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Combustion based power generation has been accomplished for many years through a number of heat engine systems. Recently, a move
towards small scale power generation and micro combustion as well as development in fuel cell research has created new means of power
generation that combine solid oxide fuel cells with open flames and combustion exhaust. Instead of relying upon the heat of combustion, these
solid oxide fuel cell systems rely on reforming of the fuel via combustion to generate syngas for electrochemical power generation. Procedures
were developed to assess the combustion by-products under a wide range of conditions. While theoretical and computational procedures have
been developed for assessing fuel-rich combustion exhaust in these applications, experimental techniques have also emerged. The experimental
procedures often rely upon a gas chromatograph or mass spectrometer analysis of the flame and exhaust to assess the combustion process
as a fuel reformer and means of heat generation. The experimental techniques developed in these areas have been applied anew for the
development of the micro-tubular flame-assisted fuel cell. The protocol discussed in this work builds on past techniques to specify a procedure
for characterizing fuel-rich combustion exhaust and developing a model fuel-rich combustion exhaust for use in flame-assisted fuel cell testing.
The development of the procedure and its applications and limitations are discussed.

Video Link

The video component of this article can be found at http://www.jove.com/video/54638/

Introduction

Solid oxide fuel cell (SOFC) innovations have been reported in recent years as the technology continues to develop. Among the many
advantages, SOFCs have become known for high fuel efficiency, low emissions and moderate fuel flexibility compared to other combustion
based power generation techniques1. Furthermore, SOFCs are scalable allowing for high fuel efficiency even at small scales. Unfortunately,
limitations in current hydrogen infrastructure have created a need for fuel reforming systems that are often inefficient. A recent development is
the micro-tubular flame-assisted fuel cell (mT-FFC) reported in the author's previous work®. The mT-FFC is the first example of a flame-assisted
fuel cell (FFC) that builds on the benefits of the original direct flame fuel cell (DFFC), which provides heat generation and fuel reforming via
combustion®. The DFFC setup places a SOFC in direct contact with a flame open to the ambient environment. The flame partially oxidizes
heavier hydrocarbon fuels to create H, and CO, which can be used directly in the SOFC with less potential for carbon coking compared to

pure methane or other heavier hydrocarbons. In addition, the flame provides the thermal energy needed to bring the SOFC to its operating
temperature. A recent change to the original DFFC occurred by moving the SOFC out of the flame region and channeling the combustion
exhaust to the SOFC to create the FFC”. Unlike the DFFC, the combustion occurs in a partially enclosed chamber (instead of the ambient) so
that the fuel to air ratio can be controlled and the exhaust can be directly fed to the fuel cell without complete combustion occurring. FFCs have
additional advantages including high fuel utilization and high electrical efficiency compared to DFFCs?.

As an emerging area of research, experimental techniques are needed that can assess the potential of mT-FFCs for future power generation
applications. These techniques require analysis of partial oxidation, or fuel-rich combustion, and the exhaust which has been identified as a
way of generating H, and CO, also known as syngas, along with CO, and H,0. The syngas can be used directly in the fuel cells for power
generation. The analysis of fuel-rich combustion exhaust has been well established in recent years and has been carried out theoretically4,
computationallys’6 and experimentally7 for many different purposes. Many of the theoretical and computational studies have relied on chemical
equilibrium analysis (CEA) to assess the combustion product species that are energetically favorable, and chemical kinetic models for reaction
mechanisms. While these methods have been very useful, many emerging technologies have relied upon experimental techniques during
research and development. Experimental techniques typically rely on analysis of the combustion exhaust using either a gas chromatograph
(GC)7 or a mass spectrometer (MS)S. Either the GC line/syringe or the MS probe is inserted into the combustion exhaust and measurements
are taken to assess the species concentration. Application of the experimental techniques has been common in the area of small scale Power
generation. Some examples include micro combustors that have been developed to operate with single chamber SOFCs"* and DFFCs'*"®.
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The analysis of the combustion exhaust occurs under a wide range of operating conditions including different temperatures, flow rates and
equivalence ratios.

In the area of DFFC research, fuel and oxidant can be partially premixed or non-premixed, with the burner open to the ambient which ensures
complete combustion. With a need to analyze the flame composition, a MS has been used in many instances for DFFC research and combustion
analysis16. The more recent development of the FFC differs by relying on premixed combustion with the burner in a partially enclosed
environment to prevent complete oxidation of the fuel. As a result, analysis of the combustion exhaust in a controlled environment free from

air leakage is needed. Experimental techniques developed for this purpose rely on the earlier techniques used for micro combustor research

with GC analysis of the combustion exhaust at varying equivalence ratios. The GC analysis leads to characterization of the combustion exhaust
composition (i.e., the volume percent of each exhaust constituent including CO,, H,O, N, etc.) This analysis allows for mixing of separate gases
according to the ratios measured by the GC to create a model fuel-rich combustion exhaust for future FFC research.

The protocols for analyzing fuel-rich combustion exhaust, developing a model fuel-rich combustion exhaust and applying the exhaust for SOFC
testing are established in this paper. Common challenges and limitations are discussed for these techniques.

1. Combustion Calculations

Select fuel for analysis. Here, choose methane as the reference fuel, but the principles are transferable to other hydrocarbon fuels.

With 1 mole of methane as the fuel, balance equation (1) for stoichiometric combustion to get equation (2).

CH, + a(0, + 3.76N,) = bC O, + cH,0 + d(3.76)N, (1)

CH, + 2(0, +3.76N,) — CO, + 2H,0 + 7.52N, (2)

3. Calculate the fuel-air ratio for stoichiometric (F/Asticn.) @s in equation 3 for methane combustion by dividing the mass of methane by the mass
of air. To calculate, the numerator is the number of moles of methane times the molar mass of methane (16 g-mol'1) and denominator is

the number of moles of oxygen times the molar mass of oxygen (32 g-mol'1) plus the number of moles of nitrogen times the molar mass of
nitrogen (28 g-mol'1).

N =

F 1mol x 16 g/mol
- = 7 F - =0.0583 (3)
Astoich.  2mol x (32 mol T3-76x28_"7)

4. In order to vary the equivalence ratio (equation 4), vary either the air flow rate, the fuel flow rate or both simultaneously. Typically, fix one of
the quantities and vary the other. Determine whether to fix either the fuel or air flow rate for the burner. For this experiment, fix the fuel flow
rate at 10 L/min and allow the air flow rate to vary in this setup.

0 o4 4
F;Asz:aic. ( )

5. With the fuel flow rate, f, fixed (10 L/min), F/Aqqic. calculated (0.0583), and given the definition of the equivalence ratio, calculate the air flow
rate, a, for each equivalence ratio to be tested. Equation (5) provides a direct way of calculating the air flow rate in L/min for each equivalence
ratio and the results are shown for an equivalence ratio of 1 for stoichiometry.

f Pruer 10 L/min  0.6797 kg /m?
T OxF/A, pay  1x0.0583  1.225 kg/m?
NOTE: The upper flammability limit (or upper explosion limit) is the richest equivalence ratio that can be burned without quenching the
flame in the absence of a catalyst. Higher equivalence ratios can be obtained with the use of a catalyst, but only non-catalytic combustion is
described in this paper. Consult the literature to assess the upper flammability limit for the fuel chosen.

=95 L/min (5)

2. Combustion Characterization Experimental Setup

1. Select mass flow controllers (MFCs) for methane and air based on the flow rates obtained in Step 1.5. Use caution when selecting a MFC
size to ensure that the MFC will not be operating at the low end of its range (< 10% of full scale value) during testing. For this specific case,
use 40 L/min and 200 L/min MFCs for methane and air, respectively.

2. Connect the MFCs to the methane and air tanks via copper tubing.

3. Set the regulators on the methane and air tanks to the appropriate pressure for the MFC as specified by the manufacturer. In this case, set
the pressure to 138 kPa (20 psi).

4. Calibrate the MFCs to ensure accurate flow rates.

5. Construct the combustion chamber. For this experiment, develop a combustion chamber 914 mm long with a 168 mm exit diameter.

1. Drill ports for combustion exhaust analysis and for thermocouple placement along the length of the combustion chamber. The exact
number and spacing needed depends on the size of the flame and the purposes of the experiment. For this setup, space the first 5
thermocouples placed closest to the combustion region 7 mm apart. Space the final 6 thermocouples 14 mm apart. Use the same
spacing for the exhaust ports.

2. Insert the K-type thermocouples into the combustion chamber via the port holes. Align the thermocouple tip at the center of the
combustion chamber. Size the port holes to fit the thermocouple and seal with high temperature metal ferrules and nuts to prevent
leakage.

6. Connect the K-type thermocouples directly to the data acquisition module.

Connect the data acquisition module to the computer via the USB drive.

8. Attach a one-way valve in the copper tubing path immediately after the fuel MFC and just before the burner. Orient the valve so that flow can
only move away from the MFC. The one-way valves are an important safety feature to prevent flash back.

N
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9. Check the copper tubing before and after the MFC setup for leaks. Use soapy water applied with a brush to the tubing to detect leaks as
leaks would create bubbles.

10. Connect the combustion chamber and burner to the mass flow controllers via copper tubing.

11. After completing the combustion chamber setup, select one of the exhaust ports for testing. Connect this port to copper tubing that extends to
the GC analysis port.

12. Select a syringe to pull the exhaust from the combustion chamber and then push it into the GC for analysis. For this experiment, use a 25 ml
syringe.

13. Place a three-way valve in line with the copper tubing connecting the exhaust port to the GC. Connect one end of the two-way valve to the
GC, the second to the exhaust port and the third to the 25 ml syringe. Connect the copper tubing to the 3-way valve. Use the syringe to suck
combustion exhaust from the chamber and then push it into the GC for analysis.

14. Connect the 3-way valve to the GC and syringe. Actuate the syringe plunger to ensure successful operation.

NOTE: A simplified schematic of the setup is shown in Figure 1.

Gas Computer
| Ch t h

Exhaust Ports romatograp J_T_‘ Data

T Y

....lll&.

Thermocouples

acquisition

9

Burner

Combusllon
Chamber

One way valve

Flow meter

Figure 1. Combustion characterization experimental setup schematic. Combustion characterization experimental setup schematic showing
fuel, air and exhaust flows (black arrows) and data flows (red arrows). One-way valves are used to prevent flash back. Please click here to view
a larger version of this figure.

3. Combustion Characterization Experiment

1. Before testing, push the syringe plunger in fully and open the three-way valve on the exhaust port side.

2. Turn the air MFC on first to a flow rate of 86.5 L/min.

3. Turn methane MFC on to a flow rate of 10 L/min. This creates a premixed equivalence ratio of 1.10, a slightly rich mixture, which is easier to

ignite.

Turn thermocouples on via the computer module to begin recording data.

Ignite the mixture at the end of the combustion chamber using a butane lighter. After ignition, the flame should stabilize at the burner front.

Adjust the equivalence ratio by adjusting the flow rate of air slowly from the initial value of 86.5 L/min to the desired value. Take care to not

move too quickly or go outside of the flammability limits which would cause flame quenching.

Record the temperature reading in a data file after the thermocouples temperatures stabilize.

Once again, pull the syringe plunger to extract combustion exhaust from the exhaust port.

After extracting the combustion exhaust, open the three-way valve to the GC side and close the exhaust port side.

0. Push the syringe plunger till it closes completely and all of the exhaust has been sent to the GC.

1. Repeat steps 3.8-3.10 until all of the residual gases in the copper tubing connecting the port to the GC is removed. A simple analysis of the
internal volume of the copper tubing compared to the volume of the syringe will indicate how many times steps 3.8-3.10 need to be repeated.

12. After removing aII residual gases in the tubing extract a final exhaust sample for analysis. Push the exhaust gas into the GC and turn the GC

to analysis mode™ 77
13. Record the GC data by saving the GC analysis data.
14. Repeat steps 3.1-3.13 until all desired equivalence ratios are tested.

ook~

220N

4. Development of the Model Combustion Exhaust

Plot the combustion exhaust species volume percentage to observe the trends.

Determine the cut off concentration value for the model combustion exhaust. In developing a model combustion exhaust fuel for initial mT-

FFC analysis, only the components appearing in significant proportions (>1%) are included in the model fuel.

3. For the model fuel select only those equivalence ratios that generate significant hydrogen and carbon monoxide (>1% for each component) in
the exhaust.

4. Record the volume percentage for each of the exhaust gas components meeting the criteria of 4.3.

N =

5. Fuel Cell Testing Setup

1. Determine the flow rate ranges for each gas. Multiply the volume percentage obtained from the GC analysis results by the total flow rate of
the model combustion exhaust desired within each fuel cell.
2. Assess the range of flow rates for each combustion exhaust species to determine the maximum and minimum flow for each species.
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Select flow meters according to the same principles described in step 2.1.

Build the testing apparatus by attaching the flow meters to the gas tanks via copper tubing.

Set the gas pressure regulators to the prescribed value for the flow meters.

Place one-way valves in the copper tubing path downstream of each flow meter using a combustible gas.

Connect all flow meter exit ports together via copper tubing and a manifold.

Set the micro-tubular SOFC on the inside of steel tubing having an internal diameter just larger than the fuel cell's external diameter. Seal the

fuel cell to the steel tubing using ceramic adhesive.

Connect the steel tubing with micro-tubular SOFC to a piece of ceramic refractory material to hold the fuel cell in the furnace.

0. Utilize the 4 probe techniquew‘11 with current collection and voltage sense wires connected to the micro-tubular SOFC with 2 wires on the
anode and 2 wires on the cathode. Ensure that the wires do not cross each other creating shorts.

11. Connect the four wires to the four probes of the potentiostatw’”.

12. Connect the potentiostat to the computerm’”.

13. Place a thermocouple in the furnace with the tip touching the exterior of the micro-tubular SOFC electrolyte

14. Attach thermocouple wires to the data acquisition module.

15. Connect the data acquisition module to the computer via the USB port.

NOTE: Figure 2 is a simplified schematic showing the mT-FFC testing setup. With the model fuel developed and the setup established for

controlling the model fuel flow to the fuel cell, testing can proceed according to conventional fuel cell testing methods. These methods are

well established in the literature and will not be repeated here.

® NGOk W

= ©

10,11

l|:| 4 Mass flow controllers

D

Thermocouple and
data acquisition
[ ]

Potentiostat |—~ Computer

Figure 2. Micro-tubular flame-assisted fuel cell testing setup schematic. Flows of H,, CO, CO,, N, (black arrows) are regulated with a MFC
and a one-way valve to prevent flash back. Electrons flow (green line) from the SOFC in the furnace to the potentiostat and back to the SOFC.
Flow of thermocouple data and electrochemical data is represented by red arrows. Please click here to view a larger version of this figure.

Representative Results

The combustion characterization chamber should be checked prior to testing at the desired equivalence ratios for back-flow of air into the
chamber or other air leakage during testing. Combustion processes in open chambers are known to be nearly isobaric. As a result, pressure
within the combustion chamber may not be enough to ensure that no air from the external environment is back-flowing into the combustion
chamber from the chamber exhaust port or other leakage points. There are several experimental techniques to confirm that no back-flow is
occurring. First, for a non-catalytic burner, the rich-flammability limits are well established for many fuels 819 After ignition, the equivalence ratio
of the flow should be adjusted slowly until it approaches the rich flammability limit. If the rich flammability limit can be exceeded significantly
without flame quenching, then there is evidence that air is back-flowing into the combustion chamber resulting in a leaner mixture than desired.
Figure 3 shows initial results obtained for dry methane combustion exhaust up to an equivalence ratio of 1.85. Although not displayed in Figure
3, the flame did not quench up to an equivalence ratio of 3.97. With a rich flammability limit of only 1.64 reported18, obtaining an equivalence ratio
of 3.97 is not possible with non-catalytic combustion. These results indicate that there is air leakage into the combustion chamber and a possible
source is back-flow from the exhaust outlet.

Copyright © 2016 Journal of Visualized Experiments October 2016 | 116 | e54638 | Page 4 of 8


http://www.jove.com
http://www.jove.com
http://www.jove.com
https://www.jove.com/files/ftp_upload/54638/54638fig2large.jpg

lee Journal of Visualized Experiments www.jove.com

a0

854
804 NO
75 g
= 7 &
® o
E 704 o]
E. o
; 3
ZN55- <
3
60 3
1]
2

554

10 11 12 13 14 15 16 17 18 19
Equivalence ratio
Figure 3. Initial combustion exhaust characterization. Analysis results prior to preventing back-flow of air into the combustion chamber show
random fluctuations of species. Deviation from expected trends indicates either improper mixing or air leakage. Please click here to view a larger
version of this figure.

Examination of the upper limits of flammability for the combustor is not the only way to check for backflow. A second indication from Figure 3 is
that the trends for several of the exhaust species do not follow expected trends. CEA is a common technique that is used to assess the products
of combustion based on which products are energetically favorable under different conditions of temperature, pressure, and equivalence ratio.
CEA provides a way of assessing trends that should be observable in this experiment. Different CEA results for common fuels can be found in
the literature or can be assessed using software programs developed for this task. Figure 4 shows the CEA results for the primary species in
dry methane combustion exhaust. While almost all exhaust species shown in Figure 3 deviate from expected trends, O, is perhaps the most
important. At equivalence ratios greater than 1, very little O, is expected as most of it should be consumed during combustion to form products
of combustion. While the O, concentration is low in most of the range, obtaining a higher amount of O, at an equivalence ratio of 1.75 and

1.85 compared to lower equivalence ratios is not expected. This is a possible indication of either incomplete mixing or back-flow of O, into the
combustion chamber. Furthermore, detecting CH,4 at 1 volume percent or higher throughout this range is also a possible indication of incomplete
mixing. Trend analysis through comparison with CEA results can help indicate if there is back-flow of air or possible mixing problems.
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Figure 4. Chemical equilibrium analysis of methane/air products of combustion. Chemical equilibrium analysis (CEA) results show
thermodynamic equilibrium predictions for the exhaust gas composition at different equivalence ratios. While experimental data does not match
perfectly, CEA provides an indication of expected trends. Please click here to view a larger version of this figure.

Back-flow of air at the combustion chamber exhaust was detected and prevented by blocking a portion of the combustion chamber exhaust
port as described in the discussion section. After blocking a portion of the combustion chamber exhaust port the rich-flammability limit had an
equivalence ratio of approximately 1.45 for the combustion chamber. With back-flow prevented, the combustion exhaust was assessed at the
equivalence ratios and fuel and air flow rates shown in Table 1. The flow rates shown in Table 1 were obtained in step 1.5 of the protocol using
equation 5. Figure 5 shows the results of the dry combustion exhaust characterization for the conditions shown in Table 1. Figure 5 confirms
that the actual trends are comparable to CEA results shown in Figure 4. This provides some validation of the results. However, there are some
points that deviate from CEA trends such as CO, at an equivalence ratio of 1.45. A portion of the error at an equivalence ratio of 1.45 is that the
combustor is operating near the rich-flammability limit, which can result in instabilities within the flame, possible quenching and deviations in the
exhaust sample. The analysis should be repeated to ensure the repeatability and accuracy of the results. Operating below the rich-flammability
limit of the chamber (e.g., around a maximum equivalence ratio of 1.4 in this setup) is recommended.
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Equivalence ratio Methane flow rate (L/min) Air flow rate (L/min)
0.80 10 119.0
0.90 10 105.8
1.00 10 95.0
1.05 10 90.6
1.10 10 86.5
1.15 10 82.8
1.20 10 79.3
1.25 10 76.1
1.30 10 73.2
1.35 10 70.5
1.40 10 68.0
1.45 10 65.7

Table 1. Combustion characterization methane and air flow rates at varying equivalence ratios. Calculation of the required flow rates is
discussed in section 1 of the protocol. Equation 5 is used to calculate the air flow rates based on the equivalence ratio and a fixed methane flow

rate.
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Figure 5. Combustion characterization analysis from methane/air combustion exhaust. Improved results obtained after preventing back-
flow of air into the combustion chamber. The trends are similar to CEA predictions providing confidence in the accuracy of the results. Multiple
tests of the exhaust may be needed when deviations from the expected trends occur. Please click here to view a larger version of this figure.

With the combustion exhaust characterized up to the rich flammability limit, the model combustion exhaust can be developed for mT-FFC testing.
Development of the model combustion exhaust is dependent upon which exhaust species are most relevant for the study. In initial studies of
FFCs, the main interest is in understanding the fuel cell performance characteristics in combustion exhaust with relatively small amounts of fuel
available for electrochemical energy conversion. These characteristics include peak power density, current density, open circuit voltage, fuel
utilization and efficiency at different equivalence ratios and operating temperatures. Operating in a relatively small fuel concentration is one of
the primary features that distinguished FFCs as many fuel cells operate with high concentrations of fuel and low concentrations of other gases

including CO,, H,O and inert gases among others. To make this assessment only gases detected in the combustion characterization with volume
percentages above 1% were included in the model combustion exhaust. As a result, only H,, CO, CO, and N, were needed to develop a model
fuel-rich combustion exhaust for methane combustion. Table 2 shows the results of the combustion characterization assessment. For a total flow
rate on the anode side of the fuel cell of 300 ml/min, the flow rates of each species are also shown in Table 2.
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Equivalence |H, volume |H, CO volume (CO CO; volume |CO, N, volume |N, Total
Ratio % (mi-min")  |% (mimin) % (mimin") % (mi-min") | (ml-min™)
1.10 1.1 3.2 24 7.2 11.3 34.0 85.2 255.6 300

1.15 1.8 54 3.2 9.7 10.6 31.9 84.4 253.1 300

1.20 4.3 12.9 4.6 13.8 10.0 29.9 81.1 243.4 300

1.25 6.4 19.1 5.6 16.7 9.2 27.6 78.9 236.6 300

1.30 8.0 24.0 6.5 19.5 85 25.6 77.0 230.9 300

1.35 11.5 34.6 8.0 241 8.3 24.8 72.2 216.5 300

1.40 12.4 37.3 8.7 26.2 7.6 22.7 713 213.8 300

Table 2. Model combustion exhaust composition and flow rates. Experimental results obtained for the combustion characterization are
shown as volume percents of the detected species. The total flow rate of model fuel-rich combustion exhaust for the fuel cells was set to 300 ml/
min. The flow rate of each individual species is calculated by multiplying the total flow rate and the volume percent of each species.

The protocol discussed here is an important bridge between previous combustion characterization research and fuel cell testing. The use of
combustion for fuel reforming and fuel cell testing has been applied for several years in DFFC setups1°'15. However, the characterization of the
combustion process in DFFCs is primarily concerned with in-situ characterization of the flame composition16 and uses a MS®. As the DFFC is
open to the ambient, the exhaust composition consists mostly of water and CO, and characterization of the exhaust is not needed. In order to
develop the recent FFC concept a procedure for characterizing the combustion exhaust in a partially enclosed chamber (i.e., one that maintains
the fuel-air ratio) is needed. Instead of using an MS, a GC is applicable for combustion exhaust analysis7. After characterizing the exhaust,

a simple method for testing fuel cells within this exhaust is necessary. While it is possible to develop a fully integrated burner and fuel cell
testing apparatus, this procedure provides a simple initial step that can be applied for scientific investigation of the fuel cell performance with
varying exhaust compositions. While the combustion characterization approach is common, its application for FFC research is an important
development.

The most critical steps in this procedure are to ensure that proper safety precautions have been taken prior to ignition; and to ensure that there
is no air leakage into the combustion chamber. The use of one-way valves and/or flame arrestors as well as high temperature materials is
important for the safety of the apparatus and the researchers. As shown in the results section, a wide range of incorrect results can occur if
there is back-flow or other leakage of air into the combustion chamber. This back-flow alters the equivalence ratio of the mixture and can create
different mixing patterns that create results like those shown in Figure 3.

While two methods for determining if there is back-flow of air into the combustion chamber have already been described, there is a third way

of determining if this is occurring. This method simply assesses if the flame continues to burn when the MFC for air is turned off. In this pre-
mixed combustion process the only air for combustion reactions is supplied through the MFC. After ignition, the air supply can be turned off while
the fuel is left on. The flame will extinguish in the absence of air. If combustion continues, then back-flow of air into the combustion chamber

is occurring. After determining that there is back-flow of air into the combustion chamber, preventing the back-flow of air is necessary before
proceeding. Fixing the problem can be relatively simple. The combustion exhaust is hot and therefore less buoyant, which causes it to rise to the
top of the combustion chamber. Any back-flow of air into the chambers end will occur at the bottom of the chamber. After blocking the bottom
section of the combustion chambers exhaust port, the three techniques described above can be performed again to ensure that no air is back-
flowing into the chamber. This discussion assumes that the chamber has already been checked for leaks. Complete mixing should also be
verified by ensuring that any methane detected is in trace amounts and the GC measurements are repeatable.

After characterizing the combustion exhaust and developing the model combustion exhaust composition, there is a range of applications for
fuel cell testing. The protocol section describes specific application of this technique for micro-tubular SOFC testing. However, the same basic
procedure can be applied for testing other fuel cell geometries including planar and larger tubular SOFCs. The protocol also extends to testing
stack designs for either geometry. In addition, the protocol is not limited to methane as the fuel. The method can be extended to other alkanes
and alcohol fuels that also have significant potential for generation of H, and CO from fuel-rich combustion processes.

While the protocol described has many applications that further the development of FFCs, there are limitations to this technique. The protocol
has been established to test the possibility of operating SOFCs in different fuel-rich combustion processes and fuels. The potential is observed
when fuel cells operate in model fuel-rich exhaust. Specifically, the key indicators of promising performance include high power density, current
density, fuel utilization and open circuit voltage achieved in the fuel cell. However, development of a model fuel with only the most significant
species present limits the studies that can be conducted. For example, operating the SOFCs in the model combustion exhaust for long term
testing is possible, but it may not provide the best indication of the actual long term performance characteristics of the fuel cell. In the long term,
some of the trace species in the combustion exhaust may become detrimental to the SOFCs performance. Testing these results requires full
integration of the SOFC with an actual burner and the complete combustion exhaust. While these limitations are present, the technique still
provides a simple and controlled means of assessing FFCs performance and potential as a future sources of power generation.

The authors have nothing to disclose.
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