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Abstract

The dynamics of solid oxide fuel cell (SOFC) operation have been considered previously, but mainly through the use of one-dimensional
codes applied to co-flow fuel cell systems. In this paper several geometries are considered, including cross-flow, co-flow, and counter-flow
The details of the model are provided, and the model is compared with some initial experimental data. For parameters typical of SOFC
operation, a variety of transient cases are investigated, including representative load increase and decrease and system shutdown. Of partic
note for large load decrease conditions (e.g., shutdown) is the occurrence of reverse current over significant portions of the cell, starting fron
the moment of load loss up to the point where equilibrated conditions again provide positive current. Consideration is given as to when suct
reverse current conditions might most significantly impact the reliability of the cell.

Published by Elsevier B.V.
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1. Introduction process is expected to be relatively easy. As a result, they
can be readily applied for such applications as grid-support
Development of fuel cell systems is being heavily pursued [2].
to help provide society’s future energy needs. Thus far there  Most of the focus in the development of fuel cell technol-
have been many demonstrations for a variety of fuel cell tech- ogy has been on achieving good steady state performance.
nologies, and some units are now commercial. Currently the Good performance includes not only good fuel to electric
U.S. Department of Energy is sponsoring the development of conversion efficiency, but also long lifetime (e.g., >40,000 h
solid oxide fuel cell technology through its Solid State Energy for stationary applications). While good steady state per-
Conversion Alliance (SECA) Program. This program focuses formance is critical for the commercialization of fuel cell
on solid oxide fuel cell (SOFC) technology with power output technology, so also is dynamic performance. Given that real-
between 3 and 10 kW and having designs suitable for low costworld applications will incur frequent load changes, partic-
mass productiofi]. Enabling mass production capability for  ularly at the low power application range 8—30 kW), sys-
fuel cell technology will help to reduce their present high tems targeting such applications will likely need to have load-
capital cost £$ 5000 kW1) to less than $ 400 kWA, mak- following capability if they are to be commercially viable.
ing them economically competitive with other distributed Numerous investigators have examined the overall perfor-
power generation methods. In addition, because of their mance of fuel cell systems, and some have examined sys-
superior emissions performance, the environmental permittem dynamics due to load changes, €337]. However, at
least for SOFC technology, very little has yet been done to
mponding author. Tel.: +1 304 285 4536; fax: +1 304 285 4403. ex.amine what occurs within the cell/stack due .tO Io.ad vari-
E-mail addressegandall.gemmen@netl.doe.gov, ations[8-10]. One reason for the lack of work in this area
christopher.johnson@netl.doe.gov (R.S. Gemmen). relates to the difficulty of experimentally accessing the in-
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area at the inlet/outlet of the control volum
(m?)

electrochemical active area of the control vo
ume (nf)

molar concentration of speciegkg mol m3)
molar concentration of species in the
freestream

specific energy (J kgh); Nernst voltage (V)
rate of energy across control surface due
electrochemical reaction
operating cell voltage (V)
Faraday’s

(96,48 C g mol! electrons)
control volume surface frictional force (N)
Gibbs free energy

flow channel height

current density (A cm?)

exchange current density (A crf)

diffusion limiting current density

voltage loss due to electrochemical reactig
V)

voltage loss due to concentration losses resy
ing from diffusion of reactants (V)

voltage loss due to ionic/electronic resistivi
media (V)

momentum within control volume (kgfs 1)
rate of momentum flow across a control surfa
(kgms2)

number of participating electrons in fundamer
tal electrochemical reaction

molar flow rate of speciess(in/out of control
volume) (kg mol s1)

pressure at the inlet/outlet of the control vo
ume (Pa)

net rate of flow energy added at control volum
inlet and outlet. Zero for exit control volume
where enthalpy is directly used in the conse
vation equation

net boundary heat addition (W)

net resistance of cell & +R¢) (2 m?)
ohmic resistance of the cel(m?)
contact resistance between cell conductive 13
ers ©2m?)

molar source of specieslue to electrochemi-
cal reaction (kg mols')

universal gas constant

supply flow rate

entropy generated per mole of reacta
(JgmoltK-1)

material thickness

temperature (K)

velocity (ms™1)

constant

U

to

[©)

finite control volume ()

w mass flow (kg s?%)
y mole fraction

Greek symbols

o electrochemical transfer coefficigif
n electrochemical overpotential (V)

0 density (kg nT3)

Subscripts and superscripts

a fuel electrode (anode for 0 Acm—2)
Air air

c air electrode (cathode for 0 Acm—2)
e electrode

Hy hydrogen
i species index

ternal features of a cell/stack without modifying the flow
and temperature which are critical to determining the cell
performance.

At the National Energy Technology Laboratory (NETL),
work is underway to examine cell and stack dynamic perfor-
mance. Both models and experimental work are being pur-
sued. Experimentally, we have been studying the ‘random’
fluctuations that occur in PEM fuel cells when heavily loaded
and methods for reducing such fluctuations in order to extend
the operating range of a fuel cdll1]. This paper reports
on modeling efforts related to SOFC cell/stack performance
under transient loads. Three planar geometries are consid-
ered: co-flow, cross-flow, and counter-flow (CoF, CrF, CtF,
respectively). In the following section, a detailed description
is given of the model tool developed at NETL for dynamic
fuel cell analysis. One previous application of this tool has
been in the study of the dynamic performance of hybrid sys-
tems[3,12]. In Section4, discussion of how the model is
applied to investigate the load transient characteristics of an
SOFC is made. Next, results are given, and following which
a detailed analysis of the results is presented. Finally, conclu-
sions from the present work are made, along with suggestions
for future work.

2. Model description

In the present discussion, a generic bi-polar, planar fuel
cell is examined, sekig. 1 Straight, single pass flow chan-
nels are assumed to distribute fuel and oxidant to the fuel
electrode and air electrode sides of the cell, respectively. (We
avoid the terms anode and cathode for reasons that will be
understood later.) As described in detail below, various sub-
models can be employed for analyzing the conditions within
these channels depending on the requirements of the model
application to resolve various time scales. Regardless of flow
geometry, CoF, CrF, or CtF, these flow channels can be an-
alyzed using one-dimensional flow calculations to provide
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2.1. Characteristic time scales

A first-order analysis provides estimates for the various
time scales occurring in SOFC systems. Results from such
an analysis are given ifable 1 The analysis assumes an an-
ode supported SOFC fuel cell having cell parameters shown
in the last column offable 3 The first column inTable 1
is the name of a particular process time scale. Associated
with each process is its rate and capacity parameters, and
equations are provided in the table for each value. Here,
p is the density (mass or mol}y the flow passage cross-
section,V the flow passage volum¥, the cell voltage Ac
the active areaD the molecular diffusion coefficient,
the specific heatC the electric or thermal capacity,the
electrode thicknesg, the cell length, and/ the gas veloc-
ity. The ratio of the capacity and rate values provide the

useful design information. While CoF and CtF geometries first-order estimate of the time scale for each process. Be-
can be analyzed using single channels for the fuel and air,cause some transport processes depend on a characteristic
the cross-flow model must be analyzed using an assemblylength scale (e.g., diffusion), and because there are several
of one-dimensional flow chann€s3]. The justification for distinct characteristic length scales within a fuel cell (elec-
using one-dimensional flow calculations can also be found trode thickness, cell length, etc.), numerous transient time
from an analysis of the characteristic time scales present in aScales are present for the same fundamental transport mech-

Fuel Gas

Fig. 1. Planar cross-flow cell geometry.

fuel cell. anism.

Table 1

Characteristic transient time scales of a planar SOFC

Time scale name Process rate parameter Capacity parameter Time

Name Value Name Value scaler (s)
A. Cell charging time Current density/f) 10*Am—2 Double-layer capacity 10-tcm? 10°5
(CVe)

B. Cathode gas electrode Molecular diffusion 10 1mols? Cathode electrode mole 108 mol 105
mass diffusion time rate (0DA/t) capacity ptAc)

C. Anode gas electrode Molecular diffusion 10 1mols? Anode electrode mole 10~*mol 103
mass diffusion time rate (0DA/t) capacity ptAc)

D. Cathode electrode Thermal diffusion rate 108 JstKk-! Cathode electrode 1P Ikt 10-3
thermal diffusion time (KACIt) thermal capacity 4CptAc)

E. Convective transport Specific gas volume 10°mst Specific gas volume 101m (o
time flow rate //Ay) (VIA)

F. Cell Reactant Faradaic mole density 102mol (smd)~t Specific mole density 10~2molm2 10°
consumption time (/(nFAS)) (ph/MW)

G.Anode gas streamwise Molecular diffusion 10 5mols? Anode cell mole capacity 10~*mol 10t
mass diffusion time rate (pDA/L) (pLAX)

H. Anode gas streamwise Thermal diffusion rate 104Js 1K1 Anode-gas thermal 103JK1! 10t
thermal diffusion time (KAL) capacity pCpyLAy)

I. Cathode gas streamwise  Thermal diffusion rate 104Js iK1t Cathode gas thermal 103JK1 10
thermal diffusion time (KAL) capacity pCpLAy)

J. Anode electrode Thermal diffusion rate 10tJs k-1 Anode electrode thermal 10tJK1 10
thermal diffusion time (KACIt) capacity pCptAc)

K. Cathode gas Molecular diffusion 10 5mols? Cathode cell mole 10~* mol 10t
streamwise mass rate (pDA/L) capacity pLAy)
diffusion time

L. Cell heating time Gas heat transferrate  102Js 1K1 Cell heat capacityCtA:) 10t JK-1 10°

(hAc)

M. Anode electrode Thermal diffusion rate 102Js k! Anode electrode thermal 10t JK1t 10°
streamwise thermal (KAL) capacity(pCLAy)
diffusion time

N. Cathode electrode Thermal diffusion rate 104Js 1K1 Cathode electrode thermal ~ 10° JK~1 10*

streamwise thermal
diffusion time

(KAL)

capacity(pCLAy)
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The results offable 1show a wide range of time scales and air. For these problems one often sees that the spatial dis-
(10~°to 10* s) spanning over nine orders of magnitude. These tribution of the reaction (governed by convection time scale
results can be helpful to guide engineering analysis by show-of 10° s) significantly depends on the reactions that evolve at
ing how transport models can be simplified, and yet still ac- time scales on the order of 1Bs. In fuel cell electrochem-
curately predict a given fuel cell performance parameter. In istry, however, the chemical reactions are ‘constrained’ by the
general, to allow for efficient use of computational time, itis external control of the current load, something that offers a
customary in modeling to only consider the details of a given significant advantage over analysis in combustion chemistry.
transport process if its characteristic time scale is withinone  The present paper investigates two domains of transient
or two orders of magnitude from the principle effect being performance, and the above characteristic time scale results
examined. Hence, if one is investigating load-following char- are used to guide the development of a proper model. The first
acteristics of a fuel cell at a time scale on the order of2I€) domain of investigation examines the ability of the model to
then any transport process having a characteristic time greatecapture the fast transient current loading behavior of a small
than 1@ s can be assumed constant over durations much lessbutton’ fuel cell down to a resolution of about 0.005s. The
than 18 s; hence, no detailed model equation is necessary tosecond domain of investigation applies the model to a full
relate the parameters of the transport process to the rest otell (10 cmx 10 cm), and is used to predict the transient per-
the model. On the other hand, if there is a transport processformance of the fuel cell at a resolution of about 10s fol-
having a characteristic time scale less than“s) then the lowing a load change. Hence, the former investigation will
related physical parameters can be assumed to behave quasiAclude electrode diffusion effects, while the latter investiga-
steady. Here, a steady state equation is required to relate théion will limit its consideration to the thermal response and
parameters of the transport process to the rest of the model.treat the gas phase as quasi-steady. Both cases will follow the

As an example of time scale analysis, consider the casequasi-steady electrochemical response that results from their
of a fuel cell transient over the duration of 100 s with a reso- respective load changes.
lution of 1 s. Examination of the streamwise convection and
diffusion in Table 1, two independent transport mechanisms 2 2. Model assumptions
that control streamwise species distribution, shows that the

time scale for convective transport is £Gs while the time The analysis considers the behavior of a single unit cell
scale for streamwise diffusion is 16. Because the convec-  |ocated within an infinite series of cells undergoing the same
tive response is much faster than the desired resolution, thqjynamics_ Hence, the overall thickness of the unit cell (Sepa_
gas flowcan be considered quasi-steady. Also, it controls the rator plate to separator plate (also called interconnect plate))
reactant distribution much more Strongly than diﬁusion, al- isa Symmetry |ength' and for Computationa| efﬁciency' isthe
lowing us to ignore streamwise diffusion for most analyses only length that needs to be resolved. Here, the term cell is

of this given type of fuel cell geometry. Additionally, the ysed to describe the lumped fuel electrode and air electrode
time scale for transverse diffusion over the channel is less together with the electrolyte material.

than 10°3s. Because this is much faster than the convec- Key assumptions of the model are:

tive time scale, the reactants in a channel can be considered

|arge|y uniform in the transverse direction. The ab|||ty to |g_ 1. One-dimensional behavior along the streamwise direction

nore these (and other) transport mechanisms helps to speed Of all gas channels.

computational predictions making engineering analysis more 2. In-plane heat conduction can be neglected—an order-of-

efficient by allowing the use of one-dimensional quasi-steady ~ magnitude analysis for the Peclet number (ratio of in-

gas modelsFig. 2 plane convective transport to solid conduction) shows
The only time the above method fails is if the principle ~ that convection in the gas channels are 4-10 times

effect being studied is highly sensitive to a given transport  larger than conduction, even for composite nickel fuel

process. Such conditions occur, for example, in the analysis ~ €lectrode supported geometries having conductivity of

of combustion (e.g., the post-oxidizer of a fuel cell) where ~ ~6.2WnT1K~1[14].

chemical reactions, having time scales on the order of10 3. Ideal gas behavior with variable specific heats.

to 105 s, occur (autothermally) in a heated mixture of fuel 4. Lumpedtemperature for the celland separator plates along
the transverse direction due to low Biot number of the cell

5 convection Bi=ht'k=t3/r. in Table 1).
—>hy A0 Anode Gas Channel 5. Gas-to-solig heat transfer is by coavection. Radiation is
S Qgen Cell (Anode/Elec/Cathode) ignored at this time, but in general can be important.
—> 0/ Cathode Gas Channel 6. There is no carbon deposition.
‘é;n} '\\ Separator Plate 7. No gas phase reactions occur.

8. Fuel electrode electrochemical activation overpotential is
Control Volume negligible[15].

o -
Fig. 2. Example of planar co-flow cell geometry. Other geometries employ 9. The fuel Ce"_h_as 100% current efficiency—all reactants
similar to 1D gas analysis. generate their ideal number of electrons.
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Table 2

Fundamental one-dimensional dynamic equations for an ideal gas

ac, aC vy /

ATE+ T =Ry (F1)
pABE = F, — AL _ (F2)
pABE —ARE = 05+ FL - Ep (F3a)
AR = Qs+ F + Ep (F3b)

Primarily due to assumption 6 above, the model to be pre-

sented is most accurate for fuel electrode conditions having Supply i mole fraction

H> + H,O with little or no carbon species. This is acceptable
for the present work given that the goal is to provide a ‘first-

look’ at some of the unsteady performance results that canglectrode densityp

occur in SOFC systems.
2.3. Gas phase equations

The fundamental dynamic equations required for solution
of the one-dimensional flow in a fuel cell are listedable 2
Here, the total derivative, DAOncludes only the convective
transport in thex' direction, as shown explicitly for EqF1).
Egs.(F1), (F2), (F3a) and (F3Mescribe the conservation of
species, momentum, and thermal energy, respect[iély
In Table 2 Ais the flow area of the one-dimensional passage,
Ck andRy are the mole density and net surface mole supply
rate (mol &-unit distance)?) of species, respectivelyy, the
velocity in thex-direction,P the pressuréyl, the momentum
lost at the surface due to flow at the boundariethe mass
density,Fy the net shear force in thedirection on the side
surfaces of the elemental control volurfg,the thermal en-
ergy generated due to fluid shear foreéhe enthalpyky, the
enthalpy addition due to flow at the side boundaries,@and
the surface heat into the elemental control volume.

Multiplying the left- and right-hand sides of E@r2) by v
and addingF3a) and (F3bjesults in an equation for the con-
servation of total (thermal and mechanical) energy. Taking
these latter equations and E¢S1) and (F2)and integrating
over thex-direction of a single control volumé&{g. 2) results
in the following set of dynamic equations to be solved for each

Table 3
Cell data and operating conditions
Parameter Unit Value Value
(button cell)  (planar cell)
Fuel electrode specification
Height of flow channelh mm - 1.0
Electrode thicknesse mm 1.025 1.0
Porosity/tortuosity - See text 0.11
TemperatureT K 1073 1023
PressurepR Pa 101100 Same
- 0.85 0.54
Supply HO mole fraction - 0.15 0.16
Supply CQ mole fraction - - 0.30
Electrode heat capacitg, Jkg K1 640 Same
kgm3 4200 Same
Ho supply, S, slpm 0.050 1.2
Air electrode specification
Height of flow channelh mm - 2.0
Electrode thickness, pm 68 50
Porosity/tortuosity - See text 0.11
Active area crh 2.19 100
Inlet temperaturel K 1073 1023
Pressurep Pa 101100 Same
Supply @ mole fraction - 0.204 0.21
Supply N> mole fraction -0.766 0.79
Supply HO mole fraction - 0.03 0.0
Electrode heat capacitg, Jkg 1K™l 570 Same
Electrode densityp kgm3 3300 Same
Exchange current density, Am~2 285 3250
Transfer coefficienty - 0.5 0.5
Air supply, Sajr slpm 1.0 55
Electrolyte specification
Electrolyte thickness, pm 7 5
Electrolyte heat capacitg, Jkg 1K1 600 Same
Electrolyte densityp kgm=3 5100 Same
Separator specification
Thicknesst mm NA 0.7
Separator heat capaciyy ~ JkgtK™1 NA 450
Separator density kgm3 NA 8900
Cell specification
Contact resistanc®; Qcm? 0.04 0.06
Ohmic resistanced, Qcm? 0.105 0.10

finite control volume that is present in a one-dimensional ar- 1ight surfaces of the control volume. The molar source of
speciek for a given control volumeR, arises from the elec-

trochemistry occurring at the surface of the electrolyte. Under
normal fuel cell operationi & 0 Acm2), the electrochem-
istry consumes @on theair electrodeand H on thefuel
electrode and produces $0D on thefuel electrode' Under
reverse fuel cell operation (electrolysis mobep Acm~2),

the electrochemistry produces n theair electrodeand H

on thefuel electrodeand consumes D onthe fuel electrode
These sourceB, are directly related to the electric current
according to the number of electrong, associated with each

ray of control volumes (see al$d]). For species conserva-
tion:

dc;
Vd_tl = Niinlet - Niexit + R (l)
For momentum conservation:

dov . : )
VE = Minlet — Mexit — MR + PinletAinlet

— PexitAexit + Fs (2)

For total energy conservation:

doE .
V? = winletEinlet — WexitEexit + ER + Qs + P’ 3)

1 Because this paper examines conditions of nattmalandreversefuel
cell operation modes, the terms ‘cathode’ and ‘anode’ become confused,
Lo . . . since depending on the mode of operation they will apply to opposite elec-
Definitions for the various parameters are given in NOmen- rodes. instead, the paper will use the terms ‘air electrode’ and ‘fuel elec-

clature. The subscripts ‘inlet’ and ‘exit’ denote the left and trode’ to represent the electrodes whegea@d H, + H,O exist, respectively.
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specie molecule consumed/generated in the electrochemicaFor the cell alone, there is a final additional energy gener-
process. For the present analysis on solid oxide cells, fouration term due to the overall reaction of iith O,. This
electrons are processed by each oxygen molecule consumednergy generation results from the reaction process which
at the air electrode, and two electrons are processed by eaclexperiences a net change in entr¢py]:

hydrogen (and water vapor) molecule processed at the fuel

electrode. Explicitly, we have Qrxn = —&FAal )]
n
Ry = A"’; (4) where ASis the change in entropy (per mole op}bf the
nk

overall reaction of K with Oz, A4l the current through the

ng for Oy, Hp, and KO, are—4, —2, and 2, respectively.  control volumen (no subscript) the number of electrons pro-

Hence, fori<0OAcm 2, Ro, >0kg mol s, cessed per mole of HandF the Faraday constant. Hence,
In Eq.(2), the momentum flow}/r, comes from the term  the following equations apply to the cell and separator plate,

My in (F2)and is the net momentum loss resulting from reac- respectively:

tant removal out of the control volume at the electrolyte sur-

face due to the electrochemical reaction. For mass addition VL = ER+ Os+ Omn + iR (6)

at the electrolyte surface, itis assumed that no net addition of

momentum occurs—that is, there is no favored direction to Vdp_E — 0<+iR )

the emission of molecules from the electrolyte due to electro- = dr ~ =°

chemical reactions, and hence no netmomentumis producedwhereE is the internal energy of the given solid material,

The parameter’g, in Eq.(3) is an energy flow term that ER the net enthalpy added to the cell resulting from species
resulted fronE, in Egs.(F3). Er represents the netenthalpy o yission/absorption for both fuel electrode and air electrode

a_dded to th(_e control volume resulting from species emis- surfacesQs the same as before, aithe cell net elec-
sion/absorption at the electrolyte surface due to the electro-tmniC +ionic + contact cell resistance m?).

chemical reaction. Here, the energy of the species removed
from the gas phase is assessed at the temperature of the gas,
and the energy of the species added to the gas phase is as-
sessed at the temperature of the cell.

5. Cell voltage and loss mechanisms

The cell voltage is modeled by accounting for various loss

. tFor ?" control v(;)Lgmcis exceptal;cthte;]eﬂ;_f thetsulm ?f mechanisms in an otherwise ideal cell. The ideal fuel cell
internal energy and kinetic energy. For the exit control volume voltage is given by

we assume pressure fluctuations are zero (constant pressure
boundary condition), and the enthalpy plus kinetic energy is _ _AG

used. The assumption here is that the exit of the fuel cellgoes ~ = ~ 4 F ®

to near atmospheric conditions (or some other specified fixedAG is the change in Gibbs free energy for reaction pf¥ith

exit pressure) which results in a constant pressure boundaryy, 5 the temperature and pressure of the cell, which provides
qondltlon. On the other hand, the mIgt pressure can vary with the maximum available work energy for this reaction. If this
time alsl’ may be caused by the action of an upstream flow,o . energy is given to number of electrons, then their
Contrr]o er.d allows . o i voltage would beEy.

_ Themodelallowsfortwotypes ofgas phase solutions.One - \ta4e osses (overpotentials) within a fuel cell result
is fully dynamic in that it solves the above one-dimensional .,y three primary effects: (1) electrical and ionic resis-
dyr:]amlc equations for sp%mes, mc;‘mentumdgpd energy. Theanee | o+ (2) change in electrolyte surface reactant concen-
other assumes quasi-steady gas phase con itions to exist anf?ations from their free-stream values due to diffusion trans-
solves the steady-state gas phase equations for these pararB-Ort through the electrodekci; and (3) an activation over-
eters given the instantaneous conditions at its boundariespotential needed to drive the electrochemical reactibgs
Here, the same equations listed above are used, but the time 18]. As shown below, these losses depend on current %Iow

derivative terms are dropped and the resulting algebraic equasy o gh the cell. The cell voltage under current loading can
tions are solved simultaneously. Since flow times for gases be defined as

through a cell are on the order of 1s or less ($able ),
the quasi-steady solution is useful to speed up calculationsEce = Ey — LR — Z Lci — La (9)

on long transients (e.g., >105s). . . ]
This cell voltage is the voltage that would exist on some

2.4. Solid phase energy equation external load that draws current from the cell.
The net cell electronic + ionic + contact resistive losses are

For control volumes present in the cell and separator plate, Modeled as
an energy equation similar to §§) arises, butthe convective  ; = _ Ri (10)
terms will obviously be zero. Also, for any solid, there is an
additional energy source term due to internal ohmic heating. wherei is the local current density for a given control volume.
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For diffusive losses, the model can either employ a bulk circuit at each electrode, where the resistor represents
quasi-steady diffusion loss mechanism, or resolve the dy-the electrochemical loss mechanism. The model can be
namic diffusion through the electrodes for each control vol- optionally set to solve for the double-layer transient, or
ume. The latter model is given in detail by Gemmen et al. to assume fully quasi-steady loss behavior (Edt)). To
[19]. solve for the transient double-layer capacitance behavior,

The quasi-steady diffusion loss model uses the following the model employs the following equatii?i]:
set of equations derived from an analysis of the effect of diffu- g ic
sion on reactant concentrations near the electrolyte/electrode. = Co (15)
interface and the subsequent loss to the cell Nernst potential. d
For reactank diffusion toward the electrolyte interface, the Whereic is the current density that charges the double-layer

loss is given as capacitance oEy (F m2). A generally recognized value for
) Ca has not been established, but values as high as Fm
Lo = — RJT In (ll_ ’) (11a) haye begn suggestfl ,22] Because of the .paraIIEZI—C cir- .
nF ILk cuit, the instantaneous current through a given computational

wherei, y is the diffusion limiting current density for reactant N0de is the sum of current through bdandC elements.

k, which is modeled as ence,
. CroDefin F (12a) lc=i—IR (16)
Ly =—"T""" . . . .
le with the assumption of quasi-steady electrochemical loss,

ir is given by Eq.(14). Because the time scale for the
t double-layer capacitance is on the order of 80is or
less (se€Table 1), the present work uses the quasi-steady
Butler—Volmer model.

Note that because the fuel and oxidant are consumed as
they pass through the cell, the ideal cell voltage at the exit
will be lower than that at the inlet. The actual overall cell
voltage achieved will approach the lowest achievable voltage

- RJST ( < i ) ( 1 )) due to the high conductivity of the electrode surfdd&. As
Lci n(1-(—)(1-— (11b) . o .

iLk Yio usual for loss mechanisms, it is assumed that the unachieved
voltage over the surface is dissipated as heat directly into the

whereDe is the effective diffusivity for the transported re-
actant, ande the electrode diffusion thickness. (Note tha
because of the formulation given above, the sigri ofs
always the same asThis understanding is important when
later we discuss conditions for current reversal in a tel0.)

For reactant diffusion away from the electrolyte interface, the
quasi-steady loss model is

where now the limiting current density is given by

cell material.
ik = o (12b)  2.6. Reversible fuel cell operation
For positive currenti0.0), Egs.(11a)and(12a)apply to The models for the loss terms cited above are common to

O, on the air electrode andzbn the fuel electrode, while  fuel cell modeling8]. However, most past modeling efforts
Egs.(11b)and(12b)apply to HO on the fuel electrode. For  simply consider conditions where current flaythrough the
negative current, Eqé¢l1lb)and(12b)apply to @ on the air cell is positive. As will be shown below, there are transient
electrode and blon the fuel electrode, while Egél1la)and conditions where reverse curreint,0, may arise. These con-

(12a)apply to HO on the fuel electrode. ditions arise wheikcg is greater thaiEy, which means that
For the activation losg, s, we have the loss terms on the right-hand side of E%).must become
positive. (Clearly, to force reverse current, the operating elec-
La=mnc+na (13) trical potential must be greater than the chemical (i.e., Nernst)

As shown in Eq(13), in general there is an activation loss at potential.) Because rate limiting processes are present under
both air and fuel electrodese andn,, respectively. For the  these conditions justas for positive current conditions, poten-

work here, because air electrode losses domingtéhe fuel tial losses occur, and using the above models requires these
electrode activation is ignored. losses to be positive-valued. Given the formulations above,
Under steady state, the electrochemical loss is often rep-Proper numerical treatment for both resistance and activation
resented using the Butler—Volmer equatfaf]: losses (Eqg10)and(14)) occurs automatically for both pos-
itive and negative current domains, but for proper accounting
=i <exp<oan)  ex ((1— Ol)”Fﬁ>> (14) of diffusion under negative current conditions, the sign on
RuT RyT diffusion terms L¢j) must be reversed. This can be accom-

Because of a double-layer capacitance at the modated by changing E(p) to be

electrolyte—elec_trode mterfaf:e, _there is actually a short Ecell = Ey — LR + ZLCi —La (17)
transient behavior to the activation loss. The transient loss
is typically represented as a parallel resistor—capacitancefor negative current conditions.
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3. Numeric representation and solution technique

The above equations allow the transient solution of one- Air Tube
dimensional arrays of both gas and solid bodies thatcomprise 1, Air Thermocouple
a fuel cell. Depending on the needs of the engineer, different Flanges Mica
submodels can be employed (e.qg., resolving the double-layer F;i‘iace"
transient may not be needed for studies looking at the longer Wire Sensor Tube
time scales associated with cell thermal transients and their Furnace
impact on cell voltage). Finite control volumes for both gas Fuel
passages and solid bodies are identified and properly associ- Thermocouple
ated to provide proper conservation of mass, momentum and Fust Tube
energy. The NETL code that implements the above equations
can solve for co-flow, counter-flow, and cross-flow fuel cell Fig. 3. Experimental hardware.

geometries. Forthe cross-flow geometry, an array of fuel elec-
trode channels and air electrode channels are generated ansame conditions as the fully dynamic gas model predictions
assembled to form such a cell, similar to the work of Ahmed when taken to steady state. The dynamic model was also
et al.[13]. For the co-flow and counter-flow geometries, only verified by comparing its results to that of the National Fuel
one channel of both fuel electrode and air electrode gas isCell Research Center and found to be comparglalg
required. The model was also tested in cross-flow geometry by com-
Any number of control volumes are possible along the paring results to that of Ahmed et §1.3]—the results were
streamwise direction for each of the four major components: the same to within 4%. In the present work, we report the
fuel electrode gas, air electrode gas, cell, and separator platesuccess of model validation using experimental cell transient
For the work reported here, eight control volume ‘nodes’ are data. The cell transient data was obtained from a button cell
used which provides sufficient resolution to capture fuel cell operated inside an enclosed rig that controlled both the flow
performancdl12]. For solving dynamic gas phase problems, of air and fuel. A view of the test set up is shownrFig. 3.
the equations are solved following the techniques outlined by  Finally, the model was applied to investigate three cases of
Patankaf23], wherein the pressure and velocity nodes are planar 10 cmx 10 cm fuel cell design (CoF, CrF and CtF). For
staggered. each case, several load transients were imposed that are repre-
In the solution of the model, either the cell voltage or total sentative of real world applications where a system might ex-
cell current is specified by the user (voltage control versus perience anything from small changesinload (<30%) to com-
current control). To solve conditions of the cell at every time plete load loss. For simplicity, following the work of Ahmed
step based on specified instantaneous boundary conditionset al.[13], eight channels for fuel electrode flow and eight
the model first solves for all node electrochemical reaction channels for air electrode flow are considered using the same
rates (current densities) given the specified cell voltage or to- one-dimensional model described above for each channel.
tal current. If a quasi-steady activation loss is assumed (i.e.,
no double-layer dynamics to be solved), then an iterative ap-4.1. Button cell study
proach is used to determine the cell current density profile.
Node current at each time step is iterated so as to ensure a For the transient button cell cases, a fully dynamic gas
uniform cell voltage (to within 4.V). A uniform cell voltage solution was calculated using the electrode diffusion model
is a common assumption in fuel cell modeling given the high of Gemmen et al[19], but the double-layer transient was
electric conductivity of the electrodes and separator plates. Aignored (which again has a time constant on the order of
combination between a Newton and simple bisection method 100us and is very short relative to the transient under study).
is used to converge to the desired solution. Once the currentGiven the uniformity of the conditions over the cell that can
is known, the dynamic solution for mass, momentum and en- be expected from the known flow conditions used in the ex-
ergy (Egs(1)—(3) for all cell domains is determined through  periment, the model uses a single control volume for the fuel
an explicit first-order backward Euler method. For a quasi- electrode and air electrode systems. The region up to 3cm
steady gas solution, the conservation equations for mass, mofrom the surface of the cell was included in the model anal-
mentum, and energy are solved simultaneously in a coupledysis. Load perturbation occurred through current control.
fashion with the electrochemical solution. Values for the model parameters used in the button cell
comparisons are shownable 1 The values for the param-
eters were determined from the cell specifications given by
4. Model application the University of Utah from where the cells were obtained,
and from the known conditions of the test fixture. The actual
The model has been tested for self-consistency regardingbutton cell included thin fuel electrode and air electrode in-
the application of its various submodels. For example, the terlayers, 25 and 18m, respectively, and these thicknesses
quasi-steady gas solution was tested and found to provide thevere incorporated into the bulk electrode to establish a single
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eIeCtrqde for the m_OdeI' T_hls assumption should be reasor"Fig. 5. Transient button cell data and model comparison. Inset shows same
able given the relatively thin nature of these layers. The con- gata over shorter time scale.

tact resistance value shown (obtained by matching the exper-

imental VI data) was attributed to the experimental method the transient as closely and fully as possible. As can be seen,
used to contact the fuel electrode and air electrode currentthe two sections of the transient data align very well, indicat-

leads to the button cell. ing good repeatability of the experimental data. Results for
the 1 A load change employed a porosity/tortuosity value of
4.2. Planar cell cases 0.025, while the 2 A load change employed a value of 0.020.

These were selected to best fit the data. The model results

For the three CoF, CrF and CtF transient studies, the quasi-2gree fairly well with the experimental data, which provides
steady gas and activation loss models were used together wittfome measure of confidence in the model.
the bulk diffusion model, and the model was used to predict _
the response of the cell to load transients. This study em-9.2. Cross-flow case—load increase
ployed voltage controlled transients. The model parameters o _
used for these studies are also showTeihle 3 These param- Results from the cross-flow study examining load increase
eter values provide cell performance close to what is antici- dynamics are shown iRigs. 6 and 7Fig. 6 shows transient
pated for SECA Program fuel cell systems—at a cell voltage current densities at several node locations on the cell for a
of 0.77V and fuel and air utilizations of 0.81 and 0.11, re- 0.96-0.84V load change case—s&g. 4 for a key to the
spectively, cell average current densi¢p.74 Acnt 2. The node ID numbers. As can be seen, there is an initially high
cells were assumed to have a 100 cm active area, so current flow through the cell, and then as the temperature of
the channel lengths for both fuel electrode and air electrodethe cell slowly increases due to internal heating, the Nernst
are 10 cm long. As mentioned previously, eight channels are Voltage gradually drops which causes a slow drop in current
used for both the fuel electrode and air electrode, and eachflow. Itis also seen that while the cathode inlet and exit nodes
channel has eight nodes. The resultant size of each node ighow fairly similar current density before and initially after
12.5mmx 12.5mm. For reference, the node (control vol- theload change, once the cell has reached its new equilibrium
ume) ID numbers for the model are shownFiiy. 4 Time following the load change, the inlet and exit nodes are signif-
steps used in the solution of the model ranged from 32D icantly different. Fina”y, it is seen that an overall increase in
8.0E—2s, which were controlled by the solution of the solid currentby afactor of about 3.75 results from this load change.

phase thermal transient (the gas was assumed quasi-steady).
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Transient button cell experimental and model results are
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shown inFig. 5. Two load changes were examined, one with o 1500 5500 o
load reduced from 1 to O A, the other from 2 to O A. For Time [sec]

each case, the data was taken at both a short time (fast data
speed) and a long time (slow data speed) in order to capture Fig. 6. Cross-flow load increase (0.96-0.84 V).
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Fig. 7. Cross-flow load increase (0.96-0.70 V). Fig. 9. Cross-flow load decrease (0.70-0.96 V).

Fig. 7 shows similar results as iRig. 6 but for a larger new equilibrium state. Here, an overall current decrease by a
0.96-0.70 Vload change. For this transient, there is an overallfactor of about 0.87 results.
current increase by a factor of about 6.6. While most of the  Finally, Fig. 10shows a contour plot of the current density
results highlighted for the prior casefif). 6are presentagain  for this same case immediately following the load change.
here, this case shows a distinctly different transient result for As can be seen, a significant portion of the cell experiences
the air electrode exit nodes (e.g., 57 and 64). This differencethis negative current state following the strong load decrease.

will be discussed in more detail below. Close examination of the model data at this time show that
the peak negative current density achieved on the cell is about
5.3. Cross-flow case—load decrease —1330AnT2. The average cell load current at this time is

about—9Am—2,

Results from the cross-flow study examining load decrease
dynamics are shown ifigs. 8 and 9Fig. 8 again shows  5.4. Co-flow case—load decrease
transient current densities at several node locations on the
cell but now for a 0.70-0.77 V load change. The results show  Similar load change cases were studied for the co-flow
a reversed transient as compared to the load increase case geometry as for the above counter-flow geometry. Because
might be expected. In particular, there is a sudden decreaseof the unique results shown under strong load decreases, we
in current flow, which is followed by a gradual increase in present only results for the 0.7-0.957V load change. The
current as the temperature of the cell slowly drops allowing results for the other load change cases in general followed
the Nernst potential to increase which drives more current. the cross-flow geometry result&g. 11shows a contour plot
For this case, there is an overall current decrease by a factoiof the current density immediately following the load change.
of about 0.25. Again, a significant portion of the cell experiences negative

Fig. 9 shows similar results but for a 0.7-0.957V load current conditions over a lengthy duration as the cell slowly
change. These results show an additional feature not seen irhermally equilibrates to its new steady state condition. Close
the prior results, namely negative current for several nodesexamination of the model data at this time show that the
over an extended period of time until the cell has reached a
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Fig. 10. Contour showing region of current reversal following load decrease
Fig. 8. Cross-flow load decrease (0.7-0.77 V). (0.70-0.96 V) (cross-flow).
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6.1. Button cell case

The close match between model results and experimen-

Cathodel tal data shown irFig. 5are encouraging. The need for the

& Anode slightly different tortuosity/porosity values between the two
Inlet - Region of Region of cases (in order to best match the data) need to be investi-

= | Current Negative Current _| gated further. Nonetheless, these early results suggest that

the model properly accounts for most of the necessary con-
trolling physical issues. It also suggests that the method em-
ployed here could be used to help assess some of the important
transport parameters of cells. For example, one can perform
such high speed transient measurements and then use these
models to determine correct values of the parameters that
control diffusion, such as effective tortuosity/porosity which
are often difficult to assess, especially for thin layers. How-

peak negative current density achieved on the cell is about€Ve! Mmore work needs to be done to determine general va-
—690 AnT2. The average cell load current at this time is lidity or applicability. In particular, experimental data on the
about—74 A n2 transient performance of full 10 csm10 cm cells would be

helpful.

Fig. 11. Contour showing region of current reversal following load decrease
(0.70-0.96 V) (co-flow).

5.5. Counter-flow case—load decrease
6.2. Cross-flow case

Similar load change cases were again studied for Application of the model to the 10 cx 10 cm cross-flow

the counter-flow geometry. Again, only results for the o X :
0.7-0.957 V load (?hange a>1/re p?esented.)/The results for thegeometry shows distinctly different behavior can result de-

. pending on the magnitude and direction of a load change.
other load change cases in general followed the cross-flow : .
. For a small load increaséig. 6), all nodes have the same
geometry resultskig. 12 shows a contour plot of the cur- L . . ) .
e ; . . characteristic transient whereby there is a sudden increase in

rent density immediately following the load change. Again, .

N . . ; current followed by a gradual decay as the cell equilibrates
a significant portion of the cell experiences negative current

. . to its new temperature. On the other hand, for a large load
conditions over alengthy duration as the cell slowly thermally . . . .
- . . .~ increase [ig. 7), while most of cell region toward the fuel
equilibrates to its new steady state condition. Close examina-, . .
i 2 . inlet (e.g., nodes 1, 8, 17 and 24) has a sharp increase in cur-
tion of the model data at this time show that the peak negative rent immediatelv following a load chanae. the region toward
current density achieved on the cell is abetit060 A ni2. y g ge, 9

. e ) the fuel exit (e.g., nodes 57 and 64) has a more gradual in-
The average cell load current density at this time is about . . . ) .
350 A2, crease to its peak value. It is also possible to find a certain

point in the cell where the controlling effects appear to can-
cel such that no change in current will occur (e.g., node 49 in
Fig. 7).

Forasmallload decreadei(. 8), current at all nodes show
largely the same normalized response. However, for large
load decreaseg. 9), as may occur in an emergency-stop
command, certain portions of the cell exhibit current reversal
as seen irFig. 10 The reversed current condition lasts for
approximately 330 s for the case studied. It is clear that over
this time a certain portion of the cell near the air inlet pro-

6. Discussion

The results of the button cell and large cell studies are
discussed in further detail in the following sections.

Region of R:gion of vides enough current to meet the need of the external load as
~Negative ositive . . . . .
Current Current well asto drive currentin reverse over its exit portion. Furthgr
Cathode analysis of the model data shows that the main driver for this
Anode Inlet reverse current is the cell thermal non-uniformity. It is found
— —

that the air electrode exit portion of the cell results in a lower
Nernst potential as compared to that at the ifigf. 13shows

the Nernst potential distribution on the cell immediately fol-
lowing the load decrease. The decreased Nernst voltage at the
exitis due to the higher exit temperaturel(00 K higher), and

this is enough to drive current in reverse. Based on the first-
Fig. 12. Contour showing region of current reversal following load decrease Order analysis for in plane thermal transport, improvements to
(0.70-0.96 V) (counter-flow). the model to include such transport would only slightly lessen
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Fig. 13. Contour of Nernst potential following load decrease (0.70-0.96 V) Fig. 15. Hydrogen concentration prior to unload event.

(cross-flow).

) _ ) _ let, and the creation of hydrogen at the air electrode exit
these effects (in both time and magnitude), but will not re- e the current density field shown Fig. 10. The self-
move them altogether since the process is thermodynamicallyconsistency of these results confirms that the current rever-

driven. _ _ . sal identified is not likely due to some anomalous numerical
To illustrate what is occurring during current reversal, computation.

Fig. 14 shows the path of electric charge through the cell.
The left portion of the cell in the figure shows positive cur-
rent conditions which consume@nd H and produce KO
at the fuel electrode surface. The transferred electrons are . : o

The temperature profile has been identified as the gov-
provided to the right side of the fuel electrode wheggHs P o d

6.3. Co-flow, counter-flow and cross-flow comparison

erning driving method for the reverse current following load

reduced to generate?Oions which trgvel in reverse through decrease. As such, the CoF and CtF results can be expected
the electrolyte to generate;@t the air electrode. The elec- to be different from the CrF results, and follow the thermal

trons released on the right side of the air electrode traverse.oracteristics of those designs. This result is clearly evi-

paCk to the left portion of thg celllland the Process Con- yantin the current density contours showifrigs. 11 and 12
tlnpes until .the thermodynamlc driving potential no Ionge_r for the CoF and CtF cases, respectively. Past work by oth-
exists to erve this process. As a check for consistency in ers, Khaleel et a[25], have already shown that CtF, CrF, and
the numeric calculatlorF,|gs_. 15 af?d 18how the hydrogen ¢ geometriesresultin different temperature variations over
concentration that results just prior to and after the unload the cell, d/T=0.352, 0.349, 0.241, respectively. The results
event, respectively. On the wholBig. 15shows a gradual here for current reversal are consistent with these thermal re-

decay |nhhydrohger? conlfentratmn as the fuer: electrode flow sults whereby the CtF, CrF and CoF geometries show a cur-
passes through the cell, as expected. 16 shows a near rent reversal from the average curreRS(Min(i) — Ave(i))

recovery of the hydrogen concentration to values close 0 ;¢ 1410 1321 —616 AnT-2 respectively. It is apparent
the supply concentratioryg, = 0.54), as would be expected that the overall temperature difference is a sufficient indica-

for an unload event. However, they are modified slightly by . o predicting the presence of current reversal during high
the consumption of hydrogen toward the air electrode in- unload events

H. HO H, H.O
-l f  — \
e Anode v
—
T o- Electrolyte o- ¢ e
4 Gathode e \

/02 %2 I Cathode Inlet

Fig. 14. Schematic representation of electron charge path occurring during

reverse current. Fig. 16. Hydrogen concentration after unload event.
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