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Abstract

Keywords: Mathematical modeling is an essential tool for the design of solid oxide fuel cells (SOFCs).
The present paper aims to report on the development of a dynamic anode-supported jet fuel

Solid Oxide Fuel cell, external reforming planar solid oxide fuel cell stack model for aircraft APU application.

APU, The steady-state performance of the cell and the impact of changes in reforming
Aircraft, temperature, Steam to Carbon Ratio (STCR) and the amount of excess air are studied. The
Reformer , developed model consists of mass and energy balances, and an electrochemical model. The
Simulink, focus of this study is on application to “more-electric” airplanes with the regional jet used
Nasa CEA. as a case study. A detailed solid-oxide fuel cell model is used to study the effect of various
Modeling. operating parameters on cell performance.

Results indicate that by increasing the product power, the number of cells be decreased and
consequently, fuel cell system weight at the requested power is reduced. Therefore by
selecting optimal conditions in each case, the fuel cell system weight decreased about 6.6
kg (1.5 percent).

Accepted:20 December2015  © Academic Research Online Publisher. All rights reserved.

1. Introduction efficiency and low environmental impact.

Interest in fuel cells as an advanced auxiliary power
unit (APU) technology alternative for aircraft has
been receiving increased attention in the past years
and is being driven by several factors, including
emissions, costs, and evolving application
requirements. Conventional gas turbine APUs
account for 20% of airport ground-based emissions
[1].A Solid Oxide Fuel Cell (SOFC) is an
electrochemical device which enables a conversion

of chemical energy to electric energy with high

Typically, SOFC is operated at high temperature
under atmospheric or elevated pressures. [2].

Given cell geometry, the performance of an SOFC
strongly depends on the operating conditions and
the inlet fuel composition. Since SOFCs offer a
wide range of operating possibilities, identifying
the effect of operating conditions such as air flow
rate and inlet fuel composition on the efficiency
and power are critical for the optimal operation of
SOFCs.
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in aircraft APU

application, the study presented here is based on a

Unlike more than models

very detailed planar SOFC mathematical model
with external jet reforming for aircraft APU
application. Thus, the aim of the present work is to
perform the simulation of the standalone SOFC
system for aircraft APU application. A first step to
perform this simulation was to develop the model
of the jet fuel reformer needed to transform the jet
fuel into H2 and H20.

2. Mathematical models

2.1. SOFC model

2.1.1. Model description and assumptions

Figure 1 shows an example of an SOFC cell. An
SOFC consists of a solid electrolyte layer which
can conduct oxygen ions at sufficiently high
temperatures, an anode electrode, where fuel
oxidation takes place, a cathode electrode where
the oxidant reduction occurs, and two channels, one
for the fuel, and one for the oxidant. Electrons
which are formed at the cathode as a result of the
electrochemical reactions provide the current to
connected electrical loads [3]. In this study external
reformer first convert a primary fuel (jet fuel) into a
gas containing a sufficiently high percentage of
for the electrochemical

hydrogen, suitable

oxidation at the anode.
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Fig.1: A schematic representation of an SOFC

The SOFC model is derived by writing the

appropriate  electrochemical and  transfer
phenomena equations including mass balance (for
air and fuel channels), Material Conservation (to
calculate the partial pressures) and energy balance
(for solid and gas phases) that will be presented in
next sections.

According to the nature of non-linear equations,
simplification is  necessary. ~Summary of
assumptions to simplify these equations are:

1-One-dimensional path for air and fuel channels

394 | Page

2-uniform distribution of inlet gas
3- 0% conducting electrolytes
4- Adiabatic system
5-Only H; and O

electrochemical reactions.

participate in SOFC
6-It is assumed that fuel reformer emissions are
filtered out before entering the fuel cell. Therefore,
just hydrogen and water vapor enter the fuel cell

stack.



Golnaz Pourabedin et al./ International Journal of Engineering and Technology Sciences (IJETS) 3 (6):
393-407, 2015.

7- 1t is assumed that a heat exchanger transforms
reformer output temperature to fuel cell operating

temperature.

2.1.2. The electrochemistry model
The corresponding Nernst equation used to

calculate the reversible potential is:
(p 1)’ peh @
(pif0)’

Eocen is a function of temperature and can be

Ecen = E +
cell o,cell 4F

expressed as Ref [4].

When the fuel cell is under load, its output voltage
is less than open circuit voltage due to activation,
ohmic and concentration losses.

Veen = Ecen — Vactivation,cell = Vohmic,cell = (2

Veoncentration,cell

Butler-Volmer equation is normally used to
calculate the activation voltage drop under high
activation condition, the Tafel equation can be used
as:

Vactivation = %ln (i) (3)
In this model, only ohmic losses of electrolyte and
interconnection are included while the resistance of
electrodes is neglected.

Vonmic,cett = Vohmic,electrolyte T Vohmic,interconnection 4
To obtain concentration losses, in this paper,
diffusion surface between flow channels to reaction
sites is considered. Therefore, during the reaction
process, concentration gradients can be formed due
to mass diffusion on catalyst surfaces. The
concentration overpotential in the fuel cell can be

obtained as:
_RT (plc'lz) p02 (p;'lz)zpaz (5)
Vconcentration,cell - E{]n [ (pf{hzo) ] —In [ (pﬁzo)z ]}

Assume that the effective partial pressures of

hydrogen and oxygen at the reaction site are less
than those in the electrode channels, while the

effective partial pressure of water at the reaction
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site is higher than that in the anode channel. it is
also assumed that only hydrogen in the
electrochemical reaction involved. Thus writing the
Stefan-Maxwell diffusion equation and solve
equations at the reaction site, each component of

the gas pressure at the reaction site is calculated:

* _ ch _ RTpenla . (6)
PH2 = Ph2 2FDyi im0 40
_ ~ch RTpenla .
Phz0 = PHz0 2FD “Iden (7
H2,H20
ch ch _ RTpenlc .
Poz = PE"—(PE" = pG3) exp Gyt —iden) 8

2.1.3. Mass balance

At this sub- model the pressure and compositions in
the fuel and air channels due to the electrochemical
reactions is calculated. It is assumed that after
external reforming of jet fuel, only the hydrogen
and water enter the fuel channel. Thus, the fuel and
air channel input respectively consisting of H2,
H20, and 02, N2. The mass balance equations for

both air and fuel channels can be written as:

. . . 1

Cia = (nin,i - nout,i)va + (9)
1 .

i=0x VijTj i i€ {H;,H,0}

(10)

&e = (Minj — noutl) : +V1 RedTRed -
i€ {N3, 05}
Assuming uniform variation of gas partial pressures
during channels and ideal gas equations, the
pressure in gas flow channels and mass flow rate
for H2, H20, and O2 at the outlet of the flow
channels can be determined.
Local rate of reactants and products to the electric
current can be calculated by Faraday’s law:
(11)

i
Tox = I'Red = 25

2.1.4. Energy balance

In the SOFC energy analysis, the different
temperature layers can be used to calculate the
temperature profiles in the SOFC. To improve the
accuracy of the present model, five temperature
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layers have been considered, namely PEN, air
channel, fuel channel, air interconnector and fuel
interconnector. The heat transfer between cells is
neglected in this study. Heat conduction through
solids of the fuel cell along the thin layers is

normally rather weak, as ceramic materials have a

low conductivity [5]. Therefore, the thermal
conductivity is neglected. Convection and radiation
are much stronger [6]. Therefore, heat transport
inside the fuel cell occurs mainly by means of

radiation, convection, and mass flow.
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Fig. 2: Heat transfer inside a planar SOFC

a. PEN energy balance

Qgen = Qchem — Qelec (12)
[Iin,PEN = Qgen (13)
CIout,PEN = QConv,air + QConV,fuel + clair,ﬂow + (14)

quel,ﬂow + QRad,IA + qRad,IF
dTpen (15)

Qin,PEN ~ GoutPEN = MpENCPEN —;

b. Fuel and air channel energy balance

infuel = Jconv,fuel T dfuel flow (16)

Qoutfuel = Yfuelflow 17)
dTg (18)

Qin,fuel - QOut,fuel = mfuelcfuelx

Qin,air = QConv,air + Qair,ﬂow (19)

Table 1 shows parameters of ER-SOFC system.

Qair,flow

Air Qconv.air —

Qoutair = Yair,flow (20)

Qinair — Goutair = maircairddltA (21)

¢. Interconnectors energy balance

Qin,F = qRad,IF (22)

QoutIF = Afuelflow (23)

dintF — doutIF = mIFClF% (24)

din1a = 9Rad1A (25)

Qout1a = Gair flow (26)

dinta — Youtia = mIACIA% (27)

2.1.5. Model geometry

Table 1: Parameters value of ER-SOFC system

Parameters Value unit
Anode thickness 510 X 107° m
Cathode thickness 34x 107 m
Electrolyte thickness 10 x 107 m
Interconnector thickness 500 x 10~° m
effective Nusselt number in the air channel 5 -
effective Nusselt number in fuel channel 3.6 -
Interconnectors Emissivity Coefficient 0.9 -
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2.2. Reformer Model

In aeronautic applications, since Water Steam
Reforming (WSR) is unviable because it requires a
considerable amount of water and heat for the
endothermic reactions, the development of a
compact jet fuel reformer has focused on the Auto-
Thermal Reforming (ATR) technology.

In the present simulation, the fuel is Jet A and is
already purified of species (e.g. sulfur) that may
damage the catalyst and therefore contained only
hydrogen and carbon.

We assumed that the temperature and pressure are
constant at the output of the fuel processor (in order
to use the equilibrium method) which is a rather

rough approximation.

In an overall sense, ATR can be represented as in

the reaction is shown in Equation 28.

R
CaHin + 0 0; + nSH;0 - nCO; (28)

#(Gr2n(1-3))m+ (s-2(1-3) o

In Equation 28, S is the steam to carbon ratio
(STCR) and R is the oxygen to carbon ratio
(OTCR). It is important to note that Equation 28 is
actually the summation of the steam reformation
and partial oxidation reactions, with consideration
for the water-gas shift that inevitably occurs along
with reformation at typical operating temperatures
[71.

The following table shows the jet fuel reformer

simulation parameters:

Table2: Jet fuel reformer simulation parameters

Parameter Unit Value
n 12
m 23
Pressure Atm 1
Temperature K a)  723t0 1473
b) 1223
STCR a) 15
b) 15to45
OTCR 0.7

To prevent the formation of soot and reducing the
amount of hydrogen, OTCR is considered between
0.5 and 1[8]. The NASA Computer program CEA
(Chemical  Equilibrium  with  Applications)
calculates chemical equilibrium compositions and
properties of complex mixtures. CEA represents
the latest in a number of computer programs that
have been developed at the NASA Lewis (now
Glenn) Research Center during the last 45 year.

The program is written in ANSI standard
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FORTRAN by Bonnie J. McBride and Sanford
Gordon [9].

The model assumes chemical equilibrium by
minimization of Gibbs free energy for the desired
temperature and pressure of the reformer (). By
varying the reformer temperature and the steam to
carbon ratio for different feedstocks the gas
composition at equilibrium for each variation can
be obtained. The following figures show some

results of the simulation.
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3. Results and discussion
3.1. Reformer
a. Effect of operating temperature:

The effect of operating temperature was considered
in the reformer.

In Figure 3 it can be clearly seen that with
increasing temperature higher methane conversion
can be reached and the amount of methane
conversion above 1000 k is 100%. This figure

shows the mole present of other reforming products

mole %
[ N W B n @
Q Q Q Q Q Q

o

versus temperature changes too. In ROT <1050K,
by increasing ROT (Reforming Operating
Temperature), hydrogen production increases and
water vapor production decreases but In
ROT>1050K the opposite changes happen.
Therefore, the maximum hydrogen production
happens at 1050 K.

Compare the results in Figure 3 with experimental
data in re [10], shows a similar trend which
indicates the model validation.
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—8— CH4 co
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Fig. 3: Reformer Gas Composition at different temperature
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Fig. 4: Reformer Gas Composition from NASA-Glenn Research Center [10].

b. Effect of inlet steam to carbon (S/C) molar
ratio:

The two most important parameters of the fuel
processor are the steam-to-carbon (STCR) and the
oxygen-to carbon (OTCR) ratio. To understand the
influence of these two parameters we have done
simulations of the reformer for four different
steam-to-carbon ratios: 1.5, 2.5, 3.5 and 4.5, for an
oxygen-to-carbon ratio of 0.7 (to prevent coke

production because of insufficient O2 and using up

0.6
0.5
04
03

0.2

mole fraction

0.1

FC fuel because of oxidizing H2 to H20 by
remaining O2).

Figure 5 shows the products composition for a
fixed oxygen-to-carbon ratio of 0.7 and an
incremental STCR. The presence of high steam
content dilutes the hydrogen concentration
generated from the reformer. This could be due to
the fact that, in the presence of high steam content,
the strong endothermic steam reforming reaction
easily takes place [2], which leads to the low-

temperature distribution along the reformer.

15 2 25
-0.1

3.5 4 4.5
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Fig. 5: Reformer Gas Composition at different STCR
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3-2-Fuel cell System

The suggested NASA regional jet APU was used as
a case study [8]. The SOFC is based on the Gen3

Delphi planar SOFC characteristics. The model of
the Solid Oxide Fuel Cell stack has been developed
and implemented by the authors in the MATLAB
SIMULINK, as described in section 2.

Table 3: Gen 3 SOFC Stack characteristics

Parameter

Values unity

Number of cells
active area
30 cell Stack weight
30 cell Stack volume

30 cell per stack -

105 Cm2
13 kg
35 litter

3-2-1- Fuel cell System Validation

Figure 6 shows an IV and IP curves from a
Generation 3-30-cell stack tested on 48.5% H2, 3%

35

Stack Voltage (V)
- - »n »n w
(=] (4] (=] (5] (=]

3]

H,0, rest N. The stack produced 1.53 kW (486
mW/cm) at 570 mA per cm? at 25.5 Volts (0.85
Volts per cell average) at 750°C — 800°C.

-+ 600
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+ 400

-+ 300

ower Density (mW/cm2)

200
o

+ 100

o

0 10 20 30
Current (Amps)
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Fig. 6: IV and IP curves from a Gen 3 30-cell stack [11]

Fuel cell system model in this study has been

evaluated in parameters same as reference [11].

The results are presented in the Figures 7, 8.
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By comparing the figure 6 from ref [11] and the
results of the simulation in figure 7, 8, the model is

validated.
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3-3- SOFC system

A range of SOFC system power outputs between
116 to 185 kW has been established to meet the
aircraft  minimum and maximum  power
requirements on the ground and at cruise. Electric
power output from the SOFC system is supplied
from the SOFC stack. The Balance-Of-Plant in this

study includes auto-thermal jet fuel reformer. A
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computer model for the SOFC was created, and
was integrated with balance-of-plant components
for system level modeling.

The effect of various parameters on cell
performance is studied systematically. The study
covers the effect of (a) Steam to Carbon Ratio of
the fuel, (b) Reforming Temperature, (c) Excess

Alir.
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Table 4: Input parameters for the base cases

Test parameters Casel Case2 Case3
mole flow rate (mole/s) 0.1 0.1 0.1
Pressure (atm) 1 1 1
Reforming Temperature (k) 1223 Variable (723 to 1473) 1223
STCR Variable (1.5 to 4.5) 15 15
OTCR 0.7 0.7 0.7
Landa (excess air) 1 1 Variable (1to4)

Casel:

The inlet stream consisting of C12H23, H20 and
02 is assumed to enter the reformer at 1223 K with
a pressure of 1 atm. In this case STCR changes of
1.5 to 4.5. It is assumed that emissions of the

reformer are filtered out before entering the fuel

cell, therefore, just hydrogen and water vapor come
into the stack and contributing in reactions. In case
1, the impact of STCR in reforming reaction on the
performance of the fuel cell system has been
evaluated. Fuel cell power versus current for
different STCR is shown in Figure 9.

Fig. 9: Fuel cell power versus current for different STCR

By changing STCR, the input fuel flow rate of the
fuel cell is changed (because of increasing
hydrogen production). Figures 9, 10 show how the
fuel cell power and voltage can be increased by low
STCR. As can be seen from figure 9, the amount of
fuel cell power can be increased to several hundred
watts. In the present model, each cell produces near
150 W. for example, in 275 Amp, low STCR
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increases fuel cell power about 430 W and from
table 3, the Gen 3 Cell weight is 433 gr. Therefore,
it can be seen that by selecting the appropriate
STCR, 3 cells is eliminated so system weight is
reduced about 1.3 Kg. thus by increasing the
product power, a number of cells can be decreased
and consequently, fuel cell system weight at the

requested power is reduced.
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Fig. 10: Fuel cell voltage versus current for different STCR

Therefore, we suggested that to maximize the
performance of this ER -SOFC system, low inlet
STCR must be applied.

Case2:

In case 2, the impact of reforming temperature on
cell is

the performance of the fuel system

200000

—T=973

Power {W)

100000
T=1223

T=1473

10C 150

Current (Amp)

Power (W)

Current (Amp)

Fig. 11:
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evaluated. In this case temperature changes of 723
to 1473 K. It is assumed that a heat exchanger
transforms reformer output temperature to fuel cell
operating temperature.

T=723
—T=973
1=1223

T=1473

276 2765 277 2715

Current (Amp)

Fuel cell Power versus current for different temperature
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Fuel cell power versus current for different
reforming temperature is presented in Figure 11.
Higher output power can be achieved at 1223 K.
Under each reforming temperature, there is a

critical load current point where the model output

Volage (V)

....

Volage

power reaches its maximum value. For example,
the critical point is 276 A at 1223 K. Beyond these
points, load current increasing will reduce the
output power due to large ohmic and concentration

voltage drops.

Fig. 12: Fuel cell voltage versus current for different temperature

By changing temperature, the input fuel flow rate
of the fuel cell is changed (like case 1). Figures 11,
12 show how the fuel cell power and voltage can be
increased by high temperature. As can be seen from
figure 11, while the temperature is increasing, the
amount of fuel cell output power can be increased
about a thousand watt. For example, in 275 Amp,
high temperature increases fuel cell power about
1241 watt. Therefore, it can be seen that by
selecting the appropriate operating temperature, 8
cells is eliminated so system weight is reduced
about 3.6 Kg (table 3). Thus by increasing the
product power, a number of cells can be decreased
and consequently, fuel cell system weight at the
requested power is reduced.

Case3:
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Excess air is any additional air greater than the
theoretical air required to supply a fuel cell stack. It
is well known that high operating temperature
results in better cell performance, and hence an
inordinate excess air flow rate can dramatically
reduce the cell performance by lowering the
average cell temperature. Therefore, choosing the
amount of excess air, resulting in an optimum
balance between cell performance and cell
durability is critical.

In case 3, the impact of excess air on the
performance of the fuel cell system is evaluated. In
this case excess air (landa) changes of 1 to 4. The
corresponding output power versus current curves

at different excess air is shown in Fig. 13.
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Fig. 13: Fuel cell power versus current for different excess air

As can be seen from figure 13, while the landa is is eliminated so system weight is reduced about
increasing, the amount of fuel cell output power 1.73 Kg (table 3). Thus by increasing the product
can be increased about several hundred watts. For power, a number of cells can be decreased and
example, in 275 Amp, fuel cell power is increased consequently, fuel cell system weight at the
about 520 watts by high landa. Therefore, it can be requested power is reduced.

seen that by selecting the appropriate landa, 4 cells

g
Voltage (v)

Fig. 14: Fuel cell voltage versus current for different excess air
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Results indicated that by selecting optimal
conditions in each case, the fuel cell system weight

is decreased about 6.6 kg (1.5 percent). Therefore,

4. Conclusions

The high price of fuel cell technology and the
heavy weight of these systems make them not yet
competitive with other baseline auxiliary power
units, despite their effectiveness. Thus, in order to
become competitive, SOFCs should fulfill stringent
requirements, both in terms of power-to-weight
ratio and in terms of lifetime availability. In order
for these systems to become competitive, SOFCs
should be developed with a useful life of over
40000 kH and a specific power over 1kW/kg.

Therefore, in this study, the simulation of

the Regional Jet aircraft total weight is reduced

slightly.

standalone ER-SOFC for aircraft APU allows
reducing a global weight of the system about 1.5%.
For developing system lifetime, In the future study,
the dynamic responses of the model will be
investigated.

The simulation of this system for aircraft APU
indicated that by increasing the reformer operating
temperature and fuel cell excess air, also by low
STCR, the system product power increased.
Therefore, it can be seen that appropriate balance of

plant not only can be developed fuel cell system

operating conditions but also reduced system

weight.

NOMENCLATURE
a Number of participating electrons
Eocent The reference potential (V).

B Electron transfer coefficient (0.5)
F Faraday constant (96487 C/mol)
ip Exchange current (A)
i Current (A)
R Gas constant, 8.3143 J/(mol-K)

P,p Pressure (Pa)
|4 voltage (V) and volume (md)

iden Current density (A/m2 )
l, Distance from anode surface to the reaction site (m)
l. Distance from cathode surface to the reaction site (m)

D;; Effective binary diffusivity of i—j pair (m?/s)
T Temperature (K)
v Stoichiometric coefficient
d Chanel Diameter (m)
n Molar ratio (mole/sec)
r Reaction rate
q Heat/Energy
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Superscripts and subscripts

ch Conditions at the anode or cathode channel
* Effective value
cell Conditions for a single cell
PEN Conditions for a Positive Electrolyte Negative
Red Reduction reaction
Ox Oxidation reaction
chem Chemical
conv Convective
elec Electricity
Rad Radiation
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