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A novel, highly integrated tubular SOFC system intended for small-scale power is characterized through
a series of sensitivity analyses and parametric studies using a previously developed high-fidelity sim-
ulation tool. The high-fidelity tubular SOFC system modeling tool is utilized to simulate system-wide
performance and capture the thermofluidic coupling between system components. Stack performance
prediction is based on 66 anode-supported tubular cells individually evaluated with a 1-D electrochem-
ical cell model coupled to a 3-D computational fluid dynamics model of the cell surroundings. Radiation

Is((e)Jl/:\gords: is the dominate stack cooling mechanism accounting for 66-92% of total heat loss at the outer surface
System analysis of all cells at baseline conditions. An average temperature difference of nearly 125°C provides a large
Modeling driving force for radiation heat transfer from the stack to the cylindrical enclosure surrounding the tube

Tubular stack bundle. Consequently, cell power and voltage disparities within the stack are largely a function of the
Parametric study radiation view factor from an individual tube to the surrounding stack can wall. The cells which are con-
CFD nected in electrical series, vary in power from 7.6 to 10.8 W (with a standard deviation, o = 1.2 W) and cell
voltage varies from 0.52 to 0.73V (with o =81 mV) at the simulation baseline conditions. It is observed
that high cell voltage and power outputs directly correspond to tubular cells with the smallest radiation
view factor to the enclosure wall, and vice versa for tubes exhibiting low performance. Results also reveal
effective control variables and operating strategies along with an improved understanding of the effect
that design modifications have on system performance. By decreasing the air flowrate into the system by
10%, the stack can wall temperature increases by about 6% which increases the minimum cell voltage to
0.62V and reduces deviations in cell power and voltage by 31%. A low baseline fuel utilization is increased
by decreasing the fuel flowrate and by increasing the stack current demand. Simulation results reveal
fuel flow as a poor control variable because excessive tail-gas combustor temperatures limit fuel flow to
below 110% of the baseline flowrate. Additionally, system efficiency becomes inversely proportional to
fuel utilization over the practical fuel flow range. Stack current is found to be an effective control variable
in this type of system because system efficiency becomes directly proportional to fuel utilization. Fur-
ther, the integrated system acts to dampen temperature spikes when fuel utilization is altered by varying
current demand. Radiation remains the dominate heat transfer mechanism within the stack even if stack
surfaces are polished lowering emissivities to 0.2. Furthermore, the sensitivity studies point to an optimal
system insulation thickness that balances the overall system volume and total conductive heat loss.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are emerging as potential power
sources for small-scale applications (<10kW) including portable
power, auxiliary power units (APUs), and unmanned vehicle
power. In the APU market, SOFCs can achieve higher efficien-
cies than achieved by diesel generators with lower noise and
emissions. Additionally, the high operating temperatures of SOFCs
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(600-1000°C) allow on-board diesel fuel to be reformed and uti-
lized. In portable power and unmanned vehicle applications, run-
time requirements can extend from days to weeks. With increasing
operating duration, the power density of SOFCs surpasses that of
conventional battery technologies. While SOFCs have the poten-
tial for high power densities and efficiency, this potential is first
realized with effectively packaged and thermally integrated system
designs. Secondly, effective operating strategies must be identified
and implemented to maximize overall SOFC performance.
Traditionally, SOFC systems are constructed by interconnecting
physically separate components via fluid conduits. This approach
inevitably leads to substantial void space between components
which limits the maximum volumetric power density of the sys-
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tem. By combining process operations (such as air preheat and
fuel preparation) into a single integrated unit, the potential power
density is increased.

In addition to reducing the physical size of the system, the per-
formance of the SOFC needs to be optimized in order to maximize
power density. Ensuring optimal SOFC performance requires the
identification of effective supervisory control variables and oper-
ating strategies. Previous parametric studies have characterized
tubular cells based on the Siemens Westinghouse design [1-5].
The highly integrated stack design studied herein is dissimilar to
the Siemens stack in that (i) it does not require an air-preheat tube
within each cell as the oxidant flows external to (and fuel flows
internal to) the tubular cells and (ii) the size of the tubes are much
smaller (by a factor of 10 in length). Siemens tubular stacks consist
of hundred of cells, and modeling of stack power is accomplished
by aggregating the performance of a single cell without significant
error [3]. The much smaller, highly integrated stack in this study
consists of 66-tubular cells in which cell performance variations
can lead to significant inaccuracy with the single cell approxi-
mation. High-fidelity, multi-scale simulation of SOFCs using such
tools as computational fluid dynamics has largely focused on the
stack alone [1-7]. Few, if any, studies in the extant literature have
proceeded in scales that are inclusive of other system components.
While Kattke and Braun [8] have examined the impact of com-
ponent thermal interactions on system performance for planar
SOFC systems, previous tubular modeling and simulation studies
apply adiabatic boundaries to system components including the
tail-gas combustor (TGC) and fuel reformer [1,2,5]. The integrated
tubular system studied here is designed to exploit the thermal
interactions between system components and the effects of which
are explored through a previously developed high-fidelity system
model [9]. The model evaluates each tubular cell within the stack
separately and captures the thermofluidic interactions between
system components.

The objectives of this steady-state analysis are to (i) identify
effective supervisory control variables, (ii) reveal effective oper-
ating strategies, and (iii) understand the effect of certain system
design parameters (such as the amount of insulation and surface
spectral properties) on performance. While this work focuses on
thermofluidic simulation of a tubular SOFC stack bundle, simula-
tion results generated with this modeling tool could be employed
as input to a separate finite element model for material stress anal-
ysis. However, the present study is not inclusive of failure-mode
evaluation or prediction.

This paper begins with an overview of the previously devel-
oped high-fidelity modeling tool followed by a summary of the
‘baseline’ steady-state simulation results. Next, controllable sys-
tem variables, including oxidant and fuel flowrates and current
demand, are altered. Additionally, both surface emissivities and
insulation thickness are varied to quantify the effects on system
performance. The paper concludes with recommendations for the
effective operation of highly integrated tubular SOFC systems.

2. SOFC system geometry

The small-scale, integrated tubular SOFC system design is shown
in Fig. 1. The scope of the system study is not inclusive of pumps,
blowers, and power conditioning. The focus of the work is on the
integrated components within the hot zone of the packaged sys-
tem. The hot zone of the system consists of a 66-tube SOFC bundle, a
catalytic partial oxidation (CPOXx) fuel reformer, a tail-gas comustor
(TGC), a recuperator to preheat oxidant, and insulation surround-
ing the system. In this design, components share common walls
and distinct flow piping is not required between all components.
Overall system dimensions are shown in Table 1.
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Fig. 1. Highly integrated tubular SOFC system design with statepoints. Model
domains specified with dashed lines.

Table 1
System dimensions (cm).

Height oD Insulation thickness
CFD domain 12.8 22.6 3.0
CPOx 6.3 22.6 2.4
TGC 5.8 21.6 3.2
System 249 223 29
SOFC cells 12.5 (active) 1.1 -

The system can be generalized as a centrally located tube bun-
dle surrounded by larger cylindrical cans creating annular process
flow channels. In the 66-tube bundle, anode gas flow is internal
(tube-side) to and cathode gas flow is external (shell-side) to the
tubular cells. The tube bundle is physically supported by an inlet
tube-sheet at the anode gas entrance. Concentric circle cutouts sur-
round each cell in the outlet tube-sheet providing an outlet for
cathode gases (statepoint 4). Oxidant for the cathode enters the
hot section of the packaged system through four flow tubes at the
top of the system (statepoint 1), and subsequently enters an annu-
lar gas channel within the recuperator (2) where it is preheated
before being radially admitted into the cathode gas region (4). A
fuel/air mixture enters the system at statepoint (5) and is pre-
heated in a centrally located flow tube prior to entering the CPOx
reformer (6). Reformate leaves the CPOx unit (7) and is distributed
within the fuel plenum (8) where it is assumed that the hydrogen-
rich gases uniformly enter the anode gas channels (9) of the tubes.
Anode and cathode exhaust gases exit the stack at statepoints (4)
and (10), respectively, and mix directly above the outlet tube-sheet
prior to entering the TGC. The TGC exhaust gas (11) enters the sec-
ond annular gas channel of the recuperator at statepoint (12) and
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Fig. 2. 66-Tube stack arrangement. The CFD grid surrounds the domain of the tube
model. Each cell is modeled independently with the tube model. Central tube is for
fuel/air preheating.

finally leaves the system through flow conduits at the bottom of
the system (14).

3. System modeling approach

The systemis modeled with a previously developed high-fidelity
tubular SOFC system model [9]. The overall system model is created
by integrating four separate component level models. Fig. 1 illus-
trates the domains of each component model. Component models
are coupled via a user-defined function (UDF) that exchanges ther-
modynamic states and heat transfer rates at model boundaries. A
brief description of each model is described in the following sec-
tions.

3.1. 3-D CFD model

The computational fluid dynamics (CFD) software platform
employed is ANSYS® FLUENT®. The domain of the CFD model
includes the entire cathode and stack endplates along with the
majority of the annular recuperator channels, fuel/air preheat
flow, and system insulation. The outer diameter (cathode sur-
face) of every tubular cell represents the boundary between the
CFD and an electrochemical cell model. FLUENT solves the mass,
energy, momentum, and species conservation equations within
the computational domain of the CFD model. Radiation is modeled
throughout the CFD domain utilizing a discrete ordinate radiation
model assuming transparent gases. Owing to the stack symmetry
(see Fig. 2), one-quarter of the system is modeled with symmetry
boundary conditions applied at the x- and y-axes.

3.2. 1-D tubular cell model

Apreviously developed 1-D anode-supported tubular cell model
is employed to model the electrochemically active cell regions
[10]. The domain of the tube model includes the solid cell and
the anode gas channel interior to the cell. Gas diffusion within the
porous anode is modeled using the Dusty-gas model. Electrochem-
ical performance is based on the Nernst equation with cathode and
anode activation losses, concentration losses, and ohmic losses.
Axial conduction is assumed to occur within the relatively thick

Table 2
Baseline simulation parameters.

Fuel/ air inlet

Fuel type CigHsg

T(°C) 40

P (kPa) 92.65
Air inlet

T(°C) 20

P (kPa) 84.37
Stack

javg (Acm2) 0.35
System

CPOx: O/C 1.1

Xair 2.55
Ambient

T(°C) 20

P (kPa) 83

anode structure only. All 66 cells within the bundle are modeled
separately. While each cell is physically equivalent, the coupling of
the CFD cathode results in a unique set of boundary conditions at
the outer surface of each cell.

3.3. CPOx and TGC models

Reforming of the liquid hydrocarbon fuel feed to the system
occurs within the small CPOx unit integrated within the system.
Depleted anode fuel gases are oxidized in the tail-gas combustor
located at the end of the tube bundle opposite to the CPOx unit.
The TGC and CPOx devices including thier surrounding geometry
(see Fig. 1) are modeled individually. Both models share common
characteristics in that they employ quasi 1-D thermal resistance
models. Lumped surface temperatures are assumed. Conduction
and convection heat transfer is captured at each surface. Radiation
is not explicitly modeled, but a high convective heat transfer coef-
ficient, h=100W m~2K~1, is utilized at all surfaces in an attempt to
indirectly simulate the presence of radiation. While there is uncer-
tainty surrounding this heat transfer coefficient, it is effectively a
tuning parameter which can be varied to match model predictions
to experimental data. Flow cavities are assumed perfectly mixed
and include the fuel plenum, air channel, and exhaust channel in
the CPOx model and the mixing and TGC exhaust regions in the TGC
model. Consequently, anode flow is uniform in flowrate, tempera-
ture, pressure, and composition entering each cell of the stack.

The defining characteristics of the two models are (1) an equilib-
rium reformate leaves the CPOx [11,12] and (2) complete oxidation
occurs in the TGC [13,14]. Additionally, flows of air and an air/fuel
mixture are preheated in the TGC in which Nusselt number rela-
tionships and boiling curves are used to calculate convective heat
transfer coefficients.

4. Baseline simulation

A previously performed [9] baseline simulation of the highly
integrated system provides a means for comparison of the sub-
sequent sensitivity and parametric studies. Baseline simulation
parameters and performance characteristics are described in the
following.

4.1. Baseline simulation parameters

The 66-cell tubular SOFC system was simulated operating on lig-
uid hexadecane (C;gHs34) fuel and standard dry air. Simulation input
parameters are given in Table 2. Hexadecane is a representative
constituent for diesel-fueled APU applications. Cells are connected
in electrical series and as a result, each cell operates at a common
current. Because each cell is evaluated separately with the 1-D
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Table 3
Baseline system operating conditions.

Operating conditions

Stack power (W) 637
Stack voltage (V) 433
Stack current (A) 14.7
Ur 0.56
Uox 0.14
1)SOFC, HHV 25.1%
Nsystem, HHV 21.1%

tube model, individual cell voltages will vary from one another.
The amount of stoichiometric air, A,;;, supplied to the system is
defined as the molar flowrate of oxygen entering the system over
the molar flowrate of oxygen required to completely oxide the fuel
entering the system (see Eq. (1)). The O/C ratio in Table 2 repre-
sents the oxygen to carbon ratio of the gas mixture entering the
CPOX reformer.

flo
Agir = (2) (1)
24.5- NCy6H34 system inlet

4.2. Baseline simulation results

Baseline system performance metrics are displayed in Table 3
utilizing the following definitions for fuel utilization, oxidant uti-
lization, system efficiency, and SOFC stack efficiency. Uox refers to
electrochemical oxidant utilization whereas X;; is a system input
parameter specifying the air supply rate.

Ur = (nHZ )stack consumed (2)
(4n1cH, + NH, +100)3n0de inlet
Uk = (110, )stack consumed (3)
(1o, )cathode inlet
PDC stack
Nsystem = 7= . (4)
(nfuel . HHVfuel)system inlet
PDC stack
1soFc = ) (5)

(hfuel : HHVfuel )anode inlet

where 7; is the molar flowrate of species i in Egs. (1)-(3), Ppc stack
is the DC electrical power output of the stack, and HHVy,g is the
higher heating value of the hexadecane fuel. Blowers, pumps, and
DC power conditioning are not included in the system simulation;
therefore, DC stack power is utilized in both the SOFC and system
efficiency definitions.

The baseline simulation predicts 637 W of gross output power
from the stack with a system efficiency of 21.1%. The relatively low
system efficiency is substantially affected by the low fuel utilization
(Ug=0.56).

Table 4 displays key temperatures throughout the system. The
stack can is the cylindrical sheet metal tube that separates the
cathode gases in the tube bundle from the air channel in the
recuperator. An average temperature difference of nearly 125°C
develops between the relatively hot cells and the relatively cold
stack can wall. The system temperatures reported in Table 4 are
monitored in the subsequent analysis. The cathode inlet, anode
inlet, recuperator hot side inlet, recuperator hot side outlet, and
system exhaust refer to statepoints 3, 9, 12, 13, and 14 in Fig. 1,
respectively.

Table 4
Baseline system temperatures (°C).

The baseline simulation reveals radiation to be the dominate
heat transfer mechanism from the cathode surface of all cells. Radi-
ation accounts for 66-92% of total heat loss at the cell cathodes. An
average 124 °C temperature difference provides a relatively large
driving force for radiation heat transfer between tube surfaces and
the stack can wall. Consequently, a strong relationship develops
between cell power and the view factor from the cell to the stack
can wall. This relationship is shown in Table 5 where cells with
similar power outputs are placed in groups denoted by the dashed
lines.

Cells near the outer periphery have the largest view factors to
the stack can wall leading to the lowest cell temperatures and
power outputs. Interior tubes achieve the highest temperatures
and power outputs because outer periphery tubes act as radia-
tion shields to the stack can. Cell power varies from 7.6 to 10.8 W
(with a standard deviation, o =1.2 W) at outer and inner periphery
tubes, respectively. As radiation to the stack can wall heavily influ-
ences cell performance, the stack performance is highly coupled to
temperatures within the recuperator.

Because the stack is wired in electrical series, cell voltage varies
throughout the bundle with a standard deviation of 81 mV (which
is significant). In cells closest to the stack can wall, voltages are less
than 0.6V which poses a concern as the oxygen ions may begin
to oxidize the nickel in the anode electrode layer. The open circuit
potential for nickel oxidation at 850 °C, for instance, is estimated at
0.66V [15,16]. As operating cell voltage is lowered beneath 0.7V,
competitive charge transfer may occur between electrochemical
nickel and hydrogen oxidation. The resulting volume change within
the anode microstructure upon formation of nickel oxide (NiO)
increases material stresses and with enough NiO formation, even-
tually leads to cell rupture and/or cracking and a mechanical failure
of the stack. This phenomenon is well-known among SOFC devel-
opers [17,18], yet there is currently a lack of data in the extant
literature regarding establishment of an exact cell voltage range
for NiO formation (e.g., see [19]). While the electrochemical rate
of nickel oxidation is relatively low compared to that of hydro-
gen, it is likely that some anode electrode degradation will occur
over extended operating periods despite low fuel utilization [19].
In addition to anode oxidation and destruction concerns, one must
be aware of the lower voltage limit into the DC converter. Ulti-
mately, the electrical side of the system and any associated impact
on the inverter is outside the scope of this study as the primary
focus is related to the thermofluidic interactions within the system
boundary under analysis. The voltage and power density relation-
ship to current density for the cells is shown in Fig. 3. Results are
extracted from single cell simulations utilizing the baseline anode
conditions, average baseline cathode composition, and fixing the
cell temperature.

5. Sensitivity analysis and parametric study

The novel, highly integrated system is characterized through
a series of sensitivity analyses and parametric studies. First, sys-
tem operating parameters are varied including oxidant and fuel
flowrates and current demand. These operating parameters are
physically manipulated by varying the pump, blower speeds, and
the power electronics. Therefore, the response of the system to
these parameters provides insight into how one might better con-
trol the system. Next, cathode emissivity, stack can emissivity, and
insulation thickness design parameters are varied to gauge their

Stack (Avg) Stack can (Avg) Cathode inlet Anode inlet

Recup. hot side-inlet Recup. hot side-outlet System exhaust

745 621 668 816

868 657 683




KJ. Kattke, R.J. Braun / Journal of Power Sources 196 (2011) 6347-6355 6351
Table 5
Baseline stack performance (grouped by similar power outputs).
Grouping Cell # Power (W) View factor to stack can? Normalized position® Tavg (°C) Voltage (V)
13 7.61 0.463 0.90 694.4 0.52
1 7.66 0.463 0.90 695.4 0.52
1 7.68 0.463 0.90 695.6 0.52
2 19 8.25 0.400 0.83 707.0 0.56
4 8.37 0.400 0.83 709.4 0.57
16 9.44 0.208 0.74 734.6 0.64
3 7 9.55 0.208 0.74 737.5 0.65
3 9.59 0.208 0.74 738.4 0.65
4 12 10.03 0.143 0.72 751.4 0.68
2 10.10 0.143 0.72 753.6 0.69
5 18 10.34 0.096 0.62 761.6 0.70
6 10.42 0.096 0.62 764.3 0.71
15 10.68 0.021 0.55 774.9 0.73
11 10.71 0.021 0.55 776.3 0.73
5 10.75 0.020 0.55 778.0 0.73
6 17 10.77 0.012 0.41 778.5 0.73
10 10.80 0.011 0.41 780.0 0.73
14 10.79 0.006 0.36 779.4 0.73
9 10.81 0.006 0.36 780.2 0.73

@ Calculated in ANSYS FLUENT.
b The radial distance from the center of the stack to the center of the cell is normalized by the radius of the stack can wall.
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Fig. 3. Cell voltage and power density curves at various cell temperatures.

influence on system performance. In all studies, a single operat-
ing or design parameter is modified with all other parameters held

fixed during any given simulation.

5.1. Air flowrate

Performance characteristics of the system are explored with
respect to air flowrate. Results of varying the air flowrate into the
system by +10% from the baseline (2.41 x 10-3kgs~1) are shown

in Table 6.

Table 6
Parameter sensitivity to air flowrate.

Variable % Change from baseline

Air flowrate -10 +10

Parameters
Tstack (avg) 3.7 31
Tstack can wall (avg) 5.9 —49
Tcathode inlet 6.0 -5.1
Tanode inlet 3.8 -31
Trecup. hot side-inlet 4.5 -3.6
Trecup. hot side-outlet 5.5 -4.4
Texhaust 5.2 —4.2
Stack power 8.7 -9.7
Nsys 8.7 -9.8

Adecreased air flowrate results in higher temperatures through-
out the system. The stack can wall temperature increases by 5.9%
because of higher exhaust temperatures and an increased thermal
capacitance ratio of exhaust to air in the recuperator. As the stack
can wall temperature increases, the large temperature difference
between the stack and its surroundings is reduced. The average cell
temperature increases 3.7% resulting in an 8.7% increase in stack
power and system efficiency. The effect of air flowrate on individual
cell powers is shown in Table 7. Outer periphery tubes (groupings 1
and 2) with the largest view factor to the stack can wall experience
the greatest increase in cell power where as inner periphery tubes
(groups 6 and 7) have the smallest increase in cell power. Therefore,
areduction in air flow promotes a more uniform distribution of cell
power among the tubes. The standard deviation of cell voltages is
reduced to 56 mV (31% decrease from the baseline), and the lowest
cell voltage is increased to 0.62 V. Thus, the concern of Ni oxidation

Table 7
Cell power sensitivity to air flowrate.

Variable % Change from baseline
Air flowrate -10 +10
Grouping Cell #
13 19.0 -18.9
1 8 18.8 -18.8
1 18.8 -19.0
5 19 15.7 -16.2
4 15.2 -16.1
16 9.9 -10.9
3 7 9.4 -10.7
3 9.2 -10.3
4 12 7.1 -8.1
2 6.8 -8.0
5 18 6.1 -7.3
6 5.8 -7.2
15 4.7 -5.9
11 4.6 -5.9
5 4.5 -5.8
6 17 4.5 -5.8
10 44 -5.7
14 44 -5.8
9 44 -5.8
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Table 8
System sensitivity to fuel flowrate.

Table 9
Parameter sensitivity to cell current.

Variable % Change from baseline Variable % Change from baseline

Fuel flowrate -10 +10 Cell current -10 +10

Parameters Parameters
Tstack (avg) -39 4.6 Tstack (avg) —-0.2 0.3
Tstack can wall (avg) —6.8 7.6 Tstack can wall (avg) 1.5 -13
Tcathode inlet -6.9 7.4 Tcathode inlet 14 -13
Tanode inlet -54 53 Tanode inlet 0.5 -0.5
Trecup. hot side-inlet -94 9.8 Trecup. hot side-inlet 3.9 -3.8
Trecup, hot side-outlet =75 8.0 Teecup. hot side-outlet 2.0 -1.9
Texhaust -6.9 7.2 Texhaust 1.6 -15
Stack power -13.7 111 Stack power -6.0 5.6
Nsys —-4.1 1.0 Nsys —6.0 5.6
Ur 11.0 -9.0

from low cell voltage operation is also reduced. Inverse relations
apply when air flow is increased.

5.2. Fuel flowrate

Alow baseline system efficiency (nsys =21%) is primarily a result
of a relatively low fuel utilization (Up=56%). Fuel utilization is
manipulated by varying the fuel flowrate into the system by +10%
from the baseline (4.02 x 10~4kgs~1). The effects on system per-
formance are presented in Table 8. In this analysis, a constant O/C
ratio of 1.1 is maintained. With stack current held constant, fuel
utilization is inversely proportional to the fuel flowrate.

While a 10% reduction in fuel flowrate increases fuel utilization
to 62.6%, it is accompanied by a 13.7% decrease in stack power that
results in a 4.1% lowering of system efficiency. The reduction in
stack power is a consequence of lower cell temperatures due to an
increased AT to the stack can wall. The stack can wall tempera-
ture drops significantly (by nearly 7%) because both the thermal
capacitance and temperature of the hot exhaust gases entering the
recuperator decrease as the fuel flowrate are reduced.

Opposite trends are seen when the fuel flowrate is increased.
Surprisingly, an increased fuel flowrate results in an increased sys-
tem efficiency even though fuel utilization is lowered to 51.3%.
The increase in energy input into the system is outweighed by the
power increase from the stack. This inverse relationship between
system efficiency and fuel utilization when the latter is controlled
by fuel flowrate is explored further in the following parametric
study.

The effect of fuel flowrate on performance is examined in the
range of 90-140% of the baseline input condition. The resulting
stack power and system efficiency curves over this range are shown
in Fig. 4. The maximum efficiency, 21.5%, occurs at approximately
108% of the baseline fuel flowrate. Efficiency remains near the max-
imum as fuel flow is varied +10% from the 108% optimal. Moving
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Fig. 4. Parametric study varying fuel flowrate.

further from the optimal flowrate, efficiency begins to dramatically
decrease dropping below 19% (a 12% decrease from maximum) at
140% fuel flow.

Stack power continuously increases over the range of fuel flow
studied, but the rate of increasing power declines as fuel flow
increases. The temperatures in/around the CPOx and TGC must be
monitored with any changes to fuel flowrate. The temperature of
reformate leaving the CPOx reformer ranges from 1218 to 1270°C
at fuel flows of 100-140% of the baseline, respectively. Both cath-
ode and anode exhaust temperatures increase with increased fuel
flow causing TGC exhaust temperatures to increase significantly.
TGC exhaust increases from about 1000 to 1420°C at fuel flows
of 100-140% of the baseline, respectively. Prolonged operation at
these high gas temperatures could cause catalyst sintering. Thus,
fuel flow should not be increased past 110% of the baseline which
corresponds to a 1101 °C TGC exhaust temperature. System effi-
ciency remains inversely proportional to fuel utilization over the
majority of the practical fuel flow range (up to 108% of the baseline).

5.3. Cell current

Another method to increase fuel utilization is to increase the
current demand from the stack. As cells are wired in electrical
series, the stack current and fuel utilization are directly propor-
tional. The following analysis reveals whether altering fuel flowrate
or cell current is the most effective strategy to control fuel utiliza-
tion. Table 9 shows the sensitivity of the system to a +10% change
in operating current from the baseline (14.7 A or 0.35 Acm~2).

Stack power and system efficiency are both directly proportional
and the most sensitive parameters to operating current. Conse-
quently, system efficiency is directly proportional to fuel utilization
when the latter is controlled with cell current. Fuel utilization
ranges from 50.7 to 62.0% at —10% and +10% cell current, respec-
tively.

System temperatures are relatively insensitive to changes in cell
current with the stack temperature showing relatively no depen-
dence. This is a result of a temperature regulating effect created by
the integrated system design. At lower currents, the magnitude of
cell irreversibilites is lowered which tends to decrease cell temper-
atures, but more unspent fuel entering the TGC causes the stack
can wall temperature to increase which tends to increase cell tem-
peratures. At higher current demands, cell irreversibilities increase
which tend to increase cell temperatures, but less thermal energy
entering the recuperator lowers the stack can wall temperature
which tends to lower cell temperatures. A self-regulating system
allows for simplified operating strategies as current can be varied
without the need to simultaneously vary other system parameters
in order to maintain system temperatures and thereby, power.

To identify the stack current that maximizes stack power, cur-
rent is increased to 150% of the baseline with results presented
in Fig. 5. In this simulation, reactant gas flowrates were held at
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Fig. 5. Parametric study performed on cell current.

their baseline values. As Fig. 5 shows, the stack power curve has
the same relationship to current density as seen at the cell level.
Stack power increases with current density until a peak is reached
after which stack power decreases as concentration overpotentials
begin to substantially limit cell voltage.

Fig. 5 shows a maximum stack power of 756 W occurring at a
current density of 0.49 Acm~2. Stack power reaches a maximum
at the same current density as a single cell operating at the stack
average temperature, 767 °C. The stack temperature increases with
current density due to increasing cell irreversibilities, but the stack
temperature remains relatively insensitive to current density as
the temperature only increases by about 6% over the current range
explored. Fuel utilization is linearly dependent to stack current
ranging from 51 to 85% at the lower and upper limits of current
density, respectively. The system efficiency is directly proportional
to fuel utilization for all current densities below peak power.

5.4. Fuel utilization control

It is often desirable to operate SOFCs at higher fuel utilizations
(>70%) in order to reduce hot spots in the TGC, lower fuel storage
requirements, and increase system efficiency. While fuel utiliza-
tion is not directly controllable, varying the fuel flowrate and/or cell
current allows the fuel utilization to be altered. Simulation results
highlight current demand as the most effective method to indi-
rectly control fuel utilization. When varying the stack current, the
integrated system design acts to dampen any temperature spikes.
Secondly, fuel utilization is directly proportional to system effi-
ciency until peak stack power. Finally, stack power is related to
current density in the same manner as cell power. Since power den-
sity curves for cells are well known, calculating a current demand
set point near the peak power density is relatively straightforward
if the stack temperature is known.

Varying fuel flowrate is not an effective method of fuel utiliza-
tion control. TGC temperatures spikes limit the fuel flowrate to no
more than 110% of the baseline. Varying the fuel flowrate within
this range, the system efficiency and fuel utilization are inversely
proportional. Lastly, any increase in fuel flow will require larger
fuel storage tanks lowering the power density of the system.

5.5. Surface emissivity

Heat transfer at the cathode surface of all cells is dominated by
radiation (66-92% of surface heat transfer). Therefore, the depen-
dence of stack performance on surface emissivities within the
stack is explored. The emissivity of YSZ-LSM cathodes is dependent
on proprietary manufacturing techniques and measured reference
values are lacking in the literature. Thus, the effect of the baseline
Ecathode = 0.8, which is consistent with prior models in the extant

Table 10
Parameter sensitivity to cathode and stack can emissivity.

Stack cathode Stack can wall

Variable % Change from baseline
Emissivity -10 +10 -10 +10
Parameters
Tstack (ave) 0.1 0.0 0.1 -0.1
Tstack can wall (avg) -0.1 0.1 -0.3 0.2
Tcathode inlet -0.1 0.1 -0.3 0.2
Tanode inlet -0.2 0.0 -0.1 0.0
Trecup. hot side-inlet 0.0 0.0 0.2 -0.2
Trecup. hot side-Outlet -0.1 0.0 -0.2 0.1
Texhaust -0.1 0.0 -0.1 0.1
Stack power 0.2 -0.2 0.3 -0.3
Nsys 0.3 -0.1 0.3 -0.1
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Fig. 6. Parametric study varying emissivity at cathode external surface of the cell.

literature [20,4], is explored. An existing SOFC model [21] utilized
a cell emissivity of 0.33 which illustrates the wide range and uncer-
tainty in cell emissivity values. The emissivity at the stack can wall
is also explored because its value can be altered with various sur-
face finishes. The baseline wall emissivity of 0.9 is representative of
an oxidized INCONEL® 600 alloy [22], and using polished stainless
steel could reduce the emissivity near 0.30 [23].

A sensitivity analysis, presented in Table 10, reveals little sys-
tem dependence on cathode and stack can emissivity values near
the baselines of 0.8 and 0.9, respectively. With the non-linearities
in radiation heat transfer, both surface emissivities are further
explored as the linear relationship shown in Table 10 is not likely
to hold true for a larger range of emissivities.

Stack power along with the cathode inlet temperature are
shown in Fig. 6 as a function of cathode and stack can emissivities. A
non-linear relationship to both surface emissivities is observed for
both the stack power and cathode inlet temperature. Overall, sen-
sitivity to cathode emissivity remains relatively low. Stack power
and the cathode inlet temperature change by 3.7% and 1.8%, respec-
tively, corresponding to a decrease from 0.88 to 0.2 in the cathode
emissivity. Simulation results suggest a more precise cathode emis-
sivity is not required.

Similarly, the sensitivity to the stack can emissivity is low. Stack
power and the cathode inlet temperature change by 5.9% and 4.0%,
respectively, corresponding to a decrease from 0.99 to 0.2 in the
stack can emissivity. An economic analysis could determine if the
benefit of increased stack power outweighs the additional cost of
improving the surface finish and thereby, lowering the stack can
emissivity.

5.6. Insulation thickness

Insulation is wrapped around the system to hinder the trans-
port of thermal energy out of the system. While adding insulation
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Table 11
Parameter sensitivity to insulation thickness.

Variable % Change from baseline
Insulation thickness -10 +10
Parameters
Tstack (avg) -0.2 0.1
Tstack can wall (avg) -0.3 0.2
Tcathode inlet -0.3 0.2
Tanode inlet -0.2 0.2
Trecup. hot side-inlet 0.0 -0.1
Trecup. hot side-outlet -03 0.2
Texhaus[ -0.3 0.3
Stack power -0.4 0.4
Nsys -04 0.4
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Fig. 7. Parametric study varying insulation thickness around system.

lowers heat loss to the surroundings, it comes at the expense of a
larger system and increased material costs. The baseline insulation
thickness (2.9 cm) allowed 94 W to be conducted to the system sur-
roundings. Baseline insulation is sufficiently thick as 94 W is only
3.1% of energy entering the system. The parametric analysis shown
in Table 11 reveals all system statepoints and performance met-
rics are insensitive to insulation thickness near the baseline. This
result indicates the baseline insulation is over-sized and warrants
subsequent simulations with decreasing insulation thickness.

Fig. 7 depicts the relationship between stack power and insula-
tion heat loss as a function of insulation thickness. Stack power and
heat loss remain relatively unchanged as insulation is decreased to
60% of the baseline. A transition region occurs where stack power
and heat loss become sensitive to insulation thicknesses ranging
from 25 to 60% of the baseline. Insulation no longer represents a
significant thermal resistance at thicknesses below 25% of the base-
line because stack power decreases significantly. Operating at the
junction of the transition and insensitive regions would result in the
thinnest insulation without a significant decrease in stack power.

6. Conclusion

Anovel, highly integrated tubular SOFC system has been charac-
terized with a series of sensitivity analyses and parametric studies.
Controllable system variables were first varied including the air
flowrate, fuel flowrate, and stack current demand. The effects of
system design modification were also investigated by varying sur-
face emissivities around the stack and the insulation thickness
surrounding the system. All results are based on a previously devel-
oped high-fidelity tubular SOFC system model. The model captures
the high level of thermofluidic coupling within the integrated sys-
tem. While the model would benefit from experimental validation,
the following general operating characteristics and conclusions can
be made:

1. Radiation is the dominate heat transfer mode within the stack
and cell power variations are coupled to radiation view factors
to the walls surrounding the stack. Disparities in tube power can
be reduced by raising the temperature of the walls surrounding
the bundle.

2. Small-scale tubular stacks do not rely on convective heat transfer
alone for stack cooling. This characterstic tends to reduce the air
flow requirements of the system. Reducing air flow also effec-
tively increases the wall temperatures surrounding the stack
which produces more uniform cell powers and voltages.

3. Fuel flowrate is an ineffective control variable because of its lim-
ited range due to temperature spikes in the TGC. Additionally,
the system efficiency is inversely proportional to fuel utilization
over the applicable fuel flow range.

4, Stack current is an effective control variable because system
efficiency is directly proportional to fuel utilization for current
below the maximum power density. Secondly, the integrated
system acts to dampen temperature spikes when the cell current
is varied.

5. Radiation remains the dominate heat transfer mechanism from
the stack even when emissivity values around the stack are sub-
stantially lowered. Radiation will always be an effective stack
cooling method for small-scale tubular stacks.

This paper has focused on a novel, highly integrated tubular
SOFC system design, but the high-fidelity modeling tool employed
is also applicable to larger SOFC systems of varying architectures.
Simulation results can aid SOFC developers in developing effective
system designs and identifying attractive operating strategies. Fur-
thermore, it should be noted that the modeling approaches taken
herein are also applicable to technologies analogous to fuel cells,
such as tubular water-gas shift membrane reactors.
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