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Abstract

A macroscopic model of a short SOFC stack has degaloped. The first part of this paper
intends to describe a methodology for determinimg transient thermal behaviour of the
SOFC. A nodal network is used in order to deterntiveefinal internal temperatures of the
structure. The stack is modelled by one averageé Thle cell is divided into several
isothermal volumes represented by their centrabndthe energy balances at each node are
developed and solved by Matlab routine. The se@amtidescribes a fluidic model in order to
compute the partial pressures of chemical specidstlae output flows. The fluidic model
uses electrical/fluidic analogy. Pressure dropshannels are modelled through resistances
and the fluid accumulation in the volume is modelby a capacitor. The next part describes
the electrochemical model based on the classicahdtleequation and computation of the
overpotential (activation, concentration and ohovervoltage). The three submodels are then
coupled in order to built a complete modelling bk tstack. It has been validated and
compared with experimental results on an SOFC giemkided by HTceramix.

Keywords: Solid oxide fuel cell; Transient thernmabdelling; Fluidic and Electrochemical
modelling.

1- Introduction

The solid oxide fuel cell (SOFC) is a promisinghteaclogy. It is highly efficient, tolerant to
impurities so it is fuel flexible (methane or evgasoline and diesel), and it can provide
internal reforming of hydrocarbon fuels, at leaattially. The work presented in this paper is
in the frame work of the European project FELICITASP 6, which aims to increase
efficiency and life time of FC systems for heavyydinansportation applications (marine, rail,
truck). One of the topics is the study of the hgtmation of a PEFC and a SOFC. The model
proposed here addresses a macroscopic simulati@rSafFC stack. It aims to be included in
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the simulation of the SOFC and PEFC coupling.

The SOFC modeling is an essential tool as fuel lmetlaviour is driven by several coupled
phenomena: fuel and oxidant species concentragil@tirochemical reactions, electric and
ionic conduction and heat transfer.

A number of detailed theoretical and numerical ®dd the coupled electro-chemical,
thermal, and fluid processes in SOFCs have beeadlrdeveloped, and published.

Recently, many papers have modelled the SOFC withrdbtines in a commercial
computational fluid dynamic software (CFD). Based3sD model and time-dependent [1-8],
these models are used to foresee the temperatstrtbuliion, gas concentration, velocity
profile across the cell and current density. TheDCapproach demands a great deal of
computational power, especially when simulatingoagl transient process with a large
number of parameters to study. Adding to the coatpral expense is the very fine
discretization required for numerical modelling.ig'ts because of the very high scale ratio of
components dimensions in the cell (small thickredssomponent cell).

Another simplifying model based on 2-D [9] calcelthe temperature distribution in the fuel
and the air streams along the longitudinal directi®his model considers heat and mass
transfer characteristics mainly along the longibadli direction of the system and the
electrochemical reaction in its perpendicular diost

In [10-11], a 1-D model approach is developed @ibng the flow direction and the radiation
heat is taken into account.

[12-14] use the control volume (CV) approach fa thbular geometry. From this modelling
technique, the cell is divided in serial segmentplanes perpendicular to fuel flow direction.
Each segment includes: cell CV, anode CV, cathodexd insulator CV. The heat transfer,
species transportation and electrochemical reaefii@ets are taken into account.

In this paper, three sub-models have been develthednal, fluidic and electrochemical)
and coupled. The transient thermal model is usemtopute the solid and gas temperatures.
The fluidic model calculates the partial pressuweshemical species. The electrochemical
model computes the stack voltage and differentvlexges [15].

The figure 1 shows the schematic of stack modelling



hal-00582364, version 1 - 1 Apr 2011

Initial and boundary Input flow
conditions

Thermal model

\ 4
Node temperatures |

\ 4
| Output flow, Input pressure

| Stack voltage I

Figure 1 Schematic of stack modelling

2- Thermal modelling

Thermal failure of components in SOFC is a majostatle on the path to bringing this
technology to commercial viability. The probabiliof material degradation and failure in
SOFCs depends strongly on the local temperaturdiayis at the interfaces of different
materials. Therefore, it is important to accuratetgdict and manage the temperature fields
within the stack, especially near the interfaces.

A SOFC involves complicated heat transfer, spetiaasportation, and electrochemical
effects which are highly interactive. In order take the model tractable while capturing the
fundamental dynamic behaviour, a model quasi-2Bedam the nodal network of one cell
has been developed. This method has already bexdiechpo PEMFC [16]. It provides less
accurate results than CFD computations [1-8] wlach particularly useful to improve the
design of the cell. But it require less internaladan the geometry and material and is easier
to implement in a global model.

As shown in Figure 2, the cell is divided into sevésothermal volumes: anode interconnect,
anode channel, electrolyte/anode interface, elgtéoelectrolyte/cathode interface, cathode
channel and cathode interconnect [12-13].



hal-00582364, version 1 - 1 Apr 2011

Qconv. Int-a-ext

Interconnexion Anode

Qcond. Int ae

—> —>

Anode channel Qrassin(® ¥ Q, Q Qnass,out (A)

Qmass. H2

Electrolyte/Anode Interface

Electrolyte

Electrolyte/Cathode Interface

— Q Qmass, 02 —
Qmass,in ©) ¢

Cathode channel

Interconnexion Cathode

Qcond. Int ce

———t

QCOnV. Int-c-ext

Figure 2 Heat transfer and heat sources on the S8FC

The cell is submitted to six fundamental heat tienss

1-

Heat transfer due to mass species transportatmnthié anode and cathode channel,
the heat generation by gas transportation cangresented as:

Qmass= Mlep LAT (1)

Where, m is the gas mass flow (kg/s}, is the heat capacity (J/kg.K) al is the

temperature difference between two nodes [K].
Conduction heat transfer: from the solid to soliuctures (interconnects and

electrolyte), the conduction heat generation iggiy:
ALS

Qcond :TAT (2)

Where, A is the material thermal conductivity (W/m.Kg, is the volume thickness
(m) andS is the volume area (m?2).

Convection heat transfer: from the solid to gasicttres, is given by following
expression:

Qeony = hISIAT 3

Where, h: is the heat transfer coefficient.

Radiation heat transfer: from the solid to solidate structures, it is calculated by:
Qeony =W LB [ﬁT14 _T24) (4)

Where, ¢ is the emissivity of the object and is the Stefan-Boltzmann coefficient
(5.6703.1G W/m?K?).

The heat generation by chemical reaction: the wédemation at anode side is

represented as:
[
=—TAS 5
Q= (5)
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Where, | is the cell current,T is the cell temperature anflS is entropy of the
reaction (%02 +H, - H,0).

6- Heat generation by ohmic losses: at ano@Qg)( cathode Q.) and the electrolyte
(Qg), caused by ohmic resistance:

Q. =R,0° (6)
Q. =R 0O°? (7)
Q=R 00’ (8)
Where, R,, R. and R. are respectively anode, cathode and electrolyt@i®h
resistance.
The ohmic resistance is calculated using the faligvexpression:
o
R= pz 9)

Where, d is the thickness compone#t,is the area of component amd is corresponding to
the material resistivity, calculated with temperatdependent relation [17] (tablel).

Table 1 Component resistivity [17]

Electric or ionic resistivity Qcm)
Anode -
0.002989xp(i92j
Cathode
0.008114exp(5T00j
Electrolyte
4 10.0exp 1009 i 1
T 127315

The modelling principle by nodal network consists a@stablishing a co-relation with an
electrical network. The considered system is seépdnato isothermal elements of volume V
with temperature T Each element "i" has a heat capacifyafplied to the center i ofj\and
possibly a heat power generation. The item "i"aldet! node of the system (figure 3).

The heat transfers by convection, radiation andigotion and the mass transfers as well are
taken into account through the matrix.3he heat generation by chemical reaction and
ohmic losses are located in the vectari@e heat balance resulting from the first priteipf
thermodynamics is applied to the node "i":

Ci%:zGij (T, -T)+Q (10)
i
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Figure 3 Principal of thermal nodal modelling

The nodal modelling is applied at fifteen nodescetl. The figure 4 shows a 2D model
representation of the studied cell. This last isngosed with fifteen isothermal control
volumes.
The following heat transfer mechanisms and assumgtiave been considered:
1. The heat conduction in solid structures (eldgtieo and interconnect), it is
represented by green thermal resistance.
2. The heat convection between gases and surfécadid structures (ex: hydrogen
and interconnect surface), represented by bluentlenesistance.
3. The heat radiation between two solid structexs interconnect and electrolyte),
represented by red thermal resistance.
4. The heat generation by mass transfer, reprasegtblack thermal resistance.
5. The heat radiation between gas and solid stricsuneglected.
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Figure 4 Thermal model of one cell

The energy balance at each node is given (appemdbgder to represent the global energy

balance system in the form:

Cp(ij—-:=AEI'+B (11)

Where, T is the temperature vectoC, is the heat capacity matrixA is the thermal

resistance matrix anB is the heat generation vector.

Figure 5 shows the algorithm of the transient tlermmodel. At the beginning of the

simulation, the cell geometry, physical proprietiéspecific heat capacity, thermal

conductivity, kinetic viscosity...) and initial temgzgures are loaded. In the first step, the
Reynolds number is calculated and the Nusselt nunideempirically calculated by
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correlation equation. The heat transfer coefficisrtomputed from the Nusselt number for a

forced convection between 2 parallel plates byf@Hewing expression:

h=Nu G[;I— (12)

h
Where, Nu is the Nusselt numbey] is the thermal conductivity anB, is the diameter of
channel.
The heat transfer coefficient calculated is higle do the small characteristic length. The
values ofh, which have been obtained from this forced conwaatorrelation on the air and
fuel sides belong to the range 1000-2000 W/m2KHerfuel and 300-1000 W/mz3K for the air.
These results are consistent with some literature stimation
respectivelyh( fuel) = 298 /m?* [K and h(air) =13228W/m? [K , [12].

For each heat transfer mechanism, the thermalaesiss are calculated using the table 2.

Table 2 Thermal resistance calculation

Heat transfer mechanism Thermal resistance
Heat conduction R, = &
ond /1 [E
Heat convection R, = i
onv h EE
Heat radiation R, = 1
Y gw-ES[quz-'-TZz)[qu-'-TZ)
Heat mass transfer R..= i
ass mm:p

In the second step, the matAx B and C, are calculated. The Matlab’s ODE solver routine

is applied and the new temperatures are calculdtied.boundary conditions are the inlet
temperature of the fluid and the inside temperatfréurnace surfaceThe Runge-Kutta
methodology is applied to give the final temperaswector.

Figure 5 summarizes the algorithm of the trandieatmal model.
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Figure 5 Algorithm of the transient thermal model

3- Fluidic model

The fluidic behaviour

in anode and cathode sidesbeen modelled using an electric fluid
analogy [15]. In a formal approach, the flow isatell to a current and the pressure is related
to a voltage. It is considered that the pressuop din air side and fuel side is linear with the
air flow and fuel flow (table 3) in the consideralv rate range.

Table 3 Electric fluid analogy

Electrical

Fluidic

Voltage (V)

Pressure (mbar)

Current (A)

Electrical resistance))

So, each electrode of

volume V is modelled witleksetric circuit (figure 6):

Volumetric flow rate (NI/min)

Fluidic resistance (mbar/NI.mif)
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Figure 6 Electrode fluidic model

Where:
Fin : input gas flow (NI/min)
Fout : output gas flow (NI/min)
Fv : buffer gas flow (NI/min)
Feon : consumed gas flow (NI/min)
P, @ inlet gas pressure (mbar)
Pout: Outlet gas pressure (mbar)
Psc : pressure (catalytic site sc) (mbar)
Riin : fluidic resistance (mbar/NI.m‘ﬂr)
Rrout : electrode/electrolyte interface downstream flui@sistance (mbar/NI.mif)
C: : fluidic capacity (@&=V/RT) (mbar")
The fluidic model will be based on the followingsamptions:
» The gases are ideal.
» The gas flowing in anode side and cathode side tta/same direction (co-flow).
» The channels (anode and cathode) have a fixeanelu
» Consumption and accumulation of fluids are modeiteone point.

4- Measurements and identification

4-1 Characteristic of the tested stack

Tests have been performed on a SOFC stack in todelentify parameters of the model
which has been developed. A test bench has beémectavith a 3 cell stack provided by
HTceramix company. The stack is fed by hydrogen @ndind the gas flow rates are kept
constant.

The table 4, shows the characteristics of the Hiroer stack [18].

Table 4 HTceramix stack specifications and opegationditions

Number of cells in stack 3

Active area per cell 50 cm?

Ideal operating temperature 750°C
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Max operating temperature 800°C

Air flow rate 4.3 I/min
Hydrogen flow rate 0.9 I/min
Nominal power density > 0.4W/cm?
Max pressure drop on air side 20 mbar
Max pressure drop on fuel side 10 mbar

4-2 Fluidic resistance identification

When the stack is operated at open circuit volt&feV) and fed with constant gas flow rate,
the consumed gas flow and the flow variation in e¢lectrode volume are negligible. So, the
inlet gas flow and outlet gas flow are equal. Thput and output resistances are also

calculated by following expression:
AP

Rf. (I =0A) =Rf_, (I =0A) “SF (13)

AP : the pressure drop in flow channels (mbar)

F : the gas flow (NI/min)

The stack is fed with constant gas flow given ibléad, figures 7-8 show the experimental
data: the stack voltage, the gas temperatures badfltidic resistance variation with
temperature.
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Figure 7 Experimental data at OCV
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In order to calculate the fluid resistances atedédht current loads, polarization curves are
realised with increasing and decreasing currentspastant temperature and constant inlet
gas flows. The figures 9-11 show the polarizationve, the inlet gas temperature taken as
electrode temperature and the gas pressures.
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Figure 9 Polarization curve with increasing andrdasing current at (£750°C)
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Figure 11 Anode and cathode pressures

The anodic and cathodic fluidic resistances aretfan of the temperature and current load

(14-17).

Rf,,, =0.006(T, - 2.74 (14)
Rf, ., = 0.006(T, - 2.74+0.50 (15)
Rf,,, =0.00269T, -0.931 (16)
Rf, ., =0.00269T, -0.931+3.5[1 (17)



4-3 Fluidic capacity identification

The gases which circulate in the anode and catlbbdanels are considered ideal and the
channel volumes are taken constant. The identibicanethod is presented at the anode. The
gas partial pressure at the anode and electrohtxface (noted catalytic site) can be
calculated from the following relationships [15 2@,

psc,H2 |N/a = nV,HZ |:REI-a (18)
Va
N o= J. Dv,H2 Léit = J-(Din,Hz - Dout,HZ - Dcon,H 2)mt = ﬁ Epsc,Hz (19)
1
Psch2 :V—IDV,HZ Calt (20)
R,

Where, D, ,, is the hydrogen molar flow in the anodic volume.

Using the fluidic electric analogy (table 3), thieidic capacity is calculated using the
following expression:

V
C..=—2 21
f,a R[__Ta ( )
V.
C,.=—2 22
f.c lec ( )

Figures 12-13 show the block diagram of the anddeli€ model developed in Matlab
Simulink. The hydrogen consumption and the watedpction flows are computed from the
stack current according to the Faraday law.

Gotol
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5- Electrochemical model

The SOFC is operated with pure hydrogen and aiy.tl8o electrochemical reactions to be
considered are (23-25):

0, +4e” - 207 (23)
H,+0* - H,0+2¢" (24)
H2+%o2 L H,0 (25)

The stack voltage is computed using the followiggation [21-26]:
U stack = I\Icell EQOCV _,70hm _”con _”act) (26)
Where N, is the number of cells in the stack and the otber ferms represent respectively,

cel

the open circuit voltage, the ohmic, concentraiad activation overvoltages.

5-1 Open circuit voltage

The OCV is calculated using Nernst equation:

ocV =E®° +ﬂ|n sz_pg-g (27)
2F pHZO
_ 0
E° = ﬁf (28)

Where E°, the reversible voltage for hydrogen oxidization ambient pressure,
AG°represents the standard Gibbs free energy chandkeeiroverall cell reaction under
standard condition (T=25°C and P=1atrR),is ideal gas constanp is the partial pressure of
the reactants and products aRdis the Faraday constant.

The Gibbs free energy at standard conditions magabrilated from the Gibbs free energies
of formation of the products and reactants fromagign (25).
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The reversible voltage as a function of temperaaireell reaction sites limited to the first
order ([4,27,28]):

E° =1.273-2764500" [T (29)

The temperatureT() and partial pressure9() are respectively calculated by thermal model

and fluidic model.

5-2 Activation overvoltage

The activation overvoltage describes the resistamobarge transfer at each of the half cells.
It is the principal source of losses at low currdansities. The expression of the activation
overvoltage ([11,15,20]) is calculated by:

NS Ln[.'—] (30)

onk Iy

Where:
a : Electron transfer coefficient
n: Number of electron
i - Current density [A/lcm?]
I,: Exchange current density [A/cm?]
We can write over an empirical equation:
Mo =aLnli)+b (31)
With:
- RT
ank
RT ,
b=-——Lnli
R (i)
The coefficients a and b are functions of tempeeatind are calculated empirically.

5-3 Ohmic overvoltage

The ohmic overvoltage is caused by the resistamdket conduction of ions ©O(through the
electrolyte) and electrons (through the electradesthe current collector) and by the contact
between the cell components.

The ohmic overvoltage is calculated used the falgvexpression:
,70hm = Rohm a (32)
Where, R, is the ohmic resistance ardis the stack current.

The ohmic resistance is only function of stack terafure:

Ry = AlexpBT ) (33)

Where, T is the stack temperaturedA and B are calculated in the linear part of the
polarization curves.
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5-4 Concentration overvoltage

The concentration overvoltage describes the lodsesto gas transport losses in the cell.
They are the principal source of losses at higlreciirdensities, it is calculated by the
following expression:
- =ﬂLn(1—_l—j (34)

nF I

Where:
i, : limiting current [A]

6- Results

In all the tests, the anode side is fed with py@rdgen and the cathode is fed with air. The
gas flows are taken constant at the following valdlee hydrogen flow (f2) is 0.9 NI/min,
and the air flow (fair) is 4.3 NI/min.

The figure 14 shows the simulation result of therttal model at very low current (about 1A)
. fifteen node temperatures are given, the nanthehodes are related to the figure 4. The
model inputs are: the inlet hydrogen temperature,itlet air temperature and the furnace
temperature, they are respectively 1010K, 974K RV K.

The convection heat transfer coefficient of hydrogehigh and the radiation effect between
the electrolyte and the interconnect occurs. Heimcéhe simulation results, the temperature
of the node (Znoqd in the middle of the anode channel (figure 14heshighest one.

The simulation results show two thermal respongeszone 1 which consists in the material
interconnect (I, Tia, T1 nodes of the anode interconnect ag T, Te nodes of the cathode
interconnect) with high thermal conductivity ane thone 2 which consists in the electrolyte
and the gas in the channels with low thermal cotidiyc
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Figure 14 Simulation result of thermal model

As temperature measurements inside the stack arevaable, the validation of the thermal
model is made on the output gas temperature. Dueefs 15 and 16 show the comparison of
the simulation results with experimental data i $ame operating conditions than in fig. 14.
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The figure 17 shows the validation of the polaimaicurves. At average current range where
the ohmic drop is dominating, the model follows @kathe experimental results. At low
current, where activation overvoltages are dommggtia light difference can be noticed
between the model and the experimental becaudeedbwv acquisition frequency of the test
bench which does not give enough points at loweeurr
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Figure 17 Polarization curves validated

In order to validate the fluidic model, figures 29-show the simulation and experimental
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comparison. The load current profile of figure $¥8applied. Increasing and decreasing step
currents are used: 0.5 A step then a 1min statidisa

The experimental anode and cathode inlet pressueesimilar to the simulation (figures 19-
20), and the variation law of fluidic resistancesonfirmed.

On the anode side, the water formation reactioreames the partial pressure of water and the
reduction of the hydrogen mole number due to thactien taking place in the
anode/electrolyte interface causes a reductioheohydrogen partial pressure.

In the cathode side, the oxygen is consumed incti@mical reaction which justifies the
diminution of the oxygen partial pressure in theéhodic compartment and the nitrogen is not
consumed in cathode side, so its partial pressgreases.
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Figure 18 Current profil
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Figure 19 Anode inlet pressure validation
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Figure 20 Cathode inlet pressure validation
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Figure 22 Molar fraction of chemical species

7- Conclusion

In this paper, a simulation of a SOFC combiningried, fluidic and electrochemical models
is developed.

The potential and reliability of the model develdg®es been shown. The inside temperatures
of the gases and different control volumes are adetp by the thermal model. Partial
pressure calculation is given by the fluidic modal the stack voltage is provided by the
electrochemical model.

It can be concluded that the developed model imt@mesting tool for the simulation of fuel
cell power supply. Due to the compromise which l@sn chosen between accuracy, fuel cell
manufacturer know-how data and computation timeait be easily implemented in a global
modelling with additional components (fuel cell diaxies, energy buffers, etc). The first
application will be the simulation of the couplinfan SOFC and a PEFC.
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Appendix

Nomenclature

Variable name Description Units

B amb Convection heat-transfer coefficient | W/m2.K

(between interconnect and ambient
air)

hA,I Convection heat-transfer coefficient | W/m2.K
(between anode and interconnect)
h Convection heat-transfer coefficient | W/m2.K

(between anode and electrolyte)
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he eiec Convection heat-transfer coefficient | W/m2.K
(between cathode and electrolyte)

he, Convection heat-transfer coefficient | W/m2.K
(between cathode and interconnect)

A Interconnect thermal conductivity W/m.K

A Electrolyte thermal conductivity W/m.K

r.na The hydrogen mass flow Kals

M. The air mass flow Kg/s

R cond Thermal resistance by conductioK/W
between i and j node

R conv Thermal resistance by convectioK/W
between i and j node

R ray Thermal resistance by radiatioiK/W
between i and j node

Ria Thermal resistance by hydrogen mag&sw
transfer between the inlet and the
middle of the anode

Roua Thermal resistance by hydrogen mag&sw
transfer between the middle and the
output of the anode

Rinc Thermal resistance by hydrogen magsw
transfer between the inlet and the
middle of the cathode

Route Thermal resistance by hydrogen mag&sw
transfer between the middle and the
output of the cathode

Ra R Re Ohmic resistance of anode, cathgde
and electrolyte

Qs Heat generation by shifting reaction W

Q Heat generation by reformer reaction @~ W

Qs Heat generation by water formatiohV
reaction

Coa Heat capacity of the anode J/kg.K

Coc Heat capacity of the cathode J/kg.K

Cp elec Heat capacity of the electrolyte J/kg.K

C.. Heat capacity of the interconnect J/kg.K

Cphaz Specific heat capacity of the hydrogeW/kg.K
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Cp, Air Specific heat capacity of the air W/kg.K
T, Anode temperature K
T, Cathode temperature K
Tex Temperature of furnace surfac
(boundary condition)
T Temperature at node | K
R, Input anodic fluid resistance mbar/NL.rtin
Rf, out Output anodic fluid resistance mbar/NI.iin
Rfgin Input cathodic fluid resistance mbar/NL.iin
R out Output cathodic fluid resistance mbar/NI.fhin
Va Anode volume m
Ve Cathode volume fh
Bin i Input partial pressure of the i chemicahbar
specie
Pout, Output partial pressure of the | mbar
chemical specie
Psci Partial pressure in catalytic site of thembar
chemical specie
Fin. Input flow rate of the i specie NI/min
out Output flow rate of the i specie NI/min
vi Flow rate in channel volume v of the NI/min
specie
Feoni Reaction flow rate of the i reactant NI/min
Cia Fluidic capacity of the anode mbar
Cic Fluidic capacity of the cathode mbar
R Gas constant (8.31) J/mol.K
My Input molar of the i specie mol
D, Input molar flow rate of the i specie | mol/s
Do, Output molar flow rate of the i specie  mol/s
D, Molar flow rate in the channel volumenol/s
of the i specie
Deoni Reaction molar flow rate of the |imol/s

reactant




The energy balances of thermal model

> Temperature between anode interconnect and fu(fiag¢e

A A
I ,amb Bi Ep( ext sa) te& DT m |:p(-reit + T )(Text Tsa)(Text - Tsa) + J-ble:p (Tla - T ) =
oT,,

pab/4TpIT,,

> Middle anode interconnect temperat(Trg):
Al[a[p(_l_ T )+/][ [p 0T,
b/2 ** R p/2
> Temperature between anode interconnect and 4figde
Alalp
b/2
» Middle anode temperatui@, ):

hA,I (a Ep(Tl _Ta) + hA,eIec [a Ep(Tz _Ta) +Ma Coh2 (T Ain_Ta) +Ma Coh2 (T Aout_Ta) + Qr + Qs + Qf =
aT,
ot
» Temperature between anode and anode/electrolxaﬂaine(Tz):
hA,eIec I]i I:p(Ta _TZ) + A(Zj Sazl(:)p
aT,
pelec A, at
> Anode/electrolyte interface temperat(ig:
A lalp A, lalp
d/20 (Tz _T3)+ 9d/ 20 (Telec_
» Electrolyte temperatu( elec)

(T,-T.)=p@b/20pC,,

oT
(T, -T,)+h,, @Ep(Ta—T1)+£B7®Ep(T22+T12)(T2+T1)(T2—Tl)=p&|2ﬂ)/4[p[03pv,a—tl

pm@l:pm:pA

(Ts _T2)+ g@'@_[p(le +T22)(T1 +T2)(T1 _Tz) =

p&ad /20)[p[T

0T,

pelec” A, at

T,)+R, 02 = plald /20) (p[C

oT,

elec

e D, T+ 2 BT, T, ) + R 17 = (a1 /9) (P T, T2

9d/2C 9d/2C
» Cathode/electrolyte interface temperafiize:
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oT,
ot

A lalp A lalp 2 _
T.-T,)+-2 a [ad /20 [(pC
d/20 ( 5 4) 9d/20 ( elec ) RC p l:q )I:p pelec A,

» Temperature between cathode/electrolyte inte{fa¢e

. A @b
hC,eIe(:l]iEp(Tc T5)+ d/20

0T,

pelec A, at

» Middle cathode temperatufE ):

hC,eIec |}I:D(TS _Tc) + hC,I l]i I:p(TG _Tc)+ ﬁ'lc |Ep,Air (T Cin_Tc) + ﬁ'lc llp,Air (TCOU'[_TC) = p I}' EED [Cp,c

» Temperature between cathode interconnect and a{ffigd
M@
b/2

pab/4pICT,,

(T4 _T5)+ g@'@_[p(Tez +T52)(T6 +T5)(T6 _Ts) =

p&ad /20 (p (T

0T,
ot

(Tlc _Te)"' he, @-Ep(Tc _Te)"' £@'@ED(T52 +T62)(T5 +T6)(T5 _Te) =
0Ty

> Middle cathode interconnect temperat(Tig):
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Al[a[p Al[a[p _ oT
T =T, T.-T.)=plab/2C, .
prz Tt P (o) =p Py
» Temperature between cathode interconnect and fem@):
hI ,amb (& |:p(Text - Tsc) telola |:p(-l—eit + Tsi)(Text + Tsc)(Text _Tsc) + Alblj;.zl:p
plalb/4LpIT,, %

(Tlc _Tsc) =



