
pumping power, and working temperature limits. The maximal steady state net power output and the fuel cell start-up time under a step-changed
current load characterize the fuel cell steady and transient performance respectively. The one-dimensional PEM fuel cell (PEMFC) thermal model
introduced in a previous work [J.V.C. Vargas, J.C. Ordonez, A. Bejan, Constructal flow structure for a PEM fuel cell, Int. J. Heat Mass Transfer
47 (2004) 4177-4193] is amended to simulate the fuel cell transient start-up process. The shape optimization consists of the internal and external
PEMEFC structure optimization. The internal optimization focuses on the optimal allocation of fuel cell compartment thicknesses. The external
optimization process seeks the PEM fuel cell optimal external aspect ratios. These two levels of optimizations pursue the optimal geometric design
with quick response to the step loads and large power densities. Appropriate dimensionless groups are identified and the numerical results are
presented in dimensionless charts for general engineering design. The universality of the general optimal shape found is also discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction to comply with military requirements. PEMFC is also widely
investigated because of its high efficiency and the potential for
utilization in vehicular and portable applications. Fuel cell tech-

nology has been improving in several aspects such as materials,

Fuel cells are expected to become of common use in sta-
tionary power generation and transportation systems [1-3]. The

energy industry is searching for alternative power generation
modes in order to reduce its dependency on conventional fossil
fuel and, in parallel, for means to improve systems and processes
efficiencies. Fuel cell technology also benefits the environment
by cutting down a large amount of green house gas (CO;) and
other poisonous exhausts (NO,, SO,), through the introduc-
tion of the fuel cells into transportation and power generation
systems. Furthermore, submarines and aircrafts with fuel cell
power supply system could dramatically decrease cruising noise
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thermodynamic management and flow structure. In this paper,
we focus on the flow structure optimization, which has the poten-
tial to improve the fuel cell performance, involving steady state
and transient operation.

The flow structure optima are the results of numerical simu-
lation of mathematical models that express the physics of fuel
cell operations. Kumar and Reddy [4] present a mathematic
model applying Navier—Stokes equations to predict the effects
of shape and size of flow channel on the fuel cell performance.
Yi and Nguyen [5] developed a two-dimensional cathode model
to investigate the performance of interdigitated fuel cells. Zhou
and Liu [6] presented a three-dimensional steady state model for
PEM fuel cells, Hu et al. [7,8] introduced a three-dimensional
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Nomenclature

Aa variation of quantity a between two conditions
A area (m?)

A dimensionless area

Ag fuel cell cross-sectional area (m?)

Ay the wall area (m?)

Awet the wetted surface area (m?)

B dimensionless constant in Eq. (14)

Cp specific heat at constant pressure (kJ kg=! K™1)
Cy specific heat at constant volume (kJ kg~! K1)
(Y% control volume

D Knudsen diffusion coefficient (m%s~!)

Dy, gas channel hydraulic diameter (m)

E energy flow rate (W)

E dimensionless energy flow rate

f friction factor

F faraday constant (96,500 C equiv. )

G molar Gibbs free energy change (kJ kmol~!)
G dimensionless Gibbs free energy change

h heat transfer coefficient (W m—2 K1)

h dimensionless heat transfer coefficient

Hi(T;) molar enthalpy of formation at a temperature 7;

of reactants and products (kJ kmol~!)

H;(6;) dimensionless molar enthalpy of formation at a
dimensionless temperature 9; of reactants and
products

io.a> loc €xchange current densities (A m~2)

ilim.a» flimc limiting current densities (A m~2)

1 current (A)

1 dimensionless current

Jj mass flux (kgs™! m~2)

k thermal conductivity (W m 1K)

k dimensionless thermal conductivity

K permeability (m?)

L length (m)

Leh, Ly gas channels internal dimensions as shown in
Fig. 1 (m)

Ly, Ly, L, fuel cell length, width and height, respectively
(m)

m mass flow rate (kg s7h

M molecular weight (kg kmol~!)

n equivalent electron per mole of reactant
(equiv. mol~1)

n molar flow rate (kmols~1)

Nch number of parallel ducts in gas channel

N dimensionless global wall heat transfer coefficient

p pressure (N m_z)

P dimensionless pressure

PEMFC polymer electrolyte membrane fuel cell
Pr Prandtl number (u.c, K1

tortuosity

reaction quotient

heat transfer rate (W)

dimensionless heat transfer rate

QI(Q.(QQ

r pore radius (m)

R ideal gas constant (kJ kg~ K™1)

R universal gas constant 8.314 (kJ kmol~' K1)
Rey, Reynolds number based on (Dy, uDyp/ 1)

S dimensionless conversion factor, Eq. (37)
t time (s)

T temperature (K)

u mean velocity (m s7h

it dimensionless mean velocity

U global wall heat transfer coefficient (W m 2K
\% voltage (V)

V1 total volume (m?)

Vv dimensionless voltage

Vr dimensionless total volume

14 dimensionless fuel cell electrical power

Woet dimensionless fuel cell net power, Eq. (33)
VVneLS dimensionless fuel cell steady state net power out-

put

VVP dimensionless required pumping power, Egs. (33)
and (36)

[ molar concentration of a substance (mol1~!)

Greek symbols

ay, ®c  anode and cathode charge transfer coefficients

B electrical resistance (£2)

y specific heat ratio

8 gas channel aspect ratio

e stoichiometric ratio

Na, Ne  anode and cathode charge transfer overpotentials
V)

Nda> Ndc anode and cathode mass diffusion overpotentials
V)

Ma, Nc  dimensionless anode and cathode charge transfer
overpotentials

fld,a, Nd,c dimensionless anode and cathode mass diffusion
overpotentials

Nohm dimensionless fuel cell total ohmic potential loss

0 dimensionless temperature

A ionomer water content

7 viscosity (Pas)

v reaction coefficients

& dimensionless length

0] porosity

0 density (kgm™3)

e dimensionless density

o electrical conductivity (Q Tm™h

T dimensionless time

v dimensionless mass flow rate

Subscripts

a anode

(aq) aqueous solution

c cathode

cond heat conduction
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conv heat convection
CvV control volume
e reversible

fuel
(2) gaseous phase
h hydraulic
H* hydrogen cation
H, hydrogen
H,O water
in control volume inlet
j control volume index
k control volume index
)] liquid phase
m one-way maximum
mm two-way maximum
ohm ohmic
opt optima
out control volume outlet
0x oxidant
)] oxygen
p polymer electrolyte membrane
ref reference
sa anode solid side
SC cathode solid side
su start-up
w wall
wet wetted surface
0 initial condition
1,...,7 control volume index
12 interaction between CV1 and CV2

23 interaction between CV2 and CV3
34 interaction between CV3 and CV4
45 interaction between CV4 and CV5
56 interaction between CV5 and CV6

67 interaction between CV6 and CV7

00 ambient

Superscript

0 standard conditions [gases at 1 atm, 25 °C, species

in solution at 1M, where M is the molar-
ity = (moles solute)/(liters solution)]

two phase flow mathematical model with consideration of exist-
ing multi-phase water in the flow fields. Those models are expen-
sive to solve numerically, due to the partial difference equations,
and to the large number of flow configurations to be tested in an
optimization procedure. At the PEMFC stack level, Amphlett
et al. [9] introduced a transient mathematical model for predict-
ing the response and performance of the system for applications
where the operating conditions change with time, considering
heat losses, changes in stack temperature, reactant gas concen-
trations, and other internal phenomena, but no consideration was
given to the pressure drops experienced by the fuel and oxidant
in the feeding headers and gas channels. Experimental results

were presented by Hamelin et al. [10] for the time response of
a stationary PEMFC stack under fast load commutations, and
compared to the Amphlett et al. [9] model with good agree-
ment. Several other experimental studies have been conducted
to access the dynamic behavior of PEMFC stacks in search for
performance improvement in the transient mode [11-15]. Recent
studies presented PEMFC stack steady state mathematical mod-
els to predict performance [16—18]: one study [18] presented a
genetic algorithm technique for finding the best configuration of
the stack in terms of number of cells and cell surface area, but did
not consider headers and gas channels pumping power losses.
No transient model was found in the literature that addresses the
spatial temperature and pressure gradients in a PEMFC stack,
pressure drops in the headers and single cells gas channels and
their effect on performance, with the exception of a recent study
published by Vargas et al. [19].

As aresult, for the fuel cell structure optimization, it is desir-
able that the model is as simple as possible, in order to require
low computational time to provide solutions for each tested con-
figuration, thus allowing for an effective optimization procedure.
With such objectives in mind, Vargas and Bejan [20], and Vargas
et al. [21] presented a lumped control volume model for alka-
line and PEM fuel cells, respectively, which calculated the fuel
cell thermal-fluid field, mass transport mechanism, electrochem-
ical properties, and power consumption and generation. The
optimal fuel cell geometry, including internal layer thickness
allocation and external aspect ratios, were also obtained in those
studies.

In this paper, we amend the model introduced by Vargas et
al. [21] and extend the flow structure optimization procedure to
multi-objective PEMFC optimization involving the steady state
and transient behaviors. The spatial temperature and pressure
gradients in a single PEMFC, pressure drops in the cell gas
channels, and their effect on performance are investigated. The
multi-objective optima according to constructal theory [22] are
also discussed in this paper.

2. Thermodynamic model

A thermo-electrochemical model for a single PEM fuel cell
operating at steady state has been introduced in a previous study
by Vargas et al. [21]. In this study, that mathematical model
is amended to study the PEM fuel cell transient performance.
According to Vargas et al. [21], the fuel cell is divided into
seven control volumes that are shown in Fig. 1. These control
volume (CV) interact energetically with one another. The fuel
cell also interacts with adjacent fuel cells in a stack, and/or
with the ambient. Additionally, two bipolar plates (intercon-
nects) have the function of allowing the electrons produced
by the electrochemical oxidation reaction at the anode to flow
to the external circuit or to an adjacent cell. The control vol-
umes are the fuel channel (CV1), the anode diffusion-backing
layer (CV2), the anode reaction layer (CV3), the polymer elec-
trolyte membrane (CV4), the cathode reaction layer (CV5), the
cathode diffusion backing layer (CV6) and the oxidant channel
(CVT).
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Fig. 1. PEM fuel cell internal structure and external shape.

The model consists of the conservation equations for each
control volume, and the equations accounting for electrochem-
ical reactions, where reactions are present. The reversible elec-
trical potential and power of the fuel cell are then computed
(based on the reactions) as functions of the temperature and
pressure fields determined by the model. The actual electri-
cal potential and power of the fuel cell are obtained by sub-
tracting from the reversible potential the losses due to surface
overpotentials (poor electrocatalysis), slow diffusion and all
internal ohmic losses through the cell (resistance of individ-
ual cell components, including electrolyte layer, interconnects
and any other cell components through which electrons flow).
These are functions of the total cell current (1), which is directly
related to the external load (or the cell voltage). In sum, the
total cell current is considered an independent variable in this
study.

2.1. Dimensionless variables

To make the results general, this model and its simulation
results are formulated and reported in a dimensionless way. The
dimensionless variables are defined based on the geometric and
operating conditions of the PEM fuel cell.

The dimensionless length & and dimensionless area A are
defined as

L ~ A
g = 1/3° A= 2/3 (1)
VT VT

where V1 =L,LyL,, is the total fuel cell volume.

Pressures and temperatures are referred to ambient condi-
tions: P =p/peo and O = T/T,. The dimensionless mass flow rates
are defined as follows:

i
Vi = @)

Filref

where the subscript i indicates the reactant or product that flows
through the fuel cell; and 71,y is a specified reference mass flow
rate given in Table 1. The reference time t.f depends on the
reference mass flow rate ri.f, and therefore, the dimensionless
time t and reference time #f are expressed as follows:
LI L 3)
Tref R¢Tootitget

where the subscript “f” stands for fuel. In this paper, for sim-
plicity, we assume that the fuel stream is pure hydrogen, and the
oxidant is pure oxygen.
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Table 1
Properties and constant values used in the simulations

B=0.156
cpr=14.95kI kg 1 K

Cpox =0.91875kI kg~ K~!
cop=10.8kJkg ' K~!

Cyox = 0.659375kT kg~ K~!
Cusa = Cusc = 133Tkg™ 1 K1
Cso1 =4180Tkg 1 K~!
F=96,500 C mol !
iga=igc=10Am™2

Les=1A

k=02Wm 1 K™!

kox =0.033Wm~! K~!
ky=021Wm~!IK~!
ksa=ksc=71.6 Wm™ I K~!
Kry=Kg=4x 10~ m?
K3=Ks5=4x 10710 m?

Tigef = 1074 kg g1

Pt =Poo =0.1 MPa
PonO.lZMPa

qg=1.5

R=4.157kI kg~ ' K~!

Rox =0.2598 kT kg~' K~!
Tr=Tox =Ts =298.15K
Uwi=50Wm—2K,i=1,7
Viet=1V

Vr=225x 10" m?

Viref =107 m?

ay=0a:=0.5

$r=¢s=04

$3=¢5=02

ni= 1073 Pas
w7=2.4x107°Pas
01,07=1.388 x 106 Q' m™!
02, 06=4000Q2"' m~!

Other variables are the nondimensional global wall heat trans-
fer coefficient N, heat transfer coefficient /, thermal conductivity
k, density p and specific heat ratio y, defined as follows:

2/3 2/3 1/3
=V oM B
MyefCp, f MyefCp,f MyefCp, £
. PRT, Cpf
p= =, y= 4)
Pt Cy

where ¢, 1 is the fuel specific heat at constant pressure.

The reference energy flow rate is defined by Epf =
TiefCp,t oo, Which is used as a reference scale for power related
variables:

. ... AE, AEcy, O, AH, AG
(AE, AFcy, 0, A, AG) = ¢ cv, 9 )

Eref
&)
The dimensionless heat transfer rates are given by
8 - . —kAno . .
Qconv = hANAD, Ocond = T’ Ow = NAy A0,
. I’B
Qohm = ————— (6)
mrefcp,fToo

where g is the electrical resistance.

The physics of the fuel cell is described by taking into
account the mass conservation and the first law of thermody-
namics at each CV, and the electrochemical reactions at CV3 and
CVs.

2.2. Mass balance

The hydrogen mass flow rate required by the working current
(1), which indicates the external load, is given by

rH, = nH,Mu, = n7MH2 (7)
where np, is the molar flow rate for hydrogen; My, the molec-
ular weight of hydrogen; n the equivalent electron per mole of
reactant, equiv. mol~! (n=2); and F is the Faraday constant,
96,500 C equiv.~ .

Similarly, the oxygen mass flow rate needed in the PEM fuel
cell electrochemical reaction is evaluated as follows:
. 1.
mo, = E”HzMoz (®)

The stoichiometric ratios, denoted as ¢; on the fuel side and
¢7 on the oxidant side, are defined as the provided reactant
divided by the reactant needed for the electrochemical reac-
tion of interest and greater than 1. The stoichiometric ratios
are the design constraints of this study. Therefore, considering
the stoichiometric ratios, the dimensionless inlet reactant mass
flow rates are Y = £1YH, = {17H, /et and Yox = {7Y0, =
{710, /1ief, Where ripg,and o, are obtained from Egs. (7)
and (8).

2.3. Energy conservation

The thermal model consists of coupled ordinary differ-
ential equations that are obtained from the energy conser-
vation principle applied to each control volume, as shown
in Fig. 1. The energy conservation in CV1 is expressed as
follows:

1 dEcvi

Ow1 + Y0 — 01) + Q12 + Qohm1 = Eo di 9

where Qw1 = N1Ayw(1 — 61), stands for the heat transfer rate
from the ambient to the CV1 through the wall. The wall surface
connecting the CV; (j=1, 7) and the ambient (Aw ) is calcu-
lated by Aw; = &,&; + 2(§y + &,)&;. The second term in the left
hand side of Eq. (9) is the dimensionless fuel enthalpy decrease,
which is obtained by assuming that the reactant leaves the
fuel cell at the CV1 temperature. Q12 = h1Ag(1 — ¢2)(0> — 61)
denotes the heat transfer rate from CV2 to CV1. The fuel
cell cross-sectional area is Ag = &y&;. The heat transfer coef-
ficients h; (j=1, 7) in the gas channels are estimated accord-
ing to the flow regime. For the laminar flow (Rep<2300)
[23]:

@ = 7.541(1 — 2.6108; + 4.9708% — 5.1195

J

+2.7028} — 0.54853), j = 1,7 (10a)
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For the turbulent flow (2300 < Re, <2 X 104) [24]:

h;Dy, j _ (fj/2)(Rep,j — 1000) Pr i=1.7
k; 1+ 127(f/2 P = 1) ’

(10b)

where &;=Lcp/Lj, for Ly <Lj and §j=L;/Ley, for Ly >Lj;
Dyj=2LchLi/(Leh +Lj); Pr is the gas Prandtl number; and
f is the friction factor given by f; =0.079 Reh lya
2300 <Repj<2 x 10* [24].

The Reynolds number is a function of the gas flow velocity
u;. According to Vargas et al. [21], these velocities are calculated
by

when

RiTyi
uy = 1Mt (I/If_ ‘/’H2) (11a)
PrLenLinch 2
RoxTyri
ug = o Iox (wox - ‘”0) (11b)
2poxLenLrnch 2

Finally, the ohmic heating rate Oohml = ]2/31 [ (irerCp tTo0)
with the previous dimensionless energy fluxes contribute to the
increase of the interconnect internal energy as follows:
do; i o

=—— [Ow1 + V(6 —

- 61) + 012 + Qohm
dr nené18c€; pr 1)+ C12 + Cobn]

(12)

where 01 is the CV1’s initial dimensionless temperature, and
vt = Cp.t/cy s is the fuel gas specific heat ratio. The average
fuel pressure (pr in CV1) and oxidant pressure (pox in CV7) are
assumed known and constants, shown in Table 1, during the fuel
cell operation.

The anode backing diffusion layer (CV2) is porous, which
consists of a solid side and a fluid side. The mass of fluid in CV2
is negligible compared to the mass of solid. Therefore, the CV2
internal energy differential is dEcya = mcvyacy, sadT2. The net
heat transfer rate through CV2 is 0=—012+ Owa2 + O3 +
Qohm2, Where 023 = —ksa(1 — ¢2)As(02 — 03)/[(52 + §3)/2].
The anode solid side dimensionless thermal conductivity kg,
was defined in Eq. (4). The energy balance in CV2 leads to the
CV2’s dimensionless temperature expression as follows:

o _ v
d‘L’ Psa(l — ¢2)‘§2§y‘§z

where ps,is the dimensionless density of the anode solid side,
and yg, is the effective specific heat ratio of the anode solid side.

The flow in the electrodes is modeled as Knudsen flow [25].
The fuel and oxidant mass fluxes are given by

pfin)/L1j J=2,6 (14)

where D = B{r[8RT/(xM)'/?¢?} is the Knudsen diffusion
coefficient; p the density; R the universal gas constant; ¢ the
porosity; g the tortuosity [26,27]; B is a correction coefficient.
By using Eq. (14) and the ideal gas model for H, and O,, we find
the pressures of the hydrogen and oxygen that enter the catalyst
layers as follows:

JiRkToo L j0;
Djpoo

[Yn,(01 — 62) + Q2] (13)

Jji= —[D(pout —

Pjout = Pjin — , J=2,6, k=1 ox (15)

where jo = ritp, /A3 wet, and j3 = 1110,/ As wet- A3, wet and As wet
are the wetted surface areas in the porous catalyst layers, defined
as Awet,j = 4¢ijKj_l/2As, Jj = 3,5, where K is the perme-
ability and ¢ is the porosity. Because the channel layer is struc-
turally connected to CV2 and CV6, we assume that Py i = Pr
and Pg jn = Pox. The average pressures in CV2 and CV6 are esti-
mated as follows:

1
= 5(Pjin + Pjow). j=2.6 (16)

In the reaction layer (CV3), there are a few consider-
ations that must be taken into account in the energy bal-
ance. An oxidation reaction, Hp(g) — 2H(aq)+ +2e7, takes place
in this layer. The dimensionless molar enthalpy change due
to the reaction is given by —AH; = Zreactanls[v H i(THl—
> productslV iH;j(T))]. Here, v; is the reaction coefﬁ01ent Hjis
the dimensionless molar enthalpy of formation of component

j [28,29]. The dimensionless reversible electrical power, Wes3,

is expressed in terms of the dimensionless Gibbs free energy
change, i.e., Wes = —AG3, which is also part of the CV3’s
energy balance. The Gibbs free energy change, AGs, is a func-
tion of the temperature and pressure as follows:

AGj:AG;—FRlean,j::;,S a7

where AGS is the standard Gibbs free energy change
(kT kmol™1); Q is the reaction quotient and is formulated by
03 = [H(aq)+]2 / PH,; [H(ag) 7118 the molar concentration of the
acid solution (mol/1); and pn, = p2,out 1S the partial pressure
of Hj at the CV2 outlet. Recall that the pure liquids or solids do
not appear in the calculation of Q3, neither does the solvent in
a dilute solution, [Haq)*] is a function of water content 2, i.e.,
[Haq) "1 & pH,0/24 M, 0 for a dilute water solution.

The dimensionless net heat flux flowing in CV3 is given by
03 = — 023 + Ow3 + 034 + Oonms. Since the heat transfer
rate between CV3 and CV4 (the polymer electrolyte membrane)
is dominated by conduction, therefore, this dimensionless heat
flux is Q34 = —2(1 — ¢3)(05 — 94)Asksakp/($4ksa + $3kp)~

Considering the solid compartment dominates the electrode
mass, the mass and energy balance analysis in CV3 leads to a
dimensionless temperature expression as follows:

dos _ S L —, N
dr Pl — ¢3)538,8;

where (AH3, AG3) = i, (AH3, AG3)/(ityescp §To0), itH, =
ritg, / MHy,, and other parameters are similar to CV2 discussion.

The polymer electrolyte membrane (CV4) interacts with
CV3, CV5 and the ambient. In the cathode reaction layer
(CV5), there occurs the reaction expressed by %Oz(g) +2” +
2H(aq)" — H0y1). Considering the mass conservation in CV4
and other control volumes in the fuel cell, we have 2ny, =
nHD+m = ”Hﬁ = 2n0,. In conclusion, 710, = n1y,, where ng, =
2mo,/ Mozl. Accordingly, the required oxidant mass flow rate
is mo, = #u, Mo, /2Mp,. The dimensionless net heat transfer
in CV4 is obtained from Q4 = —Q34 + QW4 + Q45 + Qohm4
and Q45 = —2(1 — ¢5)(04 — 05) Asksakp/(Eakse + &skp). Then,

— AH; + AG3] (18)
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the CV4 dimensionless temperature is obtained from
oy wp
dr ppé 48)§;

where pp, is the dimensionless density of membrane solution, and
¥p is the effective specific heat ratio of the polymer electrolyte
membrane.

The analysis in the cathode reaction layer (CV5) is analogous
to what we previously presented in the anode reaction layer
(CV3) analysis. The CV5 dimensionless temperature is obtained
by

(04 + HOD it — HOm,, ] (9

dos _ e
dr N ,Z’sc(1 - ¢5)§5§y§z

where (AHs, AGs) = fi0,(AHs, AGs)/(iitretCp tToo), 110, =
1iH, /2MHu,, fH,0,0ut = 110, Psc 1s the dimensionless density of
the cathode solid side, and y is the effective specific heat ratio
of the cathode solid side.

Similarly, the dimensionless net heat transfer rate flow-

[Q5s — AHs + AGs] (20)

ipg in CV5 isN given b)~/ Qs = — Q45+ Ows + Os6 +
Qohms,  With  Qse = — 2ksc As(1 — ¢6)(05 — 66)/(§5 + &)
The molar enthalpy change (AHs = > products Vi Hj(TP1—

> reactants LV i H j(Tj)]) indicates the reaction heat production
(kJ kmol™!); vj are the reaction coefficients. H;(7}) is the for-
mation enthalpy (kJ kmol~!) at a temperature T; of compound
J in reactants and products. The enthalpies of formation are
obtained from tabulated values [28,29] at Ts for Oz and
T4 for Hag)*, and T5 for HyO(y at 1atm, respectively. The
change in the Gibbs free energy, AGs, is calculated by Eq. 7).

The CVS5 reaction quotient is Q5 = {[H(aq) p(lj/zz} , where
PO, = P6,out-
The mass balance for CV6yields o, ,, = rit0,;, = Mo, and

AIH,0 = MH,0,0ut = MH,0,in = 110,. The dimensionless net heat
transfer rate in CV6 results from Qg = — Qs + Qws + Q67 +
~ ~ =~ = 2/3 .
Dotmé: Q67 = h7A(1 — §6) (07 — b6), hry = ha V" frinsereps.
The dimensionless temperature for CV6 is given by

dfe _ Vsc

dr — puckyEcdo(l — go)

Cp,ox

O6 + 1//02

(97 — 6) + H(65)n,0 — H(06)m,0
21

The dimensionless net heat transfer rate in CV7 is Q7 =
—Q67 + Ow7 + Oohme- The balances for mass and energy in
the oxidant channel (CV7), with the assumptions of non-mixing
flow and the assumption that the space is filled mainly with dry
oxygen, yields #y,0 = 7H,0,in = HH,0,0ut = 10, MH,0, and
the dimensionless CV7 temperature as follows:

@ _ VoxRox97,O
dr Poxncé&récé;

Cp,ox

Q7 + '(pox

(Box — 07) + H(66)n,0 — H(07)n,0|-

(22)

Cp.f

2.4. Electrochemical model

The thermal model described by Egs. (12), (13), (18)—(22)
needs to be complemented by the electrochemical counterpart
such that the PEM fuel cell power generation performance can
be calculated. The resistances, B(2), of each compartment are
evaluated from the material and geometric features as

£ .
Bi= 15" . J=1267 (23)
AVi o (1 — ¢))
_ & - _
Bi= 15— i=3.45 ds=1 (24)
AV O’j¢j

where the ionic conductivity, o (Q‘l m_l), of Nafion 117 as
a function of temperature is given by the following empirical
formula [30]:

0j(0) = exp [1268 ( !

(0.5139%; — 0.326),
303 6T

j=3.45 (25)

The conductivities of the catalyst layers are given by 03¢3 and
o5¢5, according to Egs. (24) and (25), which agree qualitatively
with previously measured catalyst layers ionic conductivities
[31],1.e., the ionic conductivity increases with increasing Nafion
content, which increases as ¢ increases in the present model. The
conductivities of the diffusive layers, o, and o, are the carbon-
phase conductivities [32]. Finally, the conductivities of CV1 and
CV7, o1 and o7, are the electrical conductivities of the bipolar
plate material. The CV1 and CV7 void fractions in Eq. (23), i.e.,
@1 =¢7=Ecn/(&:+ &cn), are computed for any particular fuel cell
internal geometry according to Fig. 1.

In Eq. (25), A is the water content that is described as the ratio
of the number of water molecules to the number of charge sites.
In a polymer membrane, the charge sites are ions, SO3 ~H*. It is
assumed that all ingredients of the catalyst layer are evenly dis-
tributed, and that the liquid water product is evenly distributed.
Therefore, the water content in ionomer (within the catalyst
layer) is assumed constant: this corresponds to the value mea-
sured when the ionomer is in contact with liquid water, or to
some average between this value and the value corresponding
to when the ionomer is in contact with saturated water vapor
[33]. Usually, the anode water content is different from that in
the cathode; therefore for assumed values of A, (anode water
content, or A3) and XA (cathode water content, or As), and by
assuming a linear variation of the water content along the mem-
brane thickness, the average water content in the membrane is
defined as

Aa + Ac
2

Now, we can calculate the molar concentration of the acid
solution [H(aq)*] mentioned in CV3 energy conservation analy-
sis and the ionic conductivity in Eq. (25).

The polarization curve indicates the performance of a fuel
cell. The dimensionless potential is defined in terms of a given

A =

(26)
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reference voltage Vier, namely V = V/Vierand i) = 1/ Vier. The
dimensionless actual potential V is an accumulated result of
dimensionless anode electrical potential V,, dimensionless cath-
ode electrical potential V., and the dimensionless ohmic loss
(lohm) in the space from CV1 to CV7, i.e.,

‘7 = Va + Vc - 7~7011m (27)

The ohmic loss fonm is estimated by

TNohm = (28)

The actual electrical potential at the anode is V, = Ve, —
— |fia,al, where the reversible electrical potential at the anode
Ve.a 1s given by the Nernst equation [29]:

0 RT3
Vea—Vea_ian3 (29)

where Q3 = [H(aq)Jr]z/pH2 and V0, = AG5/(—nF). Mass dif-
fusion and charge transfer cause the potentlal losses at the anode.
The overpotential due to charge transfer (n,) is obtained from
the Bulter—Volmer equation [34,35] as follows:

I —; exp (I —a)n. F —exp _“anaF
Aswer " RT3 RT3

where o, is the anode charge transfer coefficient, and iy, is
the anode exchange current density (a function of catalyst type,
catalyst layer morphology, temperature and pressure) , which
is listed in Table 1. The potential loss due to mass diffusion
[34] is

RT In |1 d (1)
Nd,a = n - A ;

nkF wet,3lim,a

(30)

where the limiting current density at the anode i}y, 4 Occurs at
high values of the surface overpotential, when the gas is com-
pletely depleted in the very thin active catalyst layer fraction
situated at the interface with the gas diffuser, i.e., P2 oy =0.
Therefore, ilim 4 is obtained from Eq. (15), i.e.,

. ¢DonF
flima = — 2 (32)
My, Ly Ri0,Too

The methodology in estimating the anode potential is
valid in building the cathode potentlal correlations. Simi-
larly, the actual cathode potential is V. = Vec — e — |7d,cl
and the reversible electrical cathode potential is Vec =

— (RTs/nF)In(Qs), where Qs = {[Huq">pl2) " and
Vgc = AGS/(—nF). The Butler-Volmer equation for cal-
culating the cathode side overpotential nc is I/As wet =
io.clexp((1 — ac)ne F/ RTs) — exp(—acn. F/RTs)]. The cathode
mass diffusion depleting overpotential is ng.. = RT5/nF In(1 —
I/ Ayer 501im,c), and the cathode limiting current density is
ilim,c = 2poxD6”lF/A}VIozLGRox96T<>o-

2.5. Pumping power and fuel cell net power model

The dimensionless pumping power VVP is required to supply
the fuel cell with fuel and oxidant. Therefore, the total net power
output (available for utilization) of the fuel cell is

Whet = W — W, (33)

where W is the total fuel cell electrical power output and
W = VI. It is necessary to evaluate the pressure drops in the
reactant supply channel before estimating the pumping power
consumption in the fuel cell. Assuming that the channel is
straight and sufficiently slender, the pressure drops are expressed
by

£ & uj
APj = : 34
fj (5} Ech) 9] RkToo ( )

where j= 1,7 and k=, ox, respectively. The friction factor (f;) in
the gas channels is estimated by experimental correlations from
the literature. For the laminar regime (Rey, <2300) we used the
correlation [33]:

fj Ren j = 24(1 — 135538 + 1.946757 — 1.70125"

+0.956487 — 0.25376) (35)

where §j=Len/L;, for Loy <Lj and 8j=Lj/Lcy, for Lep>Ly;
Dy j=2LchLi/(Lch + L), Renj=u;Dyjpj/u; and j=1, 7. The cor-
relation used for the turbulent regime is the same as the CV1
energy conservation analysis.

Then, the dimensionless pumping power VVp is obtained as
follows:

- 01 67
Wp = YiSt— A P| + YoxSox A P7 (36)
P Py
where
et Too Rj .
§; =TT i~ f ox. (37)
! Viet Iret

3. Shape optimization and results

The thermal system reduces to seven nonlinear ordinary
differential equations, Egs. (12), (13), (18)-(22), in which
the unknowns are the temperatures of the seven control vol-
umes. A Fortran computational code was written to obtain both
steady state and transient solutions. The transient solutions were
obtained by solving the system with a Runge-Kutta fourth/fifth
order method [36] from a given initial condition. For obtaining
steady state results, a system of seven nonlinear algebraic equa-
tions was generated by setting the time derivatives equal to 0.
The system was then solved with a quasi-Newton method [36].
The Newton iterative process was set to achieve convergence
when the Euclidean norm of the residual of the system was less
than 107, Because of this, the computational time required for
one geometric structure study case was short.

In order to make the PEM fuel cell design close to the vehicle
application, in this study we conducted a multi-objective opti-
mization procedure to seek the optimal geometric dimension or
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limits with the goal of immediate response to step current load
and as high as possible steady-state net power output. Table 1
shows the properties and constant values used to produce the
numerical results of the present study. The fuel and oxidant
inlet temperature were assumed at 298.15 K. The average fuel
and oxidant channel pressures were assumed as 1 and 1.2 atm,
respectively. Fig. 1 illustrates the main geometric features of the
single PEM fuel considered in this study: the external dimen-
sions (Ly, Ly, and L;), and the individual layer thicknesses (L;).
The geometric constraints of the original study case of this paper
are as follows, V1 = 2.25, &y=§&,=160&,,and (§1, §2,£3,64, &5,
&6, £7)=(0.05, 0.36, 0.01, 0.06, 0.01, 0.36, 0.05)&,.

The PEM fuel cell polarization curve indicates that there
exists an optimal working current at which the fuel cell has
maximal net power output. In this study, we focus on the fuel
cell steady-state performance (net power output Wy s) and the
transient behavior (start-up time 7g,) characteristics under such
optimal working current condition. We also explore the con-
sidered geometric dimension effects on those two performance
indicators. Fig. 2a and b illustrate a typical transient behavior of a
PEM fuel cell in its start-up process. Fig. 2a shows the electrode
potentials and the power output compartments in the transient
process responding to a step-changed current load. Fig. 2b shows
the dimensionless temperature transient process after a step-
changed current load applied to the fuel cell. Considering the
power support purpose of the PEM fuel cell, the transient behav-
ior indicator, the start-up time, is defined as the time when the
net power output arrived at 98% of its steady-state power output.
This measurement takes into account two phenomena of PEM
fuel cell transient behavior shown in Fig. 2a and b: (i) electri-
cal properties (e.g. voltages, net power output) respond more
quickly than the thermal properties (e.g. temperature) — there
are power and voltage jumps in the beginning of the transient
process, while the temperatures of each component of fuel cell
increase slowly and continuously because of high thermal iner-
tia of porous media and the reactants — this phenomenon is quite
similar to the conventional internal combustion engine that sup-
plies the power requirement almost immediately, but arrives to
its thermal steady state quite slowly, and (ii) after the net power
output reaches 98% of its steady-state power level, the net power
output curve’s slope is close to 0, while the fuel cell temperatures
are still increasing—in other words, after a certain period of the
transient process, the thermal mechanisms (e.g. temperatures)
do not affect significantly the PEM fuel cell power generation.
Therefore, it is questionable to consider the transient period as
the start-up time based on temperature stabilization.

Fig. 3 demonstrates that the electrode reaction layer thick-
nesses (&3 and &s) are crucial to PEM fuel cell transient pro-
cess which can be categorized into three modes, i.e. “under-
powered”, “exact-powered”, and “over-powered”. When the
electrode reaction thickness is small, say smaller than 0.003&,,
the transient process is “over-powered”, while the net power
output jumps higher than the steady-state net power output and
then decreases to the steady-state net power output level. When
the electrode reaction layer thickness is increased to 0.007&,
the net power output reaches the steady-state level immediately,
named as “exact-powered” transient process. When the electrode

2.5 = E=f =160t | 500
V=225 C1:2 §7:2 A=16 1 =20 § =& = %, [=500
) (&, 8,648, 8648 =(0.05,0.36,0.01, 0.06,0.01,0.36,0.05) &
~ /’/”””—_W 7400
Va 15F Wnal
v v
c ‘ W
e 1F _ 1300
Tlohm v i
~ A w
V 05 _’/”‘//— W e
. -200
T Nohm
“F W
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V=225 {;=2 {;=2A=16 A =20 §,=&;= S | =500
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Fig. 2. Polarization and power curves with respect to time (a), and net power
and internal temperature vs. time (b).

reaction layer thickness exceeds this critical value, the tran-
sient process will be “under-powered” and the net power output
increases to the steady-state level continuously after the begin-
ning jump. Fig. 3 was constructed in a way to show clearly the
three transient operation modes, but it should be noted that Whet
is strongly dependent on the reaction layer thickness, which is
the subject of discussion in Fig. 4.

Fig. 4 shows the comparison of the PEM fuel cell steady-state
performance, the steady-state net power output, and the tran-
sient behavior, i.e., the start-up time. The PEM fuel cell shows
maximum steady-state net power output and short start-up time
of “over-powered” process at £3 =&5=0.003¢,. It is the multi-
objective optimization design of the electrode reaction layer for
the PEM fuel cell and the first level of optimization in this study,
named one-way optimization. In the “under-powered” range, &3,
£5>0.007£,, the steady-state net power output decreases dra-
matically, and the start-up time increases considerably, therefore
affecting negatively the two objective functions.
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Fig. 3. The normalized net power output of PEMFC transient response.

A fixed internal geometric parameter is the thickness (£4) of
the polymer electrolyte membrane. The optimization of the elec-
trode reaction layers thickness was conducted for several values
of &4, which produces the results shown in Fig. 5. It is observed
that the transient process is in the “over-powered” or “exact-
powered” modes, and the start-up time is close to 0, when £4/&,
is smaller than 0.08. When the membrane thickness exceeds such
critical ratio, the transient process deteriorates dramatically, and
the start-up time increases abruptly. In the entire range of the
membrane thickness studied, the steady-state net power output
decreases monotonically as the membrane thickness increases
because of the increment of proton transport resistance in the
membrane and the drop of the membrane ionic conductivity.
The start-up time curve is unimodal and approaches 0 when
&4/, <0.08 due to the small electrical inertia and the low elec-
trical resistance. When £4/&, > 0.08, the start-up time increases
drastically and reaches a maximum value at £4/&, =0.2 because
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Fig. 4. The one-way net power maximization for optimal internal structure.
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Fig. 5. The effect of membrane thickness on the one-way maximized net power.

as the membrane thickness increases, the fuel cell thermal and
electrical inertias increase as well. When &4/, > 0.2, the optimal
working current decreases as the membrane thickness increases,
which in turn reduces the start-up time. Fig. 5 also indicates that
the membrane should be as thin as possible, down to its minimum
dielectric limit, which is also restricted by the manufacturing
technology. So, although Fig. 4 shows that tg, increases mono-
tonically as the reaction layers thickness increase, it also shows
the one-way optimized structure leads to short start-up time
for a given membrane thickness. As the membrane thickness
increases, even with the one-way optimized external structure,
Tgy increases, which is shown in Fig. 5. The useful design infor-
mation is that £4/&, < 0.08 for short start-up time.

The previous internal structure optimization process is
repeated at different external aspect ratios to produce the results
shown in Fig. 6. We find that the start-up time curve departs
from the values close to 0 when the external aspect ratios,
&y/& and &,/&,, are smaller than 120, and &,/&,=&,/&, > 0.001.
The steady-state net power output decreases with the incre-
ment of external aspect ratios within the considered range
(&y/6x =&,/ > 100). Other external aspect ratio cases are also
studied and showed in Fig. 7. The steady-state net power
output reaches a maximum when the external aspect ratio is
approximately 90, &,/&,=§./&, > 90. However, the PEM fuel
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Fig. 6. The effect of external shape on net power and start-up time.
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Fig. 7. The two-way net power maximization for optimal internal structure and
external shape.

cell responds to the external step current loads rather slowly.
The start-up time exceeds 10s for the parameters of Table 1.
In order to guarantee a short response (or start-up) time, one
should increase the external aspect ratio at the expense of
reducing the maximized steady-state net power output. A value
of &,/6,=§&,/6x > 120 leads to 74, =30 (or f,, ~0.1s), with a
decrease of only 9% in the maximized net power output.
Several different total volumes over the range 1.0-10.0, for
the stoichiometric ratios §1 =&7 =2, are studied in Figs. 8 and 9.
From Fig. 8, it is observed that there exists a critical external
aspect ratio for each volume. The start-up time increases
drastically when the external aspect ratio drops below those
critical values. Fig. 9 shows the two-way multi-objective optima
in a log-log graph, adopting the critical values for the external
aspect ratio. The optimal external aspect ratios are propor-
tional to VX247 e, (&/& =& [Ex)op = 94.3843 V22497
and the two-way maximum steady-state net power output
associated with immediate response to the external load is
proportional to V26321 ie. Wyepsmm = 155.2745V26321,
The effects of different stoichiometric ratios ranging from
1.0 to 10.0, on the maximum steady-state net power output
and on the optimal external aspect ratio associated with the
two-way multi-objective optimization along the several total
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Fig. 8. The external shape effect on start-up time.
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Fig. 9. The behavior of the optimal shape and the two-way maximized net power
output with respect to total volume.
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Fig. 10. The effect of stoichiometric ratio and total volume on the behavior of
the two-way maximized net power (a) and optimal shape (b).

volumes over the range 1.0-10.0 are shown in Fig. 10a and
b, respectively. The two-way maximized net power output
fitting equations are Wnet,s,mm = 297.2350\7%6432 when

1=¢7=1, Whesmm = 155.2744V26321  when ¢1=¢7=
2, and  Wpetsmm = 39.2103V262%  when ¢=¢7=10.
The optimal aspect ratio fitting equations are
(y/6x = E2/50) g = 145.2446V02010  when  ¢1=¢7=1,
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(Ey/6x = &2/6x)p = 943843 V24997 when ¢=¢7=2, and

(Ey/Ex = &/E) gy = 40.4390V224% when ¢;=¢7=10. The
optimal external aspect ratio is approximately proportion to

\7%/ *. The two-way maximized net power output is approxi-
mately proportional to \7})'63. This power—volume correlation
is also found in nature. According to Randall et al. [37], the
metabolic rate within a single species is around 0.63 instead
of 2/3, because of the thickening of bones and other body
structures in larger animals.

4. Conclusions

In this paper, we showed a multi-objective optimization of
a single PEM fuel cell concentrating on vehicle applications,
which require the PEM fuel cell to respond to the external load
quickly and to provide as much power as possible. The internal
and external shape effects on the PEM fuel cell steady state and
transient response were investigated. The trade-off between the
steady state net power output and the start-up time was optimally
balanced in the multi-objective optimization. The geometric
degrees of freedom were identified physically to be optimized,
i.e., the electrodes reaction layers thickness, L3 and L5, and the
external aspect ratios, L,/Ly and L,/L,. The optima found are
sharp and therefore, important to be identified in actual PEM
fuel cell design.

The key conclusion is that we showed that the trade-offs exist,
and that from them results the internal and external structure of
a single PEM fuel cell, i.e., constructal design [20,21,22,38].
The maximum net power output is proportional to V-(r)'63. This
exponent is the metabolic rate within a single species in nature.

The optimal external aspect ratio is proportional to V%/ 4. These
two relations are crucial to the auxiliary power units systems
(APUS) design. In principle, the multi-objective optimization
illustrated in this study can be extended on a hierarchical ladder
to large and more complex PEM fuel cell systems, to explore
multi-scale packings that use the available volume for maximum
power generation and quick response.
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