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CHAPTER 2

Numerical models for planar solid oxide
fuel cells

S.B. Beale

National Research Council, Ottawea, Canada.

Abstract

This article discusses various munerical techinigues used io model single-cells and
stacks of planar solid oxide fuel cells. A brief history of the solid oxide fuel cell
(SOFC), and a survey of modeling efforts to-date are presented. The fendamental
thermodynamics of the SOFC are infroduced, together with the equations govern-
ing the ideal (Nemst) potential. Factors affecting operating cell voltages are then
discussed. A simple iterative calculation procedure is described, whereby inlet mass
factions, flow rates, and cell voltage are known, but outlet values, and current are
required. This provides 2 paradigm for more complex algorithms set out in the
remainder of the text. The next tevel of complexity is provided for by numeri-
cal integration schemes based on ‘presumed-flow’ methodologies, where the inlet
How rates of oxidant and fuel are assumed to be uniform. Local mass sources and
sinks are compuled from Faraday’s equation, These are then used to correct the
continuity and mass traasier equations. Temperature variations are also computed;
because heat and mass transfer cffects affect ihe output of SOFCs, significantly.
Some more advanced chemistry, heat and mass transfer issues are further detziled.
The most detailed cell models are obtained using computational fluid dynamics
codes, based on finite-volume and other techniques. Additional improvements to
these (and other) codes involve the detailed modeling of the eleetric potential (in
place of the Nernst equation formulation), and the analysis of the combined kinet-
ics and mass transfer problem in the porous electrode media. Finally stack models
are introduced. These may be full-scale computational fluid dynamics models or
sitnpler models based on volume-averaging techniques.
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Figure 1: Schematic of typical planar SOFC.

1 Introduction

1.1 History and types of sofid oxide fuel cell

There are many types of [uel cefl under develophent. Most popular among these
are the proton exchange membrane fuel cefl (PEMFC) and the solid oxide fuel
cell (SOFC) [1-3]. The SORC is a solid-state device that utilizes the oxygen ion
condueting property of the ceramic zirconia. The operation of a SOFC differs from
that of a PEMFEC or a conventional battery, in that both eleclronic and ionic circuits
are due to the flux of negatively charged particles; electrons and (*~ ions. The
positive ions or *holes’ are immobilised in the solid matrix, at the time of fabrication.
The book by Williams [4] details developments in SOFC technology prior to the
1960%s.

A SOFC censists of an anode or fuel electrode, an electrolyte, and a cathode or
air electrode. The anode is typically a porous cermet, for example the combination
of NiO and Ytiria-stabilised Zirconia (Y5Z). A typical material for the cathode is
Sr doped LaMnO4, a perovskite. The electrolyle consists of a layer of YSZ, and is
fabricated as thin as possible in order to reduce Ohmic losses. Fuel and air passages
are required to supply the products and remove the reactants; the gas passages are
typically rectangular micro-channels, though planat channels may also be utitized
occasionally. In addition, porous media inserted between the fluid passages and
electrodes may serve as gas diffusion layers.

Both planar and cylindrical SOFC geometries are to be found; the latter avoid
mechanical sealing problems, wheieas the foriner allow for relatively large clec-
trical power densities to be achieved. The discussion in this paper focuses on the
planar design. In order to reach the necessary operating voltage, fuel cells are con-
nected together in a steck by situating a metallic or ceramic interconnect between
each cell. These are often made of stainless steel. Cells are connected electrically
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Figure 2: Planar SOFC stack. Courtesy Global Thermoelectric nc.

in series, but hydraulically in parallel. The interconnects also function as a hous-
s ing for the flow channels for the air and fuel which are supplied via manifolds.
P The balance-of-plant miakes sure that the working fiuids are supplied under the
desired operating conditions. Fuel cells may be operated in co-flow, counter-flow

nong these T and cross-ilow. The industrial SOEC designs encountered by the present author were
oxide fuel . for cross-flow. Hydrogen is normally provided by reforming methane or methahol
axygen ion . in a reactor. The electrical efficiency of a system running on natural gas can exceed
liffers from 50%. The remaining energy is released as heat.

nic circuits S The basic operation of 2 SOFC is as follows: reduction takes place at the cathode.
" jons. The : )

fabrication. 0; + 4~ — 20%. M
poor to the -

At the anode, if the fuel is Hy, the oxygen ion combines with hydrogen to form
water, electricity and heat.

cathode or :

ombination : Hy + 0% 5 H0+ 2. 2
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YSZ, and is - Thus the oversll reaction is
urpassage_s Hs + % O3 — Hy0.
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Jatter avoid 1.2 Survey of medeling techniques
t large elec- - . . ) .
suses on the =N Mathematical models of heat and mass transter and electrochemistry provide tools
=ils are con- i for performance prediction of single-cells and stacks of [uel cells. Thermo-fAuid
ect between . simulations can predict the thermal and clectrochemical performance, and struc-

; electrically tural analysis models can predict the mechanical behavior. Our concern here is
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with the former. Among the first to perform calcutations on SOFC performance
were Vayenas and Hegedus [51, Since then, the scope and detail of modeling have
increased. Models have been developed at various scales: micro-scale or nano-scale
studies aim at the development of better electrodes throngh mathematical analy-
sis. Single-cell models are often the first consideration for fuel cell manufacturers
embarking on a new product design, and are currently a target application for the
vendors of commercial CFD codes. Stack modeling is necessary for the overall
design and often invelves parametric studies. Among the most salient issues that
need to be addressed are the electric potentiat field, poroas media transport phenom-
ena, and chemical kinetics (shift reactions, internal reforming). The development
of amodel for conservation of heat, mass, and charge in SOFCs is detailed in [6--8).
Such models have been applied to SOFC stacks {9-12]. Shift and reforming rcac-
tions have also been considered {13, 14] as well as heat and mass transfer issues
[15, 16]. The size and complexity of SOFC stacks requires the use of very large com-
puters, if a conventional CED code is employed. Because of this, simpler models
based on engineering assumptions have sometimes been devised {10, 12, 17, 18}
in order that personal computers may perform such calculations. The speed and
memory requirements of a computer code witl be limited by the application. For
detailed SOFC design large-scale CFD codes will be required, whereas for roal-time
control, rapid response will preclude all but the simplest of schemes from being
employed.

1.3 Thermodynamics of solid oxide fuel cells

Newman [19] siates that thermodynamics, kinetics, and transport phenomena are
fundamental to understanding electrochemical systems. It is important to realise
that transport phenomena are atfecied by thermodynamic properties and chemical
kinetics. Physicochemical hydrodynamics [20, 21] is the study of such mutual
interactions. It is timely to start with the thermodynamics of fuel cells. Figure 3
illustrates the notion of the fuel cell as a thermodynamic device. It is postulated

9

Reactants Products *
Fuel

Figure 3: Fuel cell as a themmodynamic system,
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that the fundamental relation [22] for the internal energy, U, may be expressed as
U=US,V,N, D), “

where § is entropy, V is volume, Nj is mole number of species j, and Q is charge
number. Conservation of energy requires that,

dU = dWiem + dWMech + dWehem + dWelec, (5)

AU = TdS — PdV + Y u;N; + EdQ, (6)
-

where T= (U /0S)v N0, P= — @U/3Visn.g. #j = (BU/8Nis.v,p. and
E =(8U {3Q)s,v u, are temperature, pressure, chemical potential, andelectric poten-
tial, respectively.

Texts in physical chemistry invariably introduce Gibbs frec energy, G, which for
a chemical reaction which does not involve charge transfer may be written:

4G = dU ~TdS + PdV = ) ujdN,;. (7)
- _

The free energy is useflul for analysia of situations where lemperature and pres-
sure are constant (e.g. at ambient). Note that for the situation under consideration
al — TdS + Pdv #+ Zj JaidN;.

For an elecirochemical process, where temperature and pressure are maintained

constant and there is no change in internal energy, chemical energy is converted to
electrical energy:

> udN; = ~EdQ, (8
i

where it is understood that &; is positive for inflow and negative for outflow, ie.,
the sum of chernical energy of the reactants less that of the products,

The molar enthalpy of formation of the chemical reaction defined by eqn (3 is
AH® = —247.3 k] /mol at 1000°C, whereas the molar Gibbs energy of formation
(i.e. the chemical energy of formation) is AG® = —177.4k1/mol, the fiegative sign
indicating that heat will be released at a ratc of 69,9 kJ/mol. The electrochemical
reaction is thus exothermic. The difference between these terms AHY—AG? is
frequently referred to in a somewhat cavalier fashion as the TAS® term. However
there arc other heat sources in a fuel cell, which can change the entropy (and
internal energy) of the system. It is also worth noting that a fuel cell is not open
to the atmosphere, so pressure and temperature can and do vary. It is therefore
prudent to appreciate that eqn (8) is just a simplified form of equ (6). Nonetheless
it is eqn (8) that is invartably the point of departure for a fuel cell analysis, with
irreversibilities being added to modify the basic postulate that idea)ly all chemical
energy would be converted to electrical energy.
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Since the air and fuel in a SORC are high-temperature gases, we may treat them
as multi-component perfect gases, such that

PV == NRT, )

where R = 8.3144 x 107 J/mol.K is the gas constant, and
N=3 N (10}
I

for the air-side and fuel-side gases, The chemical poteniials are given by [22]:
pi = UNT)+ RTIn P + RT Inxy = p(T) -+ RT o P, (11)

where

x; = N;IN =M/ZN1: (12)
k

is mole fraction and P; = x;P is the partiul pressure of species j.
Faradey’s law gives the number of moles of oxygen consumed by the electro-
chemical reaction as 0

P (13)

where F = 96 485 Coulomb/mol is Faraday’s constant and # = 2 is the valence of
oxygen.
Thus the change in chemical energy is

Z:f-l‘f A!Vj = E [(Uj“j) Products - (Ulej)Renctanls]ﬁ (r4)

and v are stoichiometric cosfficients. For example,
vlA] + Ay — vsds, (15}

3 widNi = 1) + var = vauaN = (AG° +RTWK)N,  (16)

where AGY = E (v iy dpraducts — (ujuj)Rcactms] is referred to as the molar Gibbs
free energy for the chemical reaction. (NB: The author denotes AG = G/ A Ifmol
for consistency with the literature).

The equilibrium constant, Kp, is given by

vE i
PPy

Kp = P;.,

(an

This may be re-wrilten in terms of mole fractions, xj, e.g., for a SOFC with
hydrogen as fuel:

0.5
1 XH,4 X, -
> AN, = (AGD + R In P+ RT In (ﬂl)) n, (18)

XH,0
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reat them where P, is air pressure. Substituting molar flow rate for current using Faraday's
law we immediately obtain
AN;

N = _Zﬂ'i ¢ (19)

ni

. Since the valence of oxygen is 2, we have,

(o) 05
RT (g  RT

E=E% 4} — InP, 20
[22]: +2Fn(xﬁzo)+4Fn” o
an L which is the Nernst equation for a solid oxide fuel cell. The quaniity E is the

reversible or Nemst potential. In what follows below, we make the assumption

! that we may associate the thermodynamic pressure with the rydrodynamic pres-

(12) : sure, and the thermodynamic potential with the electrostatic potential. For practical

©o- reasons, E0 jg tedefined such that P, is gauge (relative) pressure rather than absa-

lute air pressure, in which case the latter term in eqn (20) is replaced by the form

RT/4F)In (1+ Pgauge /Po), and Py is areference operating pressure. The latter form

is more nseful when considerin g detailed transport models where values of pressure

i and lemperature vary. Generally speaking Pyayge/ Po is very small so changes in
(13) : are largely due to variations in mole fraction and temperature.
Values of £Y are typically coumnerated as polynomials, e.g,,

e electro-

alence of
B =a— b (21)

Typical values would be & = 1214 V and § = 3.2668 V/K. Higher order
(14 : polynomials may also be found. The physical significance of the terms on the ri ght-
’ side of eqn (21) are g ~ AGY/nF and b ~ TASYnr, Although these terms are
themselves temperatuse dependent, this is a quite reasonable approximation in many
situations. The process illustrated in Fig. 3 is an open thermodynamic cycle. Thus
(15) . when 4 Joad is connected, a finite current § = Q flows. Under these circumstances
(16) there will be irreversible changes, and the actual cell voltage will be lower than the

: reversible Nernst potential,

s

sar Gibbs .
3/ Ymol ; 1.4 Cell voltage and current
The conduction mechanism in the jonic electrolyte differs fi undamentally from that
in the nei ghbouring electrodes and interconnects (clectronic conduction). Therefore
the electrolyte polarises at the edges and a double charge layer is established at the
(17) ; mterfaces. The change in chemical potential across the interface, A i, is balanced
by the opposing change in the electric potential for electrochemical equilibrium,
OFC with Do nEAp. The sum of these terms is referred to as the electrochemical potential,

Figure 4 illustrates the double charge layer in a fuel cell, while Fig. 5 shows the

potential distribution. The Nernst potentialis just the sum of the anodic and cathodic

(18) N potentials, E=Ag, + Ad,. It is not possible 1o measure the potential, Ag, atasingle
electrode, though it is possible (o measure changes from equilibtivm, 1 = A,
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Figure 5: Electric potential at open eircuit and wilh a curent flowing.

when a current is drawn. The double-layer is just a few nanometres thick. There is
no net change in potential, in the absence of an electric current, within the bulk of
the electrolyte. In other words, there are step changes in potential at the anode and
the cathode, but zero change within the electrolyte, as shown in Fig. 5.

Whenever a current, {, is drawn, the voltage drops and the actual cell voltage, V|
is given by

V=FE--1,— g —fe=IiR, (2%

where the terms #,, 11, and . ate electrolytic, anodic, and cathodic losses, respec-
tively. These have often been referred o as everpotentials or pelarisetions in the
electrochemistry and chemical engineering literature. Ry is the resistance of the
external foad,

The potentiat difference across the clectrolyte

Ne=Re=E-—-n4—-n;—V (23)

is sometimes referted to as the Olunic overpotential. Here R, is the internal resis-
tance of the electrolyle. The resistivity of the electrolyte is highly temperature
dependent, and decreases with increasing temperature. There will also be a sjmi-
lar (usually smaller) Ohmic loss associated with metallic interconnect(s), and for
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convenience that latter will be ignored for now. Thus work is being done by the
clectric field on the fons in the electrolyte and interconnects, whereas work is being
donc against the field in crossing the clectrodes. Although the anodic and cathodic
overpotentials are themselves a function of the current, i is soimetimes conve-
nient for numerical purposes to lump all the fosses into a single linearised internal
resistance, R

Ne + fla -+ = iks (24)

where it is understood that £ = R(i), i.e. the slope of the V-i curve is not constant.
The V-i curve or, more often the voltage-current-density, V=i, curve is the single
most important characteristic to the electrochemical scientist. N.B. The reader will
note that in this text, a ‘dot’ is used to denote a time derivative, and a ‘dash’ to
denote a length derivative. Thus if g has units [J], then & has units [WhAn3].

While mole fractions are often found in electrochemical texts, in engineering
problems it is much more commeon to utilize mass fractions, 1, which may be
converted toffrom molar fractions, xj, as follows:

M.
my= os)

~where the mixiure molecular weight is just

1
M= E XMy = = (26)
J 2y

The reactions at the clectrode surfaces lead to continuity and specics sources/sinks
in the working fluids. The mass fluxes, riz}" {in kg/m?s), are related to the current
density, " = i/A, by Faraday’s law

i
M

s 1 — ?j:—""—‘,
"= 0o F

27

where M; is the molecular weight of chemical specics f (in g/mol), and # is the
valence. It is trivial to re~write the Nemst equation in terms of mass fractions,

0.5
RT my, g 1 RT
E=E 4o | { — 22} 5 2in(M,) +04643 | + = nP,.

+2F[“(Jm{20 )+2n( u) 4 +4Fn @8

where M, is the mixture molecular weiglt, eqn (26), for air, and

n —A—J-“?‘f} 5 ) I8~ In (@) - Lin(32) = 0.4643. (29)
My, On

Inelectrochemistry, molar-based units arc frequently encountered, bulin transport
phenomena, for a variety of reasons, mass-based uanits are preferved. This duality
is a fact-of-fife when dealing with fuel cells. Both have their uses and limitations.
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1.5 Activation losses

Electrochemical reactions can only occur at finite rates. For a charged particle to
pass across a double charge layer, it must pussess more free energy than a cer
tain mininmm, From an engineering perspective the activation energy is similar
to bulk-to-interphase energy, required for example in multi-phase systems involv-
ing phase-change. Figure 6 illustrates the basic principle for a single-step single-
eleciron electrochemical reaction A — B. The sharp sign, #, indicates the activated
state. Eyring's analysis [23] is useful for such rate-limiting situations. The analysis
proceeds as follows: the probability density function for lons crossing the clectrode
boundary fallows a Boltzmann distribution, and it can readily be shown that the
forward rate constant, ky molfsec, is given by

ky = koexp(—AGs/RT). (30)

Abackward rate constaii, ks, is similariy defined. For an open circuit (equilibrium),
ky = ky == kp. If a current flows, the potential difference deviates from the open
circuit value, and the required free energy will also change as a result of the electric
field:

AG = AGy ~ fIF Ad, @GBn

where B is a symmetry coefficient, 0 < B < |, which is a measure by which a
change in electric potential atfecis the required activation energy, see Fig. 6. Under
this condition, the forward rate will not equal the backward rate. The former is
given hy,

i = FNaky exp (—AGy/RT) exp (—nF A/RT) = igexp(—pFn/RT),  (32)

where x4 is the mole fraction of compound A, and M i the mixtere molecular
weight. The quantity n = §Ad = Ag — Ady is the so-called activation overpo-
tential. Similarly, for the backwards reaction B — A the charge flux of charge is

ip = iyexp (~(1 — BYFn/RT) (33)

AG,

v

Figure 6: Schematic of concept of activation energy for a single-step single-electron
transfer reaction.
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and the form of the Butler-Volmer equation, appropriate for a single-siep single-
electron transfer process, is obtained,

i =ipfexp (~BrFn/RTY — exp ({1 — SnFn/RT. (34)

The quantity fy is the exchange cirrent. It general ig will be a fuaction of motar
concentration. That dependence can he theoretically determined by ensuring com-
patibility with the thermodynamic requirement £ = EV + (RF'/F)log (Pg/P4) for
equilibrium, where P4 and Pg are partial pressures. Setting iy = i = i it follows
that the exchange current density is just 7jj = Fkon “Ppk,

The two terms in egn (34) are essentially stmilar to Awhenivs-type expressions
occurring in chemically reacting systems. The following points are noted: for small
currents, eqn (34) reduces o a linear form, obtained byexpanding it in a Taylor series
about » = 0. At higher overpotentials (currents) an exponential form is obtained;
for the latter situation one of the two terms in eqn (34) is negligibly small, depending
on the direction of flux of charged particles. The exponential form is referred to as
a Tafel equation. The ratio i /iy determines if one is in the linear or Tafel regions,
For a multi-step electrochemical veaction, the Butler-Volmer equation is generally
written,

i =iglexp(nf Fn/RT) — exp{—nfeFn/RT)}. (35)

The quantities fr and fi, are referred t© as trangfer coefficients. In deriving
eqn (35) for a multi-step reaction [24, 25] it is generally assumed that at any elec-
trode there ts only one rare limiting step, with all other steps being considered at
equilibrium. In view of these restrictions, it is probably wise to regard eqn (35) as
being 2 semi-empirical formulation, for which f; and B are determined experi-
mentally. Equation (35) may be considered as an implicit form of the refationship
of 5 = nli, T} which must be solved iteratively, for any given ip and . Typical
values for planar SOFCs are il = 1 — 5 000 A/m?. In general two sets of eqn (35)
must be solved at both the anode and cathode to yield 1, and 3, for use in eqn (22),
i.e. there are two values of ij and four of p (N.B. S is often assumed to be %2). The
overpotential at one electrode may be negligible compared to the other. Following
the argument above for a single-step reaction for two electrodes, and imposing the
requirement that for equilibrium, the sum of the potentials must equal the ther-
modynamic Nernst potential, eqn (20), and with the additional assumption that
Br = Bp = 1/2, it may be reusonably concluded that the concentration dependence
of the exchange current is iy o ngs at the cathode and iy o Pﬂngfo at the anode
for a SOFC.

Simplifying the Butler-Volmer equation has the advantage of rendering an explicit
solution for n(i, T); however the caleulation procedure for the cell/stack is iterative
by nature, and therefore there is little problem in using the implicit form, above.
Charge transfer losses are particularly important at fow current densities. The SOFC
is a high-temperalure device, and thus activation losses are generally less signifi-
cant than in other fuel cells such as proton exchange membrane fuel cells, due to
the presence of the exponent (RT) L. The subject of electrode kinetics, or electrod-
ics, is an important one and the reader interested in inore than the brief overview
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provided here is referred to specialised texts such as Gileadi {24, Bockris ef al.
[25] and Bard and Falkner [26].

1.6 Ditfusion losses

Mass transfer losses are due to diffusion becoming arate limiting factor in providing
O3 and Hj 1o the cathode and anode, and removing 10 at the anode, Thus transport
phenomena in the fuel and air channels can and do affect the electrical performance
of the fuef cell. This becomes increasingly important at high current densities where
concentration gradients are high, Mass transfer effects arc sometitmes handled in
an analogous manner to charge transfer (activation) by introducing a concentration
overpotential, also known as a concentration polarisation. The origin of these lerms
is higtorical. They may be written in terms of either molar or mass fractions. The
latter is adopted here, namely

n= 2+ (5’33-’-) (36)
nkF My

for inclusion in eqn (22). The symbols my, and m,, denote bulk and wall values
of mass fraction (in the interests of readability the indicial notation nyy etc., i3
dropped) and the sign is positive for products and negative for reactants, There
is no real advantage to defining overpotentials in the form of eqn (22). Rather,
alt that is necessary is the recognition that the Nernst equation be based on wall
values, instead of those in the bulk of the fluid. Some authors [3, 271 suggest that
diffusion effects in fuel cells be modelled using so-called cquivalent ilm theory,
inmroducing a Nerast length scale. That approach is not recommended here. The
suggested approach for mass transfer culeulations in SOFCs is outlined in Beale
[28] and follows standard approaches [29-32] to the generalized en gincering mass
transfer problem.

In fuel cells, heterogeneous chemical reactions on the electrode surfaces lead to
sources and sinks in the continuity and species (mass fraction) equations. Let it be
supposed that the mass flox, A", is given by

it = gB, (37

where i’'= +Mi"/1000nF is negative for 02 and 3 and positive for H>0O, and gisa
mass transfer conductance. Forhistorical reasons the symbol g is used to reprasent 2
gencralised conductance, whereas the symbols o (Europe) and o (N. America) are
reserved for heat transfer, with temperature as independent variable. There s clearly
an element of redundancy in this convention.
The driving force, B, is defined by
p="0" M (38)
Hiyy — My
By convention, both /" and B are positive for injection (H,O at the anode)
and negative for suction (O and Hp at the cathode and anode, respectively),
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while the conductance g is always positive, The subseript, f, refers to the so-called

transferred-substance state (T-state) [29, 32, 33}. For multi-compotent mixtures,

T-state values are given by,
i
My = e (39)
where 1" = ¥ #";. Thus it can be seen from the stoichiometry of eqn (3) that for

the air-side m; = 1 for O3, whereas i, = —1 /8 for Hy and 1, == --9/8 for H,O on
the fuel-side. Equation {37) may be conveniently rewritten in dimensionless form

*
B= %-b, (40)

where g* denotes the value of g in the limit " — 0, and the blowing parameter,
b, is given by

mﬂ
b= . (C)]
8 .
Equation (38) may be rearranged to obtain the requived form
P ]_t.:fn?[:_f_g 42)
iy, i+8°

Ideally actual mass transfer data for B(b) for the patticular channel geome-
try under consideration are available: if not, the solution to the 1-D convection-
diffusion equation,

B=exp(b)-—-1 {(43)

may be used as an approximation. Figure 7 shows data from numerical simulations
of Tully-developed mass transfer in ducts of various geometries [34], It can be

6

-3 -2 -1 1 2 3

0
b=nm"fg*

Figure 7: Mass transfer driving force as a function of blowin g parameter, from [28].
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seen that data normalized in the form of B vs. b (or equivalent) conforms well
to the curve corresponding to eqgn (43). The choice of non-dimensional number is
tmportani; for example use of a wall Reynolds number, Re, or Sherwood number,
Sh, for the abscissa in place of the normatised convection flux, &, will not result in
the dala reducing to (roughly) 4 single curve. Equations (42) and {43) or equivalent,
are sufficient to compute mass transfer losses in the form of eqn (22) in 2 manner
which is reasonably rigorous while at the same tine being reasonably simple to
implement.

Thus knowledge of g™ for air-side and fuel-side geometries together with exper-
imental data or an analytical expression for B(b) is sufficient to obtain a reasonable
estimate of diffusion losses in a fuel cell. Some deviations from Fig. 7 are to be
anticipated for a variety of teasons (eniry-length considerations, Schmidt number
variations, etc.). if experimental data are available, these should always be used. It
is tp be noted that for many situations the mass flow rates are small, and under the
circumstances g = g* and 8 = b, Values of g* may be obtained from the zero-mass
flux Sherwood number, SH*,

g*Dy
hE == D,
Sh =

(44)

Noic that diffusion control is important in fuel cells athigh current densities/mass
fluxes, not in the limit Sh — Sh*, Figure 8 shows values of Sh* for fully-developed
mass flow and scalar transport in rectangular ducts of various aspect ratios, as given
in Table 43 of ref. {35]. It is to be noted that suction (e.g. al the cathode) reduces
mass transfer, L.e. g/g* < 1, whereas blowing (e.g. at the anode) has the opposite
effect g/g* > |. Knowledge of the T-state value is also useful when performing
detailed CFD simulations. These may be used to presciibe boundary conditions
in the species equations (sec Scetion 2.5). Although this introductory analysis is

6 I ¥ T T
4 o —
#
=
7]
1 1 I 1.
. T4+ ]
A b H
L’
A b4
A rd
a———-’—‘-—-—-—)
0 I ! ] i
0 2 4 6 8 10

L/H

Figure B: SA* (Nu*) for rectangular ducis in the limit of zero blowing. From |34],
data of Schmidt [35].
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Figure &: Schematic representation of a SOFC with hydrogen as fuel.

appropriate for mass transfer in the gas channels, Section 2.9 shows that it may be
readily extended to consideration of more complex geometries involving combined
mass iransfes in channels and porous diffusion layers. Section 2.11 discusses some
further considerations for mass transfer analysis in fusl cells.

1.7 Basic computationat algorithm

We are now in a position to construct a simple algorithm for computation of the
performance for a fuel cell. Assume the following are known: cell voltage, V,
temperature, 7', air pressure P, inlet flow rates for air and fuel, My in. Hif jn, and
mass fractions of the component species in the air, Moy ins PN, in ., and the fuel,
HHy,ins FlH,0,0s FESPectively.

1. Guess an initial value for the current .

2. Calculate mass sources/sinks, 30y, Sy, SH,0, from Rdraday’s law. Compute
air and fuel outlet mass flow rates, Flgou, M ou, and mass fractions, M0, 00t
MHy outs MHL0,0ut, TN ot -

3. Culeulate average of infet and outlet bulk inass fractions and then compite wall
mass fractions, using eqn (42).

4. Compute the anode and cathode overpotentials, N> 1. from the Butler- Volmer

equation eqn (35), based on wall values.

Compute the Nernst potential, £, from egn {20}, based on wall values.

6. Compute the current, i, from

wn

E-ng—n-—-V
R,
7. Repeat steps 2-6 until convergence is obtained.

I =

. (45}

This simple procedure will form the basis for subsequent more complex proce-
dures described further below. The continuity refationships in step (5) are easily
computed. For example; fity om = fgin + S0, and iy g = iz + 55, + St,0
while the mass fraction equations are just Mg ont = W in + $k/ (5% + thgin), where
k = Oz, Hy, Hy0, as appropriate.
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One important note regards the requirement of prescribed current vs. preseribed
voltage. Traditionally physicists work with prescribed voltage, and electrochemists
with prescribed current, 7 (or current density, ). If it is required that the galvano-
static condition, as opposed to the potentiostatic condition, be prescribed, then it
is necessary to adjust the prescribed voltage until the required current is obtained.
This is straightforward and two methods for achieving the same end are discossed
in Section 2.7.

2 Computer schemes

The numerical scheme described above is of limited practical utilify, though it does
set the stage for what follows. Numerical schemes vary from very simple schemes
requiring a few seconds to tun on a personal computer, to complex models which
require large computers and fong run times. The latter might be used for detailed
cell design whereas the former could be employed in a system model including
balance-of-plant or for real-time control.

If a SOFC or stack is well-designed, the inlet flow streams will be uniform.
However, there may be very substantial variations of mass fraetion, temperature,
and curren{ density across the fuel cell. Also the fow velocities along the cell
passages vary due to mass sources/sinks, and as a result, the pressure may also
change in a non-linear fashion. Thus there are many circumstances where it is
necessary 1o solve only the continuity and scalar transport equations, employing the
previously-described algorithin, and not involve the pressure-corrected momentum
equations in the solution. In other situations, for example when investigating a
particular configuration of flow channels, solutions to the momentum equations are
required.

1t is important to distinguish between situations where the domnain is tessellated
so finely that diffusive components (viscous effects, heat conduction, and gas dif-
fusion) are captured, and sitnations where it is necessary to invoke a rafe equation
for the diffusion flux of some general field variable, ®@.

ad
-I'—| =gad. (46}
ay i,

The local gradient of & at the wall iz thus replaced by the bulk-to-wall (or in some
cases bulk-to-bulk) difference, Ad, thus invoking the concept of a conductance,
£, discussed in detail above in Section 1.6. This notion is central to the classical
subject of convective heat and mass transfer [36].

In general, when discretising a SOFC, a mesh will be construcled. It may be
struciured or unstructured, and it may or may not be boundary fitted (so that each
cell coiresponds to a given flukd/solid material). For detailed simulations where
the diffusion terms are evaluated directy, a fine mesh, concentrated in the near-
wall fluid boundaries, will be required as shown in Fig. 10(a). If a rate-equation
assemption is invoked, a coarse body-fitied mesh, (b), may be employed, or {c) the
mesh may be arbitrary corresponding to focal volume averaging. In this case no
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Mesl concentrated Local volume-averaging
in fluid passages

Figure 10: Some possible grids used to discretise a planar SOFC (2) Detailed
boundary-fitted (b) Boundary-fitted rate-based formulation (c) Volume-
averaged (non-boundary-fitted).

spatial distinction is made between the different materials in the fuel cell. Alt of
these schemes have their sdvantages and disadvantages. For the latter case storage
allocation may be required for more than one phase at cach computational cell,
whereas for case (b) it is necessary to keep track of all material properties and
inter-phase coefficients (conductances), which may be numerous. For case (a), the
grid may be so large as to render calculations intractable for large SOFC stacks.
Thus there is a trade-off between detail and speed. The code designer is obliged
to make some decisions at the oniset regarding the nature of the mesh and the
corresponding numerical scheme.

Let it be supposed that the SOFC is composed of four distinct media: (1) air,
(2) fuel, (3) electrolyte, and (4) interconnect. Let it further be assumed that
the electrodes are sufficiently thin that they may be considered as forming the
electrolyte surfaces. We shall relax these assumptions in due course. In the next

section, we shall consider how to solve such a system using a finite-volume
procedure [37].

2.1 General scalar equation

Let is he proposed that a prototype equation having the form

3 o:5:d; . .
(PJ;: ;) +V {peji ;) = £ o — @) + V- (5T + 57 (4D
j
) (i) (3ii) (iv) )
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be adopted, where @ is a generic scalar (continuity, mass fraction, enthalpy, eic.)
o is a volumetric inter-phase transfer cocfficient and T is an exchange coeffi-
cient. Let the terms in eqn (47) be referred to as, from left to right: (i) transient,
(ii) convection, (i) inter-phase transfer, (iv) diffusion or within phase transfer,
and (v} source.

If the volume fractions, g, are constant they make no contribution to the overall
balance, and can be eliminated prior to integrating the equations. Moreover, if a
boundary-fitted mesh is employed, ¢; = 0 for ail but one “phase’ for which & = 1.
For simplicity they will therefore be removed in the unalysis. Generally-speaking,
terms (iii) and (iv) are mutually exclusive. Also, although (iti) is listed here as a
distinct (erm, it is almost always coded in the form of a linearised source term (v),
For steady co-flow, counter-flow and cross-flow, the equations simplify further and
in some situations, reduce to ordinary differential equalions,

Equation (47) may readily be converted fo linear algebraic equations having the
form,

aw (Pw — Op} + ag (Op — Pp) + as (bg — Pp) + an ( Oy — $p)
+ 3 Cr Vo~ p)+Sp =10, (48)

where in the interests of brevity, the steady 2-D form has been adopted. Equa-
tion (48) is the form appropriate to the finite-volume method. The compass notation
FE = Bast, W = West, § = South, N = North, T = Previous lime step, etc. has
been adopted {377, The tetms Sp and Cp(Vp — p) are referred to as fixed source
and linearised source terms, respectively.

2.2 Continuity

It is usual to solve the phase continuity eguations

a ] - - < I
—gf + V- (o) = " (49)

The source terms in the air and fuel passages are due fo the electrochemical
reactions at the electrodes, namely:

il = :}:Z Myi" /1000aF, (50
k

where My, is the molecular weight of chemical element & (O, Hy, H20) in fluid
Jj« (air or foel). Since the confinuum exuations are integrated, it 15 equivalent to
prescribe source terms as being per unit volume or per unit area.

2.3 Momentum

The decision to solve the momentwn equations depends on the prablem at hand.
For single SOFCs where it is known, a priori, that the inlet flows are uniform
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and steady, there is little point to adding additional complexity to the code. For n
3-D SOFC stack problem, or for a single cell which has yet to be designed, the flow
may vary substantially, and it is therefore necessary to solve a generic equation ol
the form:

=tV ) = ~VPy — B + V- uTiy), (51)

Apity) o
2

where the subscript j refers to either air or fuel as distinet phuses. Since the phases do
not intermingle, the inter-phase terms are of the form Fig;(0 — #;). The second term
on the right-side of eqn (51} is normaily absent for a detailed numerical analysis,
Fig. 10(a). Conversely, for cases Figs 10(h) and (¢), it is assumed that if transient
and jnertial effects were negligible, the overall pressure drop would be entirely due
to fiuid drag or resistance,

%Pj = —F:jf)j = —-aijﬁj, (52)

where U is a local bulk superficial velocity, 1 is a local bulk interstitial velocity,
and the quantity F; has been referred to as a ‘distributed resistance’[38], which for
a homogeneous porous media of permeability, &pgcy, has the significance

Fi = pfkpacy . (53)

Generally-speaking the dependent variable for case Fig. 10(a) is the actuat local
velocity, & for (b) # is the local bulk interstitial velocity, and for (c) it may be
chosen to be either i or U. For fully-developed faminar duct Rows with negligible
mass transfer,

Ty C

* o —_——
f - %puz Re

(54

Shab and London [35] suggest that for rectangular ducts, dimensions £, X H:
C = 24(1 ~1.3553a* + 1.94670* — 1.701 20" + 0.95640™ —0.2537a™), (5%)

where o* = H /1, or L{H, whichever is a minimum. The Reynolds number, Re =
Dy pief i, is based on a hydraulic dismeter Dy, = 4A/P, where A is the flow arca
and P is the wetted peritneter. It can readily be shown that

Fp= 2 B (56)

For a detailed numerical simulation, Fig. 10(z), knowledge of eqns (52) to (56)
is irrelevant, The drag is directly obtained from the viscous term in eqn (51). Con-
vetsely, for a rate-based formulalion, the viscous term is discarded in favour of
eqns (52) 10 (56). Inreality, F will also vary due to mass transfer effects, f/7* # 1,as
T = jefdw/dy| is a function of the shape of the velocity profile which depends on the
rate of mass transfer. This profile is not necessarily similar to the scatar mass fraction
profile [39]; cqn (43) or Fig. 7 cannot be used to correct F. Detailed experimental

i
!
[
|
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or numerical data of f/F* as a function of the momentuin blowing parameler arc
required for the particular geometry under consideration. At present, this consider-
ation is often simply ignored. Reference [18] contains a comparison of a distributed
resistance formulation with a detailed CED methodology for & SORC stack includ-
ing heat and mass transfer effects.

2.4 Heat iransfer

Bquation (47) is considered appropriate for the analysis of heal transfer, with the
solved-for variable generally being written in terms of temperature (not enthalpy
or internal encrgy) as

a i T —~ N - - = .t
—(—pi,;rj—d +V (pcjuTj) = Zajk(Tk — TN+ V-RVTH+ V- +4". (5T)
-

A volumetric heat source oceurs in the electrolyte due to irreversible Joule heat-
ing. This is given by

g PE=V)
==

where H, is the thickness of the electrolyte. For thin elecirodes the cnergy of
activation al the electrodes may be prescribed as per unit area with a magnitde

(58)

{'=i" (59)

normal to the electrade surface. An additional heat source is due to the entropy
change a5 discussed in Section 1.3 and can be expressed as

N

§' = %(AGO ~ AHY. (60)

Technically this should be split into anodic and cathodic components. For SOFCs
this source term is usually prescribed at the anode. Convective sources exist also
by virtue of mass transfer at the walls and these must also be accounted for (see
below). The reader will note that there is inter-phase heat transfer belween solids
and fluids, At the same time there is within-phase metallic conduction, for example
in the metallic interconnects. This is one case where both terms (iii) or (iv) in
eqn (47) ate present. The volumetric heat transfer coefficients are computed as

aV = [}A, 613

where 4 is the area for heat transfer, V is cell volume, and & is an overall heat
transfer coefiicient, obtained using harmonic averaging, for example;

1 I H

== =T T o L] 62
UA HA + KkAS cond (62)
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Figure 11: Shape factor for square ducts for the case, LiH = Lopannel / Hohoonet = 2.

where Sy is a conduction shape factor, (N.B. the standard definition in heat
transfer texts includes the term H /A, where A is the maximum surface area for heat
transfer and H is the thickness of the solid region). Figure 11 shows an example of
Scand for square geometry. These data were obtained by the present author by means
of numerical strnulation. The fuel cell designer shounld obtain Scond from a namerical
simulation for the Laplacian system, V2¢ = 0, for the actual geometry under
consideration. Fin theory may be employed, if there are significant temperature
variations within the interconnects, Conduction shape factors may also be used
when considering the potential distribution in the interconnects where the electric
resistance is given by
H

= 63)
] JAScund (

It is to be noted that for both electric and thermal conduction, the shape function
will vary as a function of the direction of the local current density or heat fiux
vector. It is thus an cngineering approximation.

Temperature variations in fuel eclls are inevitable, even when the heal sources
are entirely uniform (corresponding to uniform current density and resistance),
Figure 12 shows typical simulated temperature varations for a cross-flow SOFC,
Achenbach [10] compares the performance for co-flow and counter-flow as
well. Temperatore variations impact in a number of ways; in particular the elec-
trolyteresistance, 7., is extremely temperature dependent. This in turg influences the
cuirent density and hence the internal power dissipation. Temperature also affects
the local Nernst potential, £y. Generally speaking lower temperatures are required
for mechanical stability, however if methane is used as fuel, higher temperatores
are needed to assist the reforming reaction. The thermally conducting interconnect

is beneficial; were it not present, the temperature gradients in Fig. 12 would be
much greater,
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Figure 12: Temperature variation, deg. C, in a SOFC for cross-flow.

2.5 Mass transfer

Treatment for mass {ransfer within the gas phases is particularly simple, namely:

(o)

o TV ) =V - (MVimg) 45 - (64)

where the diffusion term is absent for cases Fig, 10{h)(c). The reader will note that
there are no inter-phise mass transfer terms. Mass sources/sinks at the wall are of
the form

=" mie. (65)

Thus mass transfer values are just the T-state values. The wall values, needed
for the Nernst equation, are obtained directly by the calculation procedure, for case
Fig. 10(a). For cases Fig. 10(b} and (c) these must be computed vsing eqns (42)—
(43), or equivalent, from the local bulk mass fractions. This is particularly simple
with the mass-based formulation, given above.

2.6 Numerical integration schemes

The generalised coupled system of equations is quite complex, and we shall jflus-
trate by considering the simplified case of the energy equation for the case of steady
2-D cross-flow, for which numerous terms may be eliminated. Specifically, in the
fluids the inter-phase terms (Fig. 10(a)), and/or diffusion terms (Figs 10(b) and (c))
are absent or negligible; in the solids ferms (i} and (ii) are absent, Thus we can write
eqi (47) for the air and electrolyte in the following reduced forms,

arT, i
(puc)uyf = Oge(Te — Tu) + aai(T; — T, (66)

0= Vo ke VTo + ue(Ta — To) + el Ty — T + &7, 67
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where the subscripts a, £, e, / refer to air, fuel, elec trolyte, and interconnect phases.
Similar expressions may easily be written for the fuel and interconnect, These may
readily be discretised as follows:

Cal Taw — Tap) -+ Cae V(Tep — Tup) + i V(Tgp — Tup} + ar( :P —Tup) =0,
(68)

dew(TeW —Tep) + deefTeE —Top) + des(TeS — Tep) + duﬂ(TeN - TeP)
taeV{Tup ~Tep) + apV(lp — Top) +ar(Tip — Top) +4p =0,  (69)

where ¢ =#ic = puAAc and d, = kAA/|P — E| elc., ate convection and diffusion
terms, respectively. This is a set of simplified 2-D finite-volume equations (eqn (48))
with & = T, Por air: convection dominates and the linear coefficients are aw =
Cq GE = ag = ay = 0 the inler-phase terms may be linearised with coefficients
Ce = taeV, Ci = gV, and values V, = T;p, V; = Tip, and there are no iniernal
sources of heat § = 0, For the electrolyte: the linkages are diffusive, ag = dy,.,
etc., and the inter-phase termis are as above, namely Cq = eV, G5 = @V, and
Va = Tap, Vr = tp. This time, however, there is a heat source § = Op. Thus
by careful consideration of the goveming equations, it is possible to effect great
savings in compuier xesources, wien generating source code in-house. The symbol
TF denotes the vatue of Tp at the previous iteration, and ar is an inertial or false
time step coefficient. This mechanism is used to relax the scheme in order to procule
convergence.

2.7 Herative procedure

The calculation proceeds precisely as in Section 1.7, except that calculations are
performed on a per-unit-cell basis rather than at the mean of the inlet ang outlet
values. A local Nernst potential may be computed:

EC,y) =V +i'r+y5+n. =V + 1", (70)

where #; is a local internal resistance. Average values of Nernst potential, E, current
density, i/, electrolyte resistance, 7, etc, are obtaincd by summation,

The galvanostatic {constant current) condition is usually implemented for stack
madels to ensure overall charge conservation. When the overall current or mean
current density, 7, is prescribed, some form of ‘voltage correction’, V', is required.

For example a correction may be applied in the form

V' = i, 7D

where V = V* + V' is the desired cell voltage, and V* is the value of V at the
previous iteration; similarly i = i + 7" is the desired value and {** is the previous
computed value. Thus the mean current density, i’*, is computed at the end of
each iterative cycle compared to the desired value /, and the voltage is corrected
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accordingly. 7; need not be exact; any reasonable value will procure conversion.
An alternative approach taken in many codes is to directly set

V=FE-Fri" (72)

I eqn (72) is employed, ¥; must be carefully computed using numerical inte-
gration over the surface of the SOFC. Because very small changes in V can effect
large changes in i, relaxation is generally employed. We have used both eqns (71)
and (72) with success in our numerical codes and schemes. The reader will note
that if the full potential field is solved-for as a scalar variable, as discussed below in
Section 2.10, there is no need to adjust the voltage. Another adjustment often made
while performing {uel cell calculations is to change the inlet flow rates untit partic-
ular values of the utilisation for fuel and air are obtained. This is straightforward.

2.8 Additional chemistry and elecirochemistry

One advantage of the SOFC is that CO and CHy may be used as fuels in addition to
pure Hp. This introduces additional kinetics and further complicates mass tansfer
calculations. If CQ is employed as fuel, the anode surface reaction is

CO+ 0¥ = COy +2e. 73

If both CO and H; are present, the two reactions at the anode are considered to
be in parallel, but the net anode and cathode reactions are in series, so that

' =iy, = ify, +igo: (74
The Nernst potentials are not the same, Ecoyo, 7 Fu, /0, however charge trans-
fer {(activation) and mass transfer mechanisms will ensure that the two parallel reac-

tion rates (&}, and ic) adjust until a single cell potential, V, is obtained, such that

V = Eco/o, — 1C0a — e — F'R = Eiyj0;, — Mg — e — 'R, (75)

where fc.q and 1, are evaluated iteratively so that Eco/o, — 1co.a = Eryp0, —
NMHy Where %co,, is a function of iy, and fm, . is a function of iy such that
eqn{74}is identically satisfied. Although this adds complexity, nothing fundamental
has changed in the basic algorithm. No further assumption need be made regarding
the reaction kinetics, other than estimates for r'g and f for each anodic reaction, as
discussed in Section 1.5.

The CO and Hy may he produced by reforming methane
CH,; + H;0 — CO 4+ 3H,. (76)

The rate of reaction is considered Lo be kinetically controlled [ 10], The water-gas
shift-reaction is
110+ CO —» COz + Hy. 7

This process is generally considered to be thermodynamically controlled.
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Figure 13: Detail of gas diffusion layer.

2.9 Porous media ﬂbw

Up to the present point, the electrodes have been assumed Lo be sufficiently thin as to
be treated as 2-D objects. There are many situations where this is not true, and these
should be treated as electro-chemically reacting porous media. Moreover, SOFCs
are usvally designed with gas diffusion layers, in the form of porous media, as
illustrated in Fig. 13. Loyame and Loy, are the length of the gas channe! and the
solid “rib’. Under the circumstances, Darcy's law may be used to compute the flow
field, as detailed in Section 2.3. Here is a situation where the volume fraction, &,
should be retained in eqn (47). Reynolds number based on a pore diameter is used
to evaluate whether the Forcheimer-modified form [40] is required to account for
inertial effects. Many codes compute within-phase mass transfer by assuming an
effective diffusion coefficient

r
Fep = —, (78)
T

whete T is 4 “tortosity” factor, which is a measure of the mean interstitial path
Tength of the flow lanes per unil overall length, In general, it is to be noted that the
1ib design of SOFCs is one of competing interests [413: a high ratio of Lenaunet/Lrip,
will increase Ohmic losses in the narrow ribs, whereas a low aspect ratio may resuit
in non-uniform concentrations along the widely spaced gas diffusion layer. This is,
of course, a function of the diffusivity (and permeability) of the gas diffusion layer
as well as the current density.

Recent work [34] has shawn that the analysis developed in Section 1.6 may be
extended to the combined or conjugate problem of simultaneous mass transfer in
both the channels and diffusion layers, provided the driving force, b, is based on the
overall or average conductance for the entire geometry, g*, obtained by harmonic
averaging of the combined conductances of the gas channel and diffusion layer,
The relative magnitude of mass transfer in the channels and diffusion layers is
determined not only by the values Sh for the gas channel and diffusion layer, but
also by the ratio Feg /T
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It is to be noted that within the electrodes the mean bulk mass fractions must
differ from the mean wall values for a curvent to flow. Since it is not feasible to dis-
crefise the actual porous matrix for any practical geometry, the rate of mass transfer
will need to be estimated, again using the methodology outlined in Section 1.6, in
order that the Nemst equation be correctly prescribed. This wilt in general require
knowledge of Sh*, for the particular porous media employed. Such data are rarely
available. However bulk-to-wall mass transfer will be important at high current
densities when the so-called ‘diffusion Himit’ is reached, and should therefore be
considered in future codes and methodologies.

Heat (ransfer in porous media is often analyzed by assuming thermal equilibrium
between the two phases, with algebraic averaging employed (o compute an effective
thermal conductivity

kett = kg + (1 )k, (79)

where kg and k&, are the gas-phase and solid-phase conductivities of the medium.
When modeling fluid Nlow, heat and mass transfer in porons media, certain clo-
sure assumptions are made by virtue of the local volume-averaging procedure.
These closures are quite reasonable and may be considered reliable. The question
remains: is it possible to lump the analyses to develop a simpler, fess computation-
ally comiplex modsl? The answer would appear 1o be in the affirmative: certainty
the technigues applied to heat and mass transfer predictions may readily be applied
to the electric ficld, with volumetric soarces and sinks of potential being applied
across phase boundaries. Moreover, mass transfer in gas diffusion layers may be
amenable to closed form analytic solutions.

2.10 Current and voltage distribution

For planar geomeiries it is generally sufficient to compute the potential field using
the Nernst equation (eqn (20)). This is a local 1-D model. Moreover it is offen
sufficient to neglect Ohmic losses in the metallic intercontiects, We shall now
relax these assumptions. The Nernst potential may be considered fo be the sum
of the potential diffetences across the anode and cathode, £ = Ady -+ Ad,
where

RT,

Aa =0¢3 +- ﬁi—i (I xp, — 16 x35,0) — as (80)
RT,

Ap. =AY —~ 4F“ (in Pa + Inxg,) — 7cs 8L

where Tr and T, are the fuel-side and air-side temperatures (not necessarily the
same). As has been discussed, there is an element of arbitrariness in the choice of
AgD and Ag.

A number of codes now involve the solution of the Poisson equations for the
electric field over the entire region (both ionic and electronic)

V. (oVe) = §", (82)
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where o is the ionic conductivity in the electrolyte or the elecironic conductivity
in the interconnects, Equation (82) is to be considered & statement of the principle
of conservation of charge, i = —oV¢. Thisisa simplificd version of the scalay
equation, eqn (47), and presents no difficuity.

If the electrodes are sufficiently thin, source terms presciibed according toequ (80)
and (81) account for step changes in potential across the anode and cathode. These
may be applied as sources of equal and apposite magnitude on either side of the
electrode boundary (a “planat” dipole). Elsewhere in the interconnect and the elec-
trolyte §' is zero, i.c., the Poisson system reduces to Laplace™s equation. Since this

is a conjugate diffusion problem, harmonic averaging of the conductance, o, should
be employed. When the electrodes are of finite thickness, some care is required as
electronic and ionic conduction zones overlap. Under the circumstances, storage is
generally assigned fortwo different scalar potentials. The principle of superposition
can he applied to the electric field potential, and other definitions of potential may
be encountered.

A variety of external boundary conditions may be applied to obtain the solution
for the electric ficld potential. For example, (1) two voltages, V, and V; may be
applied at the boundaries of the interconnects (Dirichlet problemy, allernatively
(i) a uniform current density may be prescribed at both boundaries (Von Neumann
problem), with a single point within the assembly fixed to a reference potential,
or (iii) the current density may be fixed at one interconnect and the voltage at the
other (mixed boundary value problem).

Figure 14 shows flux lines of current density computed from the electric polential.
In this case the field is quite uniform, though in situations where mass fractions
of the products/reactants vary substantially at high *, the iso-galvanic lines can
be highly non-uniform. The additional effort required to obtain a solution for the
clectric potential should only be undertaken if significant non-uniforntities in the
current distnbution are anticipated. This approach is generally combined with an

analysis of flow and mass transfer in the porous gas diffusion layers on either side
of the electrodes,
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Figure 14: Particle traces along galvanostatic lines. From [34].
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It is worthy of note that the Poisson system, eqn (82), can be considered to be a
simplified version of the Nernst-Planck equation,

= %‘-(pﬁ —TVm) — (o V), (83
b

where for convenience we assume the presence of only a single charge carvier, 0%,
in the electrolyte. Diffusion and convection are generally cansidered subordinaie
to migration in the SOFC electrolyte.

2.11 Advancesd diffusion models

The development derived in Section 1.6 is appropriate to so-called ‘ordinary’
diffusion, for which Lhe diffusion flux is given by Fick's law:

-

7 = —pDVm. (84)

Such an analysis is appropriate [42] for non-dilute, multi-component mixtures
only if

r
Dlz=Di3="’Djk=D=;' (85)

Kays et al. [31] suggest that this is indeed approximately the case for high
temperature gases, as occur in SOFCs. If it is not the case, the simplest procedure
is to calculate an effective diffusion component according to Wilkes [43] as

Py
Dpoery = o35 (86)
2tk Ty

which is exact, only for dilate mixtures in a concentrated carrier thiid. A more
complele analysis involves the solution of the Stefan-Maxwell equations [44] for
the diffusion fluxes

P = Ei Pirklj — M (87)
P i M; Dy

The set of cqns {87) may be regarded as implicit expressions for the diffusion
fluxes, jr. These may then be substituted into eqn (64) in the usual fashion, to
obtain the mass fractions, my. Typically, the linear coefficients in the finite-volume
equation (eqn (48)) are caste in the same form as for “ordinary’ diffusion and an
additional source term added [45]. This has the effect of preserving the correct form
of non-linearity in the transport equations, for the case of binary diffusion. If the
pore size is sufficiently small that it approaches the mean free path of the colliding
particles, Knudsen diffusion must also be considered. Finally surface diffusion may
also occur. Multi-component diffusion in reacting porous mediais a highly complex
subject, considered beyond the scope of this brief introduction.
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2.12 Thermal radiation

A SOFC is a high temperature device, and even though temperature differences
within the passages may be small, they may nonetheless be such that radiative
heat transfer is present. The relative importance of radiation in SOFCs is currently
the subject of debate. Radiation may be important within the gas channels, within
the electrolyte-electrode assembly, and also when thermal insulation layers are
employed. Reference [46] reviews some of these issues.

Surface-to-surface radiation in the micro-channels may be accounted-for by the
network method [47],

—_ = ST (88)

N
= o) - qu ) oy — ok
(I —exdarAy & 1/Fejhy’

where &; and A are the emissivity and area of the kth element, gy is the radiosity
(the total of emitted and reflected radiation), Fy.; is a configuration factor [48],
and & = 567 x 1078 W . m?K? is the Stefan-Boltzmann constant. The terms
(} — &)/ er Ay and 1/F Ay in the denominators are referred to as ‘surface” and
‘space’ resistances respectively. By the construction a network of Tesistances, the
unknown radiosities may be eliminated and the system of eguations solved. Since
the micro-channels are very narrow, only a few immediate neighbours {opposite
and sides) in any given chanauel will be of any consequence, and the computation
can then be much simplified. The additional work involved in computing surface-
to-surface radiation along the length of the channel is probably not jusitfied. Yakahe
et al. [49) describe a procedure for caleulating surface-to-surface radiation in gas
micro-channels, which differed from the standard analysis, eqn {88). VanderSteen
et al. {50] suggest that surface-to-surface radiation could affect the temperature by
as much as 25-50 K,

Although the gas chaunels are amenable to a simplified analysis, the electrolyte,
and possibly the electrodes of a SOFC constitute radiatively participating media.
Murthy and Fedorov [51] suggest the exclusion of radiation effects in the partic-
ipating electrolyte could result in the over-prediction of temperatures by as much
as 100-200K for the case of an electrolyte-supported SOFC. By contrast, refs. [52,
53} saggest very modest differences in cleetrolyte temperature; less than 1 K. These
disparities indicate that the need to include radiation effects is, at present, still a
maoot point. Reference [51] suggests that the electrolyte may be treaied as being
optically thin, while the electrodes may be considered as optically thick. A very
limited amount of experimental data has been gathered in support of ihis, to date;
however [32, 53] suggest that in fact, the electrodes are so optically thick as to be
entirely epaque for all practical purposes.

. The general radiation heat transfer problem in a participating medium involves
heat transter ‘at a distance’; described mathematically by an integro-differential
equation, referred to as the rudiative transfer equation (RTE). For a grey
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isotropically-scattering medivm, this may be writien in the simplified form,

4
di

;z-(a+qv)i+a"’—"+fif i do. (89)
ds b2 4

tn={)
(i) (ii) (iit) {iv)

1n this section only, the symbol { denotes radiant intensity (not electrical current),
a and o, are absorption and scattering coefficients, s is displacement, @ is solid
angle, and e = oT% is black-body emissive power. The terms in eqn (§9) represent
{i) changes in intensity, i, due to: (ii) absorption and out-scattering, (iii) emission,
and (iv) in-scattering, respectively. Detailed numerical solutions to the RTE are
typically conducted using a discrete ordinate method or a Monte Carle method.
The former is more popular, at the present time, but suffers from ‘ray effects’
which can lead to numerical errors. The RTE solution results in a field of values for
the radiation intensity from which a radiant flux vector, ¢", can be calculated for
substimtion in the energy equation. However, both the discrete ordinate, and Monte
Carlo methods are very compute-intensive. Therelore some additional engineering
assumptions ave required if it is possible to invoke simpler radiation medels within
multi-channel fuel cells and stacks.

For optically thin regions a multi-flux model may be considered, for which the
1-D two-flux model is the simplest. It is referred 1o, in the literature, as the Schuster-
Schwarzschild approximation, If it is assuined that the intensity is composed of two
homogeneous components such that §7 = i+ and §~ = #i™ in the +x and —x
directions, then it can readily be shown that eqn (89) may be written as,

d{ 1 dg\ - .
— J— = — 0
dx (a-ws dx) A4 (7 —e) 0)

where § = {g+ -+ ¢7)/2, and for which (the x-component of) the radiant flux
vector, §” = g+ — §~, may be computed as

(}ﬂ=_ 1 f’_‘?_
a4+ o dx’

Equation (90} is a diffusion-source equation, and is thus suitable for discretisation
in the form egn (48). Ii has been presented in the form developed by Spalding {541,
from which it differs slightly mathematically, being consistent with the formulation
in Siegel and Howell [48]. A six-flux mode! may similarly be constructed in terms
of three field variables, gy, gy, § in 3-D, and has the advantage of being in the
same form as the general scalar equation (eqn (47)). However for thin plane layers,
a two-flux model may be sufficient. The discrete ordinate method may be regarded
as a generalised nmlti-flux method [48].

For optically thick regions, a diffiusion approximation is considered appropriate,
with radiative conductivity defined by,

on

_ 16n2cT?

kg = T 92)
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& is a (Rosseland mean) absorption coefficient. The term, kg, may simply be added
to the normal conduction term, k, in eqn (57), i.e., kor = k-+kg . There are however
difficulties associated with use of the diffusion approximation near boundarties. This
may be remedied by the use of 2 temperature modified slip boundary condition [48].

Thermal radiation is one mechanism by which it may be possible to actually
control slack temperature and temperature gradients, by manipulating the optical
propertics of the component materials or employing radiation shiefds. Spinnler ez al,
[35, 56] propose the use of highly-reflective thermal insulation to control fuel cell
temperatures by minimising losses to the envitoninent,

The above analysis adds considerably to the complexity of the calculation
pracedure, even so for situations where radiation is important; it is probably over-
simplistic: In reality, the electrolyte assembly is a porows media with non-
homogeneous optical properties, including dependent scaltering, while the
interconnect is typically metallic and hence there may be both specular and diffuse
components 1o the surface radiosity. The spectral nature of the radiative propetties
of the SOFC components also need to be determined. The subject has received litfle
attention to-date and should be considered a topic for future research by scientists
and engineers seeking to design high-temperature fuel cells.

The four outstanding technical issues in humerical analysix of themo-flnids are;
chemical kinetics muiti-phase flow, radiative heat transfer and furbnlence. For
SOFCs, the chemical kinetics is a complex issue that needs to be addressed; multi-
phase flow is superficially not a problem, but the presence of porous media and
the need for volume-averaging raises many of the same issues, Thermal radiation
may be a matter for concern, as discussed above. ‘Furbulence is not generally gen-
crated at the Reynolds nuinbers encountered within the passages of planar SOFCs,

however turbulence may he encountered within the inlets and outlets and manifold
passages of SOFC stacks.

3 Stack models

SOFCs are stacked to increase the working voltage 1o a reasonable value. Foel and
air are typically introduced via manifolds (risers and downecomers). Various design
configurations are possible. The main concerns of the stack desi grer ate unifonmity
of flow and pressure gradients. If SOFCs were not operated in stacks, it probably
would be feasihle to conduct detatled numerical analysis using CFD codes without
invoking a rate equation assumption, at least for simple geometries. The presence
of mumerous fuel cells, cach with muitiple channels, renders this sitnation unlikely
for large stacks for the foresceable future.

A rough estimate of the relative magnitude of parasitic losses in the cells and
manifolds can be made by assuming the flow is uniform, then analysing to see if
thisis areasonable assumption. It may readily be shown from eqns (54} and (55), that
for planar passages neglecting injection/suction that the pressure drop across the
stack is just,

- ABLun  ASLud
AP — i MQ

(93)

H2  pWH'




74 Transport Phenomena in Fuel Cells

1.5

@ @ ©)
10 {203
tH e

$11:3

20
1185 19.5
19

a——

E3

Figure 15: Pressure (Pa) in a 50-cell SOFC stack asscmbly. From [37].

where np. is the number of fuel cells in the stack, 2 is the height of the (air
or fuel) channels, W is the width of the cell, Lis the length of the fucl cells in the
fiow direction, and 0 = ny. BH it is the volumetric discharge, assuming uniform flow
conditions. A similar, though more complex, expression muy be readily derived for
rectangular passages. The basic principle of stack design is that the losses across the
cells should be large in comparison to those in the inlet manifolds. Large changes in
pressure drop are effected by changing the height of the passages, since Ap & 1/H 3
Equation (93) is to be considered only approximate. Mass transfer will increase
or decrease pressure for the cases of injection and suction, respectively. This purely
inertial effect is in addition to the frictional f/f* effecis discussed eartier (recall
Bemoulli's law F - %,rm2 == constant). In the manifolds suction/blowing leads to
all flnid heing entirety evacuated over the stack height, H, and the Tatter must be
considered. Berman [58] was the first to derive an analytical solution for the pres-
sure distribution for a plane duct with mass transfer at both walls; analyses for
suction/blowing at only one wall also exist [59, 60}. For rectangular geometry it
is simple to ulilize a numerical calculation (CFD) procedure. Figure 15 shows the
pressure distribution in a 50-cell stack assembly; it can be seen that (1) in the inlet
manifold the pressure gradient decreases due 10 suction, (2) there is relatively uni-
form pressure within the stack, and (3) an increasing pressure gradient is observed
in the outlet manifold due to side-injection. The reader will note that different con-
tour scales have been used in the stack and manifold regions and that the overall
(parasilic) pressure losses are much larger in the former than the latter. As the stack
height increases, the pressure difference between the manifolds at the top of the
stack becomes much less than at the bottom and flow maldistributions may occur.
. Anotherinteresting feature of fuel cell stacks is that secondary temperature disfri-
butions in the vertical direction arise, even when the tlow and heat source term (due
to Joule heating) are entively uniform. Figure 16 shows the temperature distribution
in a 10-cell stack obtained using a detailed numerical simulation. The oscillations
in the temperature contours are due to the finite differences in lemperaturc between
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Figuare 16: Temperature distribution (deg. C) in a 10-cell SOFC stack with uniform
heat sources, Adapted from [34].

the air, fuel, electrolyte and interconnects for each cell in the stack, The secondary
temperature gradients are caused by these materials being ordered, creating a net
heat NMux in the vertical direction, The stack designer cannot necessarily presume
that thermo-mechanical behavior is the same for a stack as for a single cell, a8 hay
been presumed by many researchers in the past,

4 Closuare

Transpori phenomena in SOFCs influence cvery aspecl of their design and
operation. Fluid flow, heat conduction, convection, and radiation, roass transfer,
electrochemistry, charge transfer kinetics and thermodynamics are all important
mechanisms, In the last 5-10 years much progress has been made in the devel-
opment of robust engineering compnter codes to model transport phenomena and
physico-chemical hydrodynamics in these devices. This is significant progress,
however further developments are needed both in models and on input data of
properties,

Although it is currently fashionable (o state that growth in this area is ‘rapid’, it
remains 1o be seen whether recent events will continue to be sustainable. On the one
hand, design methodologies may continue to evolve exponentially, as the product
unfolds and becomes commercially viable in the years fo come. On the other, it
could be that analysis tools will plateau and languish, if the technology proves to
be uncompetitive, and promises of economic viability prove to be a ‘bubble’. The
authot’s hope is that the former will prove to be the case, and ihat years from now,
we will see improvements, not only in analysis methods, but also as a result, in the
products.

It is clear that if SOFCs, or indeed any other new techewlogies, are to supplant
existing products and processes, they must be designed properly. Every available
analysis tool and advanced scientific method needs to be brought to bear upon the
problem, if good engineering is to replace good will and sway the public to buy
new and untested products over established and functioning ones, in a competitive
market place.

In many ways the success or failure of Fuel cells will ullimately depend on faciors
completely unrclated to the thermodynamic efficiency of the electrode-electrolyte
assembly, so popular among research proposals. Probahly reliability and safety
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rank even highet than cost-per-unit energy, and while mathematical modeling alone
cannot safeguard these attributes, careful engineering using established technldues
such as those described in the chapters in this book {and alrcady widely employed
in design of conventional power-generation equipraent) will likely prove a good
investment, anid aid in betler understanding of equipment perforinance. Fo be com-
petitive, fuel celisneed to be at least as well or better designed than existing products.

Finally, for a variety of reasons, numerical models of physico-chemical pro-
cesses can now be developed in much shorter tine-scales (months), and for much
less cost than it akes to build complex experimental test rigs (years). While this
situation cannot be blamed upon these who seek to construct models and codes, it is
nonetheless an unhealthy situation; a balanced program of research should always
involve the continuous feedback of experimental data to analysis tools, as well as
the abstraction of that which is being modeiled to the pragmatist. It is therefore
imperative to establish yeliable data bases of empirical data for code evaluation
purposes,
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Nomenclature

A Area (m?)

a Absorption coefficient tm~1), coefficient in finite-volume equations,
length (in)

B Width {m}

b Length (m)

I Specific heat (JkgK)

D Diffusion coefficient (m2/s)

Dy Hydraulic diameter (m)

E Nernst potential (V). glectric potential (V)

ey Black-body emissive power (Whn?)

F Pistributed resistance (kg/m?s),
Faraday's constant, 96.48 {Coulomb/mot),
Radiation configuration factor ()

G Gibbs free energy (1

g Mass ransfer conductance (kgfs)

H Height (m), enthalpy {(J)

) Heat transfer coefficient (W/mZK), Planck constant 6.626 x 1073418

i Current (A), radiant intensity (Wisr.m?)

J Diffusion sowce

Kp Equilibrium constant

k Thermal conductivity (W/m), rate constant (mol/m®)

kpaey ~ Permeability (m?)

k Thermal conductivity (W/mK)

k- Radiative conductance (W/mK)

L Length (m)

M Molecular weight (kgfmol)

m Mass fraction (kgfkg), mass (kg)

N Number of cells in stack (), mole namber

n Charge number (), valence ()

e Number of fuel cells in SORC stack

P Pressure (Pa), partial pressure (Pa)

Q) Charge (Coulomb)

0 Volumetric discharge (m>/s)

g Heat source term (W)

qn Radiosity (W)

R Gas constant, 8.314 x 10? (J/molK), resistance {Ohm)

r Resistance (Ohm/m?}

5 Entropy (I/K)

Second Conduction shape factor ()

5 Source term, specific heat (JkgK)

T Temperature (°C)

u Internal energy (1), superficial velocity {m/s)

U Overall heat transfer coefficient (W/m?K)
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Interstitia! velocity (my/s)
Volume (n?), voltage (V)
Work (1)

Temperature (K)

Mote fraction {mol/mol)

Greek symivols

*

ST TSI ™E R

"

Volumettic transfer coefficient (Wm’K)

Aspect ratio ()

Transfer coefficient, symmetry coefficient (), Blockage factor ()
Volume fraction, void fraction (), emmissivity (m™!)
Exchange coefficient (kg/ms)

General scalar

General scalar, eleciric field potential (V)
Overpotential, polarisation (V)

Stoichiometric coefficient

Density (kg/m?)

Chetnical potential (J/mol), viscosity (W/mK)
Electric conductivity {Ohm~!m), Stefan-Boltzmann
constant 5.67 x 1078 (W/m2K%)

Scattering coefficient (m™!)

Sheur stress (N/m?2), tortuosity ()

Non-dimensionat numbers

B Driving force

b Blowing parameter
f Friction coefficient
Nu Nusselt number

Sh Sherwood number
Sc Schinidt number
Re Reynolds number
Subscripts

0 Reference state

a Air, anode

b Bulk, backward

¢ Cathode

¢ Electrolyte

I Fuel, forward

i Interconnect, internal
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I Load

t total, transferred substance state
w Wall

Superscripts

0 Reference state, equilibrium siate

¥

Zero mass transfer
Per unit time

Per unit length

+ Positive direction
- Negative direction
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