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Abstract 

This report documents the results of Cooperative Agreement DE-FC26-05NT42613 
between Siemens Energy and the U.S. Department of Energy for the period October 1, 
2008 through September 30, 2010.  The Phase I POCD8R0 stack test was successfully 
completed as it operated for approximately 5,300 hrs and achieved all test objectives.  
The stack test article contained twenty-four 75 cm active length Delta8 scandia-
stabilized zirconia cells.  Maximum power was approximately 10 kWe and the SOFC 
generator demonstrated an availability factor of 85% at 50% power or greater.  The 
Phase II POCD8R1 stack test operated for approximately 410 hrs before being aborted 
due to a sudden decrease in voltage accompanied by a rapid increase in temperature.  
The POCD8R1 test article contained forty-eight 100 cm active length Delta8 scandia-
stabilized zirconia cells arranged in an array of six bundles, with each bundle containing 
eight cells.    Cell development activities resulted in an approximate 100% improvement 
in cell power at 900°C.  Cell manufacturing process  improvements led to manufacturing 
yields of greater than 40% for the Delta8 cells.  Delta8 cells with an active length of 100 
cm were successfully manufactured as were cells with a seamless closed end.  A 
pressurized cell test article was assembled, installed into the pressurized test facility and 
limited pressurized testing conducted.  Open circuit voltage tests were performed at one 
and three atmospheres at 950°C were in agreement wi th the theoretical increase in the 
Nernst potential.  Failed guard heaters precluded further testing.  The SOFC analytical 
basis for the baseline system was validated with experimental data.  Two system 
configurations that utilize a pressurized SOFC design with separated anode and cathode 
streams were analyzed.  System efficiencies greater than 60% were predicted when 
integrating the separated anode and cathode stream module configuration with a high 
efficiency catalytic gasifier. 
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Executive Summary 

The reference baseline system was defined.  The system generates ~125 MWe net AC 
power at 50% efficiency, has a maximum power capability of ~ 170 MWe, and satisfies 
the CO2 separation requirement.  Central to the baseline system is the SOFC System, 
which is composed of multiple pressurized modules, each housing submodules of Delta8 
solid oxide fuel cells.   
 
The gasification system uses the oxygen-blown KBR TRIG fluid-bed technology. At the 
gasifier exit, a water-gas shift process is positioned to assure that maximum syngas 
carbon is available in the form of CO2 to the next system in series, a commercially 
available Selexol process.   Next in line is a desulfurization step that reduces the sulfur 
concentration to the level that is required for steady, long-term SOFC operation.  The 
residual fuel exiting the Selexol process is consumed in an oxy-combustor. 
 
Pressurized process air, serving both as the oxidant for the SOFC electrochemical 
process and the fuel cell coolant, is provided by a Siemens SGT-800 gas turbine.  The 
gas turbine is not fired during normal (i.e. high efficiency) operation.  The turbine is fired 
to achieve maximum system power. 
 
Oxygen for the coal gasification process and the oxy-combustor is provided by an ion 
transport membrane.   
 
The system is thermally integrated with a dual pressure heat recovery steam generator 
which satisfies the gasifier steam demand and also produces additional steam that is 
delivered to a steam turbine cycle. 
 
The factory cost estimate for the reference baseline power system at maximum power 
operation was estimated at $550/kWe (in 2008$).  A 22% reduction in the factory cost is 
predicted with the advanced additive Delta8 cell replacing the standard scandia-
stabilized zirconia Delta8. 
 
The benefit of using an additive to the Delta8 was successfully demonstrated in a series 
of Delta8 cell electrical tests.  The use of the additive (sintering aid) lowers the 
densification time and temperature, enables the use of thinner layers, reduces the 
material consumption and processing time, and improves cell electrical performance.  
The process technique and processing conditions for applying the additive were 
successfully developed.  A power enhancement of 40 – 60% versus comparable non-
additive cells has been achieved 
 
The design of a pressurized cell test facility and test article, respectively, was completed.  
The primary objective of this effort is to determine the effect of pressure on the 
performance of atmospheric plasma sprayed cells with the material set of the ScSZ-
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based Delta8 cell.  Initial pressurized test results were confounding and inconsistent with 
previously reported pressurized cell test data obtained using 50 cm cylindrical cells.  
Thus it was decided to validate the pressurized cell test facility using a cell test article 
based on the previous single cylindrical cell test articles, adapted for installation in the 
present facility.  A single cell pressurized cell test article was designed, built, loaded into 
the test facility, pressurized testing performed.  The open circuit voltage vs. pressure 
results at 950oC were in agreement with the theoretical increase of the Nernst potential. 
 
Final connections to the external control and monitoring systems are underway.  The 
test plan was submitted for review and approval.  The cell will be tested at pressures 
ranging from 101 kPa (1 atm) to 3040 kPa (30 atm) at various currents, fuel utilizations, 
air utilizations, and temperatures.  The experimental data obtained will not only be 
compared with previous atmospheric and pressurized cell test data to validate the test 
facility but also to determine the effect of elevated pressure operation, both of which will 
serve as the basis for subsequent pressurized testing of Delta8 cells in the same facility. 
 
The Phase I POCD8R0 Stack Test was successfully completed.  POCD8R0 operated for 
more than 5,300 hrs and satisfied the Phase I Minimum Requirements.  Peak power 
achieved was ~ 10kWe, demonstrated zero voltage degradation, and had an availability 
factor of 85% at 50% power or greater.   The POCD8R0 test article contained twenty-
four 75 cm active length Delta8 scandia-stabilized zirconia cells. 
 
 
The Phase II POCD8R1 Stack Test Article, Balance-of-Plant, and Test Facility were 
designed and built.  The stack test operated for approximately 410 hrs before being 
aborted due to a sudden decrease in voltage accompanied by a rapid increase in 
temperature.  The POCD8R1 test article contained forty-eight 100 cm active length 
Delta8 scandia-stabilized zirconia cells arranged in an array of six bundles, with each 
bundle containing eight cells.  A root cause analysis determined the failure was due to a 
failed cell.  The initiating event is believed to be a short that occurred early in heat up, 
resulting in a cracked in a cell closed end.  The crack progressively worsened as the 
stack was electrically loaded and subsequently propagated during an air flow transient. 
 
The POCD8R1 stack test successfully demonstrated the fuel-side heat up concept, a 
high temperature recirculator, and the cost-reduced cast ceramic components performed 
satisfactorily.
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Task 1.0 – CONCEPTUAL DESIGN AND FEASIBILITY 
ANALYSIS OF BASELINE SYSTEM 

TASK 1.1 – CONFIRM THE PREFERRED BASELINE SYSTEM CO NCEPT 

This task was completed during Phase I.  No work planned or performed in Phase II. 

TASK 1.2 –BASELINE SYSTEM(S) DEFINITION AND ANALYSI S 

The baseline system was defined and analyzed in Phase I of this program.  A 
description is included herein for reference. 
 
The reference baseline system generates ~125 MWe net AC power at 50% efficiency 
(net AC/coal HHV), has a maximum-power capability of near 170 MWe, and satisfies the 
CO2 separation requirement.  It is expected that this system, as a power block, could be 
replicated to compose a power plant of larger capacity.  
 
The power system cycle concept is illustrated schematically in Figure 1.1.   The coal 
gasification system uses the oxygen-blown KBR TRIG fluid-bed technology.  This 
particular gasifier was selected for its relatively high cold-gas efficiency, which is 
instrumental for the system to meet its efficiency objective, and for its ability to support 
meeting the 90% CO2 separation requirement when the gasifier is arranged in series 
with a Selexol, pre-SOFC, and CO2 removal process.  At the gasifier exit, a water-gas 
shift process (CO + H2O → H2 + CO2) is positioned to assure that maximum syngas 
carbon will be available in CO2 form at the Selexol process inlet. 
 
In the commercially-available Selexol process, syngas CO2 is absorbed by a solvent in 
an absorber column, after which the CO2 is released from the solvent, facilitating CO2 
segregation, in a series of pressure-reducing flash stages.  The regenerated solvent is 
returned to the absorber in a continuous-flow process.  The power system uses a 
second Selexol system to extract hydrogen sulfide acid gas from the syngas.  A Claus 
process, using H2S as the feed, is employed to recover marketable sulfur from this 
cleanup step.  The steam input to the CO2 Separation/H2S removal block, Figure 1.1, is 
required for H2S stripping. 
 
Syngas exiting the Selexol cleanup step will still contain sulfur at concentrations in the 
20-50 ppmv range.  The power system cycle schematic shows a separate SOFC 
desulfurization step that will reduce the sulfur concentration further, down to the ~0.1 
ppmv level that is required for steady, long-term SOFC operation.  
 
The CO2-rich stream that exits the Selexol CO2 separation system will have a small fuel 
(H2, methane, and CO) component.  As the Figure 1.1 cycle indicates, this fuel will be 
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catalytically burned in oxygen, facilitating the recovery of energy contained in the fuel as 
heat, and its use by the power system.  Burning this fuel in oxygen, as opposed to air, 
will preclude contaminating the CO2 with atmospheric nitrogen, and will benefit the CO2 
dehumidification and subsequent sequestration processes; water vapor in the 
oxycombustor exhaust will be condensed and recovered for power system reuse. 
 
Central in the reference system concept is the SOFC generator, which will be composed 
of multiple pressurized modules, each housing submodules of Delta8 solid oxide fuel 
cells.  Arrangements of insulated, high-temperature, manifolded ducting are used to 
uniformly distribute desulfurized syngas fuel and process air to the modules, and to 
collect module exhaust.  Direct current (DC) electric power produced by the cells is 
converted to alternating current (AC) form by a power conditioning system (PCS).  The 
anode and cathode off-gas streams exiting the cells within each module merge in the 
cell stack combustion zone where unreacted fuel from the cell electrochemical process 
is burned to completion, a process that contributes to the high-temperature (~850oC) of 
the SOFC exhaust. 
 
Pressurized process air, serving as both the oxidant for SOFC electrochemical process 
and the fuel cell coolant, is provided by a gas turbine compressor.  The gas turbine used 
in the reference baseline power system concept is the Siemens SGT-800, selected for 
its suitable air supply rate and pressure ratio values.  As applied in the baseline system, 
the gas turbine combustor will not be fired when operation at highest efficiency is 
intended, but firing will be done when maximum system power output is required, and 
also during system startup operations. 
 
Oxygen for the coal gasification process and oxycombustor is provided by an ion 
transport membrane (ITM).  In the ITM, the migration of a virtually pure oxygen stream 
from an oxygen-containing feed (in this system, the SOFC exhaust) is promoted.  The 
ITM operates at elevated temperatures, in the 850oC-900oC range, and requires an 
oxygen partial-pressure differential between the feed and permeate (oxygen product) 
sides.  The oxygen permeate is collected at low pressure, and requires compression for 
supply to the gasifier and oxycombustor.  However, due to the absence of atmospheric 
nitrogen, the AC power required to drive the oxygen compressors will be less than if the 
oxygen source were a more conventional cryogenic air separation unit (ASU), which is 
the motivation for employing the ITM. 
 
The low-grade heat remaining in the gas turbine exhaust following its expansion to near 
atmospheric pressure is recovered by a dual-pressure heat recovery steam generator 
(HRSG); the steam produced is supplied to a steam turbine cycle, generating additional 
electric power.  The dual-pressure design feature is effective when maximum heat 
recovery is required, and the gas temperature at the HRSG inlet is low.  As Figure 1.1 
indicates, the baseline system must be arranged to provide medium steam to the coal 
gasifier, and a second stream, at lower pressure, to the syngas cleanup system.  The 
power system is designed to supply all steam required by these two systems as well as 
all AC power.  A more detailed diagram of the reference baseline system cycle is 
provided in Figure 1.2.  It better identifies the components that are considered in 
estimating system performance and cost, and it shows with more definition the heat 
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integrations with which the system concept was developed specifically to assist in 
meeting the electric efficiency design requirement (≥50%).  
 
The maximum power output of the baseline power system can be increased to ~170 
MWe by firing the gas turbine to a turbine inlet temperature of 1200oC but at a lower 
overall system efficiency (~49%). 
 
Both power and electric efficiency estimates for the baseline power system at baseline 
and maximum power conditions are presented in Table 1.1. 
 
The original analysis basis document, prepared during Phase 1 of this contract and 
employed as the design basis for the baseline reference plant, was updated to reflect the 
state-of-the-art of the respective subsystems and the Delta8 cell technology.   
 
The SOFC analysis basis used in projecting the performance of the baseline plant was 
validated using data from the Phase I stack test, POCD8R0.   
 
A system model of the POCD8R0 stack test article was developed to evaluate the 
material, work, and heat flows within the module.  The results of the system model were 
used as boundary conditions to the SOFC analytical model used to predict baseline 
SOFC electrical performance.  The voltage and temperatures predicted with the model 
were then compared with experimental data. 
 
The system model simulated the conditions within the module well with excellent 
agreement with the measured temperatures and was consistent with other experimental 
observations.  The analytical SOFC model predicted accurately the cell axial thermal 
profile and the Delta8 electrical performance after correcting the latter for cell-to-cell 
connector losses.   
 
The SOFC model, and hence the SOFC analytical basis for the baseline plant 
performance calculations, were validated with experimental data.  The SOFC analytical 
predictions can thus be considered to be accurate and directly valid for the baseline 
plant.  Accordingly, the power predicted from the analytical calculations was used in this 
task to evaluate alternative system concepts and in estimating the specific cost ($/kWe) 
for the baseline plant (Task 1.3). 
 
Two alternate high efficiency concepts were developed and analyzed in Phase II 
subsequent to the definition of the baseline plant. 
 
Alternate Concept 1 – SOFC anode-cathode separation  with KBR gasifier  
The baseline system (Figure 1.1) was modified to include SOFC anode and cathode gas 
separation, utilizing the same KBR gasifier.  This modified cycle, shown in Figure 1.3, 
differs from the baseline cycle in two main aspects.  First the Selexol CO2 removal is 
eliminated, and second, an anode off-gas expander is included to take advantage of the 
high pressure in the SOFC anode off-gas. The concentration of the fuel entering the 
SOFC module in this concept will be lower than the baseline case due to dilution with 
CO2, which is expected to affect the SOFC, and consequently, the system 
performances. 
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Alternate Concept 2 – SOFC anode-cathode gas separa tion with catalytic gasifier  
The 90% carbon capture requirement can be met with a separated anode and cathode 
SOFC module even with gasifiers that yield syngas with a high methane content.  Figure 
1.4 shows the manifestation of the baseline power cycle with one such catalytic gasifier 
using a humid gas clean-up featuring the RTI process.  The elimination of the Selexol 
rough sulfur removal step and the addition of a syngas expander to make use of the 
relatively higher pressure syngas available with the catalytic gasifier are the two major 
differences with the previous cycle.  Further, the RTI process can potentially eliminate 
the fine sulfur removal step generally required before the fuel enters the SOFC module.  
As in concept 1, the concentration of the fuel entering the SOFC anode has to be taken 
into account in the system performance calculations. 
 
The calculations for the baseline power system and the two alternate concepts were 
carried out corresponding to an SOFC current density of 320 mA/cm2, current of 834 A, 
and a fuel consumption of 88%. Note that anode recirculation adequate to prevent 
coking in the fuel side of the SOFC system was assumed. The baseline system pressure 
ratio of 19.3 was maintained since the gas turbine was kept constant in these 
calculations. The compositions of the fuel entering the SOFC are shown in the Table 1.2. 
The comparison of the system performances of the baseline power system with the two 
alternate concepts is presented in Table 1.3.   As a point of reference, a comparison of 
the various gasifiers at their typical scale is provided in Table 1.4. 
 
Table 1.3 shows that separating the anode and cathode stream in the SOFC along with 
the feed from the KBR gasifier (Alternate Concept 1) results in a performance that 
approximates that of the baseline system with pre-SOFC CO2 capture (Figure 1.1).  The 
reduction in parasitic losses associated with eliminating the Selexol CO2 removal 
process is almost offset by the reduced SOFC performance due to the dilution of fuel 
entering the SOFC with CO2 as shown in Table 1.2 and by the cell voltage in Table 1.3.  
While an additional one to two percentage points in efficiency can be realized with 
Alternate Concept 1 by eliminating the water gas shift reactor and by the thermal 
optimization of the anode off-gas expander, the efficiency gain may not be significant 
enough to justify the cost and increased SOFC design complications needed to separate 
the anode and cathode off-gas streams under pressurized SOFC operation.    
 
By contrast, separating the anode and cathode off-gases and employing a catalytic 
gasifier results in a much better system performance and yields a net electric efficiency 
over 60%.  The gain in efficiency comes from various factors including:  
 

1. The higher cold gas efficiency of the catalytic gasifier in comparison with the 
KBR gasifier as is evident from Table 1.4; 

2. A lower O2 compression parasitic due to the relatively lower O2 requirement 
of the catalytic gasifier; 

3. The higher pressure syngas at the exit of the catalytic gasifier, which can be 
expanded to get additional power (Table 1.3); 
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4. The increased efficiency of the SOFC module due to the thermochemical 
recuperation associated with the increased methane content of the incoming 
fuel. 

 
It can be deduced from Table 1.3 and Table 1.4 that a separated anode cathode SOFC 
cycle with the higher efficiency BGL gasifier would perform better, although to a much 
lesser extent relative to the catalytic gasifier due to the reduced methane content in the 
syngas exiting the BGL gasifier.  The lowest performance is obtained with the Sustec 
gasifier regardless of whether the anode and cathode off-gas streams are separated or 
not. In the catalytic gasifier case, Alternate Concept 1, the parasitic loss reduced by the 
elimination of the Selexol process almost compensates for the reduction in cell voltage. 
Note that the compression duty to pump the O2 to the oxy-combustor increases for both 
Alternate Concepts 1 and 2 due to high pressure of the, yet unexpanded, anode off-gas 
streams.  
 
It should be noted that an additional favorable effect on system performance due to the 
reduction of SOFC airflow requirements from the reformation induced cooling associated 
with higher concentrations of CH4 in the fuel entering the SOFC has not been taken into 
account in these calculations. Potential benefits of this aspect are indicated in Table 1.5, 
where the number of SOFCs have been increased to match a 10% reduction in airflow 
per cell (assuming the same total gas turbine airflow) resulting in a system with much 
higher power at a slightly higher electrical efficiency. 
 
A graphical representation of the AC power generated in the various system 
components for the three concepts is shown in Figure 1.5. The parasitic losses of the 
system are the smallest for the catalytic gasifier (Alternate Concept 2) with baseline 
system being the highest closely followed by Alternate Concept 1.  It is clear that the gas 
turbine power is lower for the separated anode and cathode off-gas cases due to 
associated reduction in the SOFC cathode off-gas flow; the power is recovered in the 
anode off-gas expander. The power output from the Rankine cycle is also lower for the 
catalytic gasifier, in addition, due to the differing gasifier steam requirements. 
 
The performance advantage of the baseline system over a conventional IGCC plant 
equipped with post-carbon capture is shown in Figure 1.6.  Also included in Figure 1.6 
for comparative purposes is the performance of an atmospheric pressure version of the 
baseline system (which has a pressurized SOFC system) and Alternate Concept 2 
(separated anode and cathode off-gas streams with a catalytic gasifier).  There is a 10 
percentage point advantage even with conventional atmospheric based systems based 
on a pre-SOFC CO2 separation. Note that the CO2 compression work, typically about 3 
percentage points, is not included in the values shown in Figure 1.6.  The water usage 
for the systems analyzed, an important practical consideration in large scale power 
plants, is shown in Table 1.5, and a comparison with existing IGCC systems shown in 
Figure 1.7 depicts yet another potential advantage of the SOFC based systems. It is 
evident from Table 1.5 that, depending on local hydroeconomics, an alternative way of 
Rankine cycle heat rejection instead of the water-expensive cooling towers may be 
chosen, to result in a net water surplus. 
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A major impact of the separation of the anode and cathode off-gas streams is on the 
design of the SOFC module, primarily with the technical challenges associated with the 
integrity of the seals used to separate the anode and cathode off-gases under pressure 
transients. 
 
The alternate concepts (separated anode and cathode off-gas streams) will have an 
increased initial investment cost due to the addition of the anode off-gas expander.   The 
increased capital cost may be mitigated by a reduced lifecycle cost because of the 
higher efficiencies relative to the baseline system.    The anode off-gas expander may be 
eliminated if the separated CO2 is required to be at pressure for sequestration. 
 
In all three system concepts an ITM is employed to separate O2 from either the SOFC 
exhaust stream (in the baseline system) or from the cathode off-gas stream in the two 
alternate concepts.  The O2 is used to meet both the gasifier oxygen requirements and to 
supply the oxygen needed to combust any residual fuel.  In the two alternate concepts 
the ITM performance will benefit from the increased O2 content in the cathode off-gas.  
However, this benefit may be negated by the potential reduction in airflow per cell for 
Alternate Concept 2 (catalytic gasifier), which reduces the O2 mole fraction at the SOFC 
exit.   A conventional Air Separation Unit (ASU) can be used in place of the ITM, 
resulting in a small negative impact (<1%) on system efficiency. 
 
The analysis of Alternate Concept 2 (catalytic gasifier) was limited to 17% CH4 in the 
SOFC module fuel stream.  The effects of increased CH4 concentration on the SOFC 
module performance should be further investigated. 
 
 

TASK 1.3 – ANALYZE BASELINE SYSTEM COST 

The cost analysis basis employed to issue the end-of-Phase I Factory Cost Report was 
refined and update to reflect the development of more detailed breakdowns for cell, 
bundle, and cost module elements.  Subsequently, the baseline system cost analysis 
and the Phase I Factory Cost Report prepared in Phase I  were revised using the latest 
cost elements and to reflect and address, to the extent possible, the comments received 
from the independent auditor, Dr. Jan Thijssen. 
 
The cost elements were derived from the reference baseline power system conceptual 
design prepared during Phase I of this program (Figures 1.1 and 1. 2)   The major 
breakdown for the factory cost determination included both direct variable and fixed 
costs. 
 
The direct variable costs included the SOFC generator (cells, bundles, and modules) 
and the balance-of-plant (BOP, all other supporting equipment).   Specifically excluded 
form the cost estimate were the costs of components related to the KBR gasifier, Selexol 
acid-gas removal system, CO2 separation and isolation systems, step-up transformer, 
and AC grid connection switchgear.  Figure 1.8 shows the cost estimate boundary; the 
estimate thus includes only those components/systems lying above the boundary.  
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Direct variable costs were derived from learning curves from past experience with 
costing similar products and included materials and labor for each processing step. 
 
The fixed cost elements included equipment and plant depreciation, tooling amortization, 
equipment maintenance, utilities, indirect labor, cost of capital, and indirect materials.  A 
manufacturing plant was costed based on producing the equivalent of 300 MW of SOFC 
units per year.   
 
Cost forecasts were made for production volumes of three units per year in an 
automated factory and a volume of at least 25 units 
 
The reference baseline power system performance was based on the standard Scandia-
stabilized Zirconia (ScSZ) Delta8 SOFC.  Cell performance was validated using 
experimental data from the end-of-Phase I stack test.  Based on the maximum power 
produced by the reference baseline power system, ~167 MWe (see Table 1.1), the total 
system cost was estimated at $825/kWe, in 2008$. An alternative scenario, devised 
specifically for the generation of maximum net AC electric power with modifications to 
both the reference baseline system design and its operating conditions, was also 
proposed to achieve a low specific system cost ($/kWe).  The net AC power increased to 
~349 kWe at an efficiency of ~45%, resulting in a lower specific cost of ~$550/kWe 
(2008$) with this high power configuration.  
 
The cost estimate for the SOFC unit of Phase I was revised to reflect the superlative 
performance of advanced interlayer cells that were developed and tested during Phase 
II. The factory cost for the reference baseline power system configuration was estimated 
to be $639/kWe and $490/kWe in 2008$ for the maximum power operation (172 MWe) 
and the high power configurations respectively.  
 
Table 1.8 presents a summary of the four cases, the reference baseline configuration 
with standard ScSZ cells, reference baseline system configuration utilizing the advanced 
cell, and the high power configuration with standard and advanced cells, respectively. 
 

TASK 1.4 – BASELINE SYSTEM CYCLE CONCEPT SELECTION 

No work planned or performed in Phase II. 

TASK 1.5 – EXECUTE BASELINE SYSTEM CONCEPTUAL DESIG N 

Efforts completed under this task were synergistic with those under Task 1.2 – Baseline 
System Definition and Analysis and reported therein. 

TASK 1.6 – UPDATE BASELINE SYSTEM PERFORMANCE & COS T ESTIMATE 

The cost benefit of the advanced interlayer cell on the reference baseline system was 
estimated to a first order approximation based on cell performance data obtained from 
electrical cell testing.  The factory cost estimate for the reference baseline power system 
operating in the maximum power mode was estimated to be $639/kWe (2008$), a 22% 
reduction in specific cost relative to the reference baseline power system using the 
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standard ScSZ Delta8 cell.  The reference baseline power system performance analysis 
was to be updated based on the results of the Phase II stack test.  Performance data 
was unavailable due to the premature termination of the stack test. 

TASK 1.7 – BASELINE SYSTEM CONCEPTUAL DESIGN REPORT  

No work performed in Phase II.   

TASK 1.8 – AUDIT BASELINE SYSTEM PERFORMANCE ESTIMA TES 

Efforts were limited to resolving to the extent possible the comments received from the 
independent auditor, Dr. Jan Thijssen, on the Phase I Factory Cost Report.
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Figure 1.1 - Reference Baseline Power System
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Figure 1.2 – Reference Baseline Power System Cycle  
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Figure 1.3 - Alternate Concept 1 – Modified Baselin e Power System with Separated 
SOFC Anode /Cathode Off-gas Streams 
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Figure 1.4 - Alternate Concept 2 - Modified Baselin e Power System with Catalytic 
Gasifier and Separated SOFC Anode/ Cathode Off-gas Streams 
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Figure 1.5 – Fraction of the Net AC Power Generated /Lost in the Various 
Components of the System 
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Figure 1.6 – Comparison of Net System Electric Effi ciency 

 (without CO 2 Compression) 
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Figure 1.7 – Comparison of Water Use with IGCC 

 



  7 

 

Coal

Power 
Conditioning 

System

- KBR TRIG Coal Gasifier
- Selexol Acid-Gas Removal
    & Carbon Dioxide
    Separation System

Heat Recovery 
System

Exhaust

Air

CG-68A

SOFC
Exhaust

zzzz

 Syngas

Steam Turbine/
Generator

Deaerator

HP Steam

G

AC

LP Steam

SOFC
Desulfurizer

G

Condenser

 Gas Turbine/
Generator

M

M

 Oxy-Combustor

D

AC

Steam To
Gasifier A

Oxygen To
Gasifier C

Oxygen To 
Oxycombustor D

AC

A

B

C

CO2/H2

CO2 Separation and
Water Condensation

CO2

Water Recovery

ITM

Oxygen

Vitiated Air

Heat Recovery
Steam Generator

Blowdown

Heat Rejection
System

E

Syngas to Gas 
Turbine Combustor

E

B
Steam To 
Gasifier

DC

SOFC
Generator

AC AC AC AC

AC AC AC AC

DC

Cost Estimate Scope

Module Group 1

Module Group 2

 

 

Figure 1.8 – Reference Baseline Power System Cost E stimate Scope 
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Reference Baseline Power System 

High Efficiency Operation Maximum Power Operation 

  Performance  Efficiency Performance Efficiency 

Coal Energy Input (HHV), MW 251.4  1.000 341.4 1.000 

Syngas Energy at Selexol Exit (HHV), MW 213.6 0.850 290.1 0.850 

Number Delta8 Cells 153,600   153,600   

Number of SGT-800 Gas Turbines  1   1   

SOFC Module Arrangement, Cathode Flow Series   Series   

Cell Current Density, mA/cm2 320   320   

Cell Current, amps 834   834   

Cell Stoichs 5.6   5.6   

System Stoichs 2.8   2.8   

SOFC Fuel Consumption, % 88.0   88.0   

Cell Voltage, volts 0.816   0.816   

Compressor Pressure Ratio 19.3   19.3   

Compressor Air Intake Rate, kg/s 129.3   129.3   

Power Conditioning System Efficiency, % 97   97   

Turbine Inlet Temperature, oC 877   1,200   

          

AC Power Generated, MWe         

Gross SOFC Power, MWe 100.4 0.399 100.4 0.294 

Gas Turbine Power, MWe 26.1 0.104 53.6 0.157 

Steam Turbine Power, MWe  7.5 0.030 21.4 0.063 

Gross AC Power Generated, MWe 134.0  0.533 175.4 0.514 

          

Parasitic AC Power, MWe         

I&C Allowance 0.15 0.001 0.15 0.000 

Feed/Condensate Pumps 0.3 0.001 0.7 0.002 

OxyCombustor O2 Compressor Power 0.0 0.000 0.1 0.000 

Gasifier O2 Compressor Power 2.8 0.011 3.8 0.011 

Gasifier ASU Power 0.0 0.000 0.0 0.000 

Selexol Process Power  2.5 0.010 3.4 0.010 

Other Gasifier Power 0.2 0.001 0.3 0.001 

Total Parasitic AC Power, MWe 6.0  0.024 8.5 0.025 

Net AC Power Generated, MWe 128.0    166.9   

Net AC Efficiency (Coal HHV)   0.509   0.489 

 

Table 1.1 – Baseline System Performance Summary 
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Table 1.2 – Fuel Composition Entering SOFC Module f or Baseline System and 
Alternate Concepts 

 

H2 92 57.4 12.6

CH4 3 2 17

CO 2 1 5

CO2 2 38.5 21.5

H2O 0 0.1 39.1

Other 1 1 4.8

(vol%)

Separated SOFC Cathode and Anode 
Gas Streams

Baseline System

 CO2 Separation with Selexol

(KBR Gasifier) Concept 1
KBR Gasifier

Concept 2
Catalytic Gasifier



  11 

 

Baseline CO2 Separation 
with Selexol 

Separated SOFC Anode and Cathode Off-gas 
Streams 

KBR Gasifier 
(Baseline System) 

KBR Gasifier 
(Alternate Concept 1) 

Catalytic Gasifier 
(Alternate Concept 2) 

  Performance  Efficiency  Performance  Efficiency  Performance  Efficiency  
Coal Energy Input (HHV), MW 251.4  1.000 248.7 1.000 205.7 1.000 
Syngas Energy at SOFC inlet (HHV), 

MW 213.6 0.85 213.6 0.859 180.2 0.876 

Cell Current Density, mA/cm2 320   320   320   

Cell Current, amps 833.9   833.9   833.9   

Cell Stoichs 5.6   5.6   5.6   

System Stoichs 2.8   2.8   2.8   

SOFC Fuel Consumption, % 88   88   88   

Cell Voltage, volts 0.816   0.78   0.78   

Number of cells 153,600   153,600   153,600   

Compressor Pressure Ratio 19.3   19.3   19.3   

Turbine Inlet Temperature, C 876.5   917   821   
AC Power Generated, MWe             

SOFC (Gross) 100.4 0.47 95.3 0.446 96 0.533 

Gas Turbine 26.1   14.5   10.6   

Steam Turbine  7.5   5.6   4.2   

Anode Off-Gas Expander -   15.9   12.3   

Syngas Expander -   -   4   

Gross AC Power Generated, MWe 134  0.533 131.3 0.527 127.1 0.618 
Parasitic AC Power, Mew             

I&C Allowance 0.2   0.2 0.001 0.2 0.001 

Feed/Condensate Pumps 0.3   0.2 0.001 0.2 0.001 

OxyCombustor O2 Compressor  0   0.9 0.004 1.8 0.009 

Gasifier O2 Compressor  2.8   2.8 0.011 0.2 0.001 

Syngas Clean-Up  0   0.7 0.003 0.7 0.004 

Selexol Process  2.5   0   0   

Other Gasifier  0.2   0.3 0.001 0.2 0.001 

Total Parasitic AC Power, MWe 6    5 0.021 3.4 0.016 
Net AC Power Generated, MWe 128    126.2   123.7   

Net AC Efficiency (Coal HHV)   0.509   0.508   0.601 

 

Table 1.3 – System Performance Comparison 
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Gasifier KBR 
Transport 

Catalytic 
Gasifier 

Siemens 
Sustec 

BG 
Lurgi 

Coal Input (Pittsburgh #8)         

   Coal Feed Rate(kg/hr) 103,611 103,611 103,611 103,611 

   Coal HHV (MW) 840 840 840 840 

Raw Syngas Output (After Filter)         

   Temperature ºC 477 423 194 154 

   Pressure (bara) 23 63 23 24 

   Composition (vol %)         

Hydrogen 26.5 14.6 11.8 23 

Methane 2.4 18.2 0 4.4 

Ethane 0 0 0 0.6 

Carbon Monoxide 42.1 5.8 24.2 42.5 

Carbon Dioxide 4.2 22.6 1.9 3.6 

Water 22.8 37.6 57 22.3 

Nitrogen 0.7 0.4 4.4 2.2 

Argon 0.5 0 0.4 0.5 

Other <1 <1 <1 <1 

   Syngas Flow Rate (kg/hr) 231,672 269,067 447,014 230,004 

   Syngas HHV (kJ/kg) 11,358 10,231 5,305 11,934 

   Syngas HHV (MW) 731 765 659 762 

Other requirements (kg/hr)         

   Oxygen Rate to Gasifier 70,144 29,221 93,841 64,162 

   Steam Rate to Gasifier 11,340 90,288 18,280 37,649 

Power requirements (kW)         

   Coal/ Ash Handling 390 912 1400 390 

   Syngas Recycle Compressor 372 0 0 0 

Cold Gas Efficiency  % 87 91 78 91 

 

Table 1.4 – Gasifier Comparison 
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Separated SOFC Cathode and Anode Off-gas 

Streams  
  Catalytic Gasifier 
  Standard Air Flow Reduced Air Flow 

  Performance Efficiency Performance Efficiency 
Coal Energy Input (HHV), MW 205.7 1.000 227.7 1.000 
Syngas Energy at SOFC inlet (HHV), MW 180.2 0.876 199.5 0.876 
Cell Current Density, mA/cm2 320   320   
Cell Current, amps 833.9   833.9   
Cell Stoichs 5.6   5.1   
System Stoichs 2.8   2.5   
SOFC Fuel Consumption, % 88   88   
Cell Voltage, volts 0.78   0.78   
Number of cells 153,600   170,000   
Compressor Pressure Ratio 19.3   19.3   
Turbine Inlet Temperature, oC 821   831.5   

AC Power Generated, MWe         
SOFC (Gross) 96 0.533 106.2 0.533 
Gas Turbine 10.6   10.5   
Steam Turbine  4.2   4.5   
Anode Off-Gas Expander 12.3   15.4   

Syngas Expander 4   4.4   
Gross AC Power Generated, MWe 127.1 0.618 141 0.619 
Parasitic AC Power, MWe         

I&C Allowance 0.2 0.001 0.15 0.001 
Feed/Condensate Pumps 0.2 0.001 0.18 0.001 
OxyCombustor O2 Compressor  1.8 0.009 2.05 0.009 
Gasifier O2 Compressor  0.2 0.001 0.27 0.001 
Syngas Clean-Up  0.7 0.004 0.8 0.004 
Selexol Process  0   0   
Other Gasifier 0.2 0.001 0.25 0.001 

Total Parasitic AC Power, MWe 3.4 0.016 3.7 0.016 
Net AC Power Generated, MWe 123.7   137.3   
Net AC Efficiency (Coal HHV)   0.601   0.603 

 

Table 1.5 – Effect of Reduced Airflow on Alternate Concept 2 
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Separated Anode/Cathode Off-gas 
Streams 

 

Baseline System 
(KBR Gasifier, 
 Selexol CO2 

removal) Concept 1 
(KBR Gasifier) 

Concept 2 
(Catalytic Gasifier) 

Net AC Power Output (MW) 128 126 137 
Water Consumed       
   HRSG's Blowdown (kg/hr) 379 361 289 
   Cooling Tower Make-up Water (kg/hr) 31,975 24,416 23,022 
   Steam to Gasifier and Syngas (kg/hr) 27,109 44,382 35,184 
Total (kg/hr) 59,463 69,159 58,495 
Total (gal/hr) 15,710 18,272 15,454 
Total (gal/MWh) 123 145 113 
Water Available for Recovery       
   Water in Cathode Exhaust (kg/hr) 49,009 0 0 
   Cathode Exhaust Dew Point (oC) 56     
   Water in Anode Exhaust (kg/hr)   46,165 54,983 
   Anode Exhaust Dew Point (oC)   86 88 
Potential Net Water Use   (kg/hr) 10,454 22,994 3,512 

 

Table 1.6 – Water Use 
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Baseline Power System 
High Efficiency Operation High Power Configuration 

  Performance Efficiency Performance Efficiency 

Coal Energy Input (HHV), MW 251.4  1.000 780.4 1.000 

Syngas Energy at Selexol Exit (HHV), MW 213.6 0.850 663.1 0.850 

Number Delta8 Cells 153,600   153,600   

Number of SGT-800 Gas Turbines  1   3   

SOFC Arrangement, Cathode Flow Series   Parallel   

Cell Current Density, mA/cm2 320   550   

Cell Current, amps 834   1433   

Cell Stoichs 5.6   4.9   

System Stoichs 2.8   4.9   

SOFC Fuel Consumption, % 88.0   75.0   

Cell Voltage, volts 0.816   0.759   

Compressor Pressure Ratio 19.3   19.3   

Compressor Air Intake Rate, kg/s 129.3   388.1   

Power Conditioning System Efficiency, % 97   97   

Turbine Inlet Temperature, oC 877   1,200   

          

AC Power Generated, MWe         

Gross SOFC Power, MWe 100.4 0.399 160.5 0.206 

Gas Turbine Power, MWe 26.1 0.104 151.2 0.194 

Steam Turbine Power, MWe  7.5 0.030 57.1 0.073 

Gross AC Power Generated, MWe 134.0  0.533 368.8 0.473 

          

Parasitic AC Power, MWe         

I&C Allowance 0.15 0.001 0.15 0.000 

Feed/Condensate Pumps 0.3 0.001 2.0 0.003 

OxyCombustor O2 Compressor Power 0.0 0.000 0.1 0.000 

Gasifier O2 Compressor Power 2.8 0.011 8.7 0.011 

Gasifier ASU Power 0.0 0.000 0.0 0.000 

Selexol Process Power  2.5 0.010 7.8 0.010 

Other Gasifier Power 0.2 0.001 0.7 0.001 

Total Parasitic AC Power, MWe 6.0  0.024 19.4 0.025 

Net AC Power Generated, MWe 128.0    349.4   

Net AC Efficiency (Coal HHV)   0.509   0.448 

 

Table 1.7 – Reference Baseline System vs. High Powe r Configuration Performance 
Analysis 
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System Cell Basis 

ScSZ cells Advanced Interlayer Cells 
System Configuration 

Baseline System  
Maximum Power High Power Baseline System 

Maximum Power High Power 

Number of Delta8 cells 153,600 153,600 103,680 103,680 

Number of modules 320 320 216 216 

Number of pressure vessels 80 80 54 54 

SOFC  Arrangement, Cathode Flow Series Parallel Series Parallel 

Number of SGT-800 Gas Turbines  1 3 1 3 

Direct Variable Cost         

SOFC Generator $52,212,160 $52,212,160 $35,243,208  $35,243,208  

Balance of Plant $78,925,740 $133,498,687 $68,210,686 $122,780,440 

Sub-Total $131,137,900 $185,710,847 $103,453,894 $158,023,648 

          

Fixed Cost $6,595,000 $6,595,000 $6,595,000 $6,595, 000 

          

Total $137,732,900 $192,305,847 $110,048,894 $164,618,648 

          

Net AC Produced, kW 166,900 349,400 
     

172,193  336,239 

Cost/kW, 2008$ $825 $550 $639 $490  

 

Table 1.8- Summary of Factory Costs 

Task 2.0 – Design & Analyze Proof-of-Concept System  

This task was removed from the Statement of Program Objectives for Phase II. 
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Task 3.0 –Develop Larger and Higher Performance SOF C 

TASK 3.1 – OPTIMIZE CELL DESIGN 

The Delta8 cell configuration was selected as the future cell configuration.  Optimization 
of the cell design was carried out in parallel with the supporting module design to ensure 
the resulting SOFC system is cost-effective, efficient, and reliable.   
 
A 3-D model of the optimized geometry was developed to evaluate tolerance to thermal 
gradients in the stack.   The model was employed in the design of the SOFC module.  
The results are discussed in Task 4 – Fuel Cell Stack Development. 

TASK 3.2 – VALIDATE CELL DESIGN 

Efforts focused on validating the Delta8 cell design mainly consisted of cathode tube 
development and processing improvements.  Work was divided into five primary areas:   

(1) Support of manufacturing to improve tube quality and yield, 
(2) Process development for extruding tubes with integral closed ends, 
(3) Microwave drying of extruded Delta8 tubes, 
(4) Horizontal sintering Delta8 tubes, 
(5) Tube design improvements. 

 
Manufacturing Support  
Manufacturing support activities are discussed in Task 9 – SCA Coal-based Systems 
Manufacturing Tasks. 
 
Closed End Extrusion  
Extrusion of Delta8 tubes with integral closed ends presented a number of challenges.  
The biggest challenge was obtaining a straight front (closed) end coming out of the die.  
Any type of flow imbalance will cause the tube to curve in one direction or another and 
make the tube unusable.  The nature of the material flow out of the die (balanced or 
unbalanced) is a function of both the extrusion material and the design of the extrusion 
die. 
 
An extrusion die, which incorporated many concepts from dies used in the manufacture 
of ceramic honeycomb shapes, was designed for closed end extrusion.  In this die, flow 
balancing is achieved by adjusting the sizes of the entrance holes on the back side of 
the die.  Optimizing the flow is an iterative process, and one of the problems with this die 
is that the material being extruded must not change significantly from batch to batch.   
 
Microwave Drying  
Overall, the quality issues associated with the drying of Delta8 cathode tubes have 
largely been resolved.  Atmosphere control and proper covering have minimized the 
axial bowing problem.  The problem with drying is that it takes several days to dry the 
tubes.  All attempts to shorten this time by using elevated temperature, forced air, etc. 
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resulted in unacceptably bowed tubes.  This appears to be due to the asymmetric design 
of the Delta8 tube and the greater wall thickness in the valleys between the deltas.  
Bowing during drying occurs when the thinner wall areas dry significantly faster than the 
thicker wall areas.  The typical methods used to speed drying (heat and forced air) all 
cause the drying differential to increase which results in more bowing. 
 
An alternative method which may allow the tube to dry faster without a differential 
between thinner and thicker wall areas is microwave drying.  Discussions were initiated 
with a vendor towards conducting tests to determine if the Delta8 tube could be dried 
quickly (<12 hours) and without bowing in a microwave dryer.  In the first test runs it was 
quickly realized that hot spots in the chamber would be the biggest problem to 
overcome.  Localized areas which receive more microwave energy heat up and dry out 
significantly faster than other adjacent parts of the tube.  Once all of the water has been 
removed, the temperature can rise above 100°C, and this can lead to unintended binder 
burn-out.  When the tube was removed from the chamber, there was smoke coming off 
the tube in the discolored areas indicating temperatures greater than 200°C.  The tubes 
were almost always cracked at these hot spots. 
 
By adjusting the number of magnetrons used and the power to each magnetron, it was 
possible to dry a tube without creating hot spots.  Based on the evaporation rates that 
were measured during the tests, tubes could be dried completely in 3 to 4 hours.  This 
would be a major improvement and highly desirable for high volume production.  
However, in these tests, because of the great amount of handling that the tubes 
experienced, it was not possible to evaluate how much bowing was present in the tubes 
after drying.  This will need to be examined in any future tests. 
 
Horizontal Sintering  
The implementation of horizontal sintering of Delta8 cathode tubes would eliminate one 
firing cycle and several other processing steps.  The major challenge has been getting 
appropriate (non-reactive) support substrates for the tubes. 
 
The original ceria-based substrates were designed for 94 cm length tubes (75 cm active 
length cells).  When the tube length changed to 120 cm (1 m active length cells) those 
substrates could no longer be used.  To address this issue, another material, which was 
periclase-spinel (P·Sp)-based and much less expensive, was identified.  Plates of this 
material were made at a size of 27 x 18 x 1 cm.  By lining six of these plates up end to 
end, a 150 cm green Delta8 tube could be sintered.  During sintering there was some 
transfer of manganese from the tube to the substrate, but there did not appear to be any 
material transfer from the substrate to the tube.  During cooling the P·Sp material shrank 
more than the underlying silicon carbide did, causing some gaps to form between the 
plates.  This did not cause any problems for the tubes, nor were there any problems with 
the edges on heating up. 
 
Only a relatively small number of sintering runs were conducted to date due to some 
problems with the sintering furnace.  The silicon carbide (SiC) heating elements are 
severely stressed by operating above 1500°C, leadin g to a lot of element breakage.  
This combined with the furnace’s use in another production process limited the number 
of runs which could be performed.  As an alternative, another furnace was identified and 
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has been employed for horizontal sintering work.  This furnace uses MoSi2 heating 
elements rather than SiC and consequently should be much more reliable.  The hot zone 
inside the furnace has dimensions 40 x 40 x 180 cm, and can sinter up to six Delta8 
tubes at a time.   
 
At the shorter lengths the P·Sp substrates have worked quite well, but at the longer 
lengths there has been some reaction between the tube and the substrate.  This reaction 
is confined to the part of the tube which does not move (due to shrinkage) relative to the 
substrate during the sintering process.  This issue needs to be investigated further. 
 
Delta8 Tube Design  
One of the major yield problems for the Delta8 cell has been closed end cracking during 
heat cycle.  Typically, the cracks form on the flat side of the tube opposite the valleys 
between the deltas.  The relatively mild oxidation (no green NiO) indicates that the crack 
must have formed at or near the end of the cycle.  Modeling has shown that the most 
likely cause of these cracks is the Delta8 geometry and the thermal expansion mismatch 
between the cathode material and the interconnection material. 
 
In order to evaluate the impact of geometry, some tubes were made with increased wall 
thickness on the flat side.  The standard Delta8 geometry has a wall thickness of 1.5 mm 
for both the flat side and the deltas.  For the experimental tubes the 1.5 mm thickness 
was retained for the deltas but increased to 1.8 mm or 2.0 mm on the flat side.   
 
Cell processing of these tubes is ongoing.  So far, seven tubes have completed heat 
cycle.  Of these, four were found to have no cracks while three were found to have 
cracks after heat cycle.  This result suggests that increasing the wall thickness on the flat 
side will not have a significant effect on tube yield.  Efforts are now directed to working 
on reducing the thermal expansion mismatch between the cathode and the 
interconnection. 

 

TASK 3.3–APS PROCESS OPTIMIZATION 

This task focused on two separate but related issues, closed end cracking and the 
optimization of the atmospheric plasma spray process that not only meets Phase II cell 
production requirements but also is scalable to commercial production volumes. 
 
Closed End Cracking  
Statistical analysis of the Phase I cell manufacturing campaigns indicated that a 
significant number of cells were rejected after the plasma spray process due to cracking 
of the closed end of the Delta8 cell.  Experimentation with two atmospheric plasma spray 
(APS) processes, for the interconnection (IC) and the fuel electrode (FE), and the 
resultant effects on the substrate’s closed end (CE) was analyzed to determine the 
effects on coating quality.   
 
A test matrix was developed and following parameter changes were evaluated: 
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• APS IC - No part cooling air during processing 
• APS FE – Vary plume temperature range 
• APS FE - Lowest possible plume temperature 
• APS FE - Increased cooling air flow 
• APS FE - New spray order sequence 
• APS FE - Reducing the number of small steps 

 
For APS IC, part cooling air was delivered to the cell via metal tubes inserted into each 
delta prior to the start of the APS process and was manually controlled by adjusting the 
incoming air pressure.  Once the part cooling air was set to the desired level, the flow, 
pressure, and temperature was monitored and maintained for each event.  To achieve 
the condition of no part cooling air during APS processing, the incoming air valve was 
fully closed. 
 
For APS FE, plume temperature adjustment was controlled by the gun’s gas flow and 
power parameters.  The increased cooling air flow was manually controlled by adjusting 
the incoming cooling air pressure.  The spray order sequence was controlled by the 
motion program.  The new spray order sequence was intended to help minimize the heat 
input near the Delta8’s CE. 
 
In the APS FE process, a “small step” refers to the number of steps across a slope 
surface during the coating application, regardless of direction.  This is not to be confused 
with number of “steps”; the count of steps across a part.  In this investigation, the 
number of small steps was reduced to see its effect on CE cracking.  
 
Attempts to eliminate the CE cracking proved to be challenging.  Starting with the APS 
IC process, experiments were performed without part cooling air.  One theory supporting 
this experiment was to allow the substrate to reach an equilibrium temperature during 
the spray event with the intent that no stress would be introduced to the part by the 
cooling air and no CE cracks would develop.  A total of 10 cells were processed in two 
groups of five with no part cooling air.  The first group showed promising results with 
only one of the five cells exhibiting a CE crack.  A second group of five cells was then 
processed without part cooling air to confirm the first group’s results.  The results from 
the second group were not encouraging; four CE cracks were revealed.  Since no 
conclusive result was found, the decision was made to maintain the current part cooling 
air level for future processing. 
 
For the APS FE process, a lower plume temperature indeed reduced the incidence of 
CE cracking; however, the coating’s chemistry was no longer within specification.  On 
the other hand, above the minimum plume temperature that was required to meet the 
coating’s chemistry lowest specification value, no significant effect of the plume 
temperature on the cracking susceptibility was found.  Meanwhile, neither the increased 
cooling air flow nor new spray sequence showed any significant difference regarding the 
CE cracking issue.   
 
Spraying at a constant plume temperature for all surfaces has been our standard 
practice.  Perhaps, a solution to the CE cracking issue could be derived from the 
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concept of the “surface-specific” plume temperatures.  To this end, a new motion 
program was created to control the plume temperature for each specific surface being 
processed.  A higher plume target temperature was then used for one side while a lower 
plume temperature was used for the other.  With this new program, the standard spray 
order sequence was maintained.   
 
The number of small steps along the slope surface was reduced.  Since slope surface 
spraying begins at the delta’s peak, reducing the number of steps towards the valleys 
reduces the spray distance and possibly the plume’s temperature along this valley 
region.  Keeping the plume away from the cell’s valleys may reduce the CE cracking 
issue.  Five cells were processed with a reduced number of small steps, no CE cracks 
were observed after APS FE processing or heat cycle.  One cell from this group was 
submitted for microanalysis.  The results showed a more uniform coating thickness 
relative to cells processed with the standard number of small steps where the valley 
regions were significantly thinner.  In addition, the APS FE processing time was reduced 
relative to the standard small step process. 
 
A total of fifty Delta8 cells were then processed using the new APS FE program (two 
plume temperatures and reduced number of small steps).  Four different AE lots are 
included in this study with the majority (27 tubes) coming from a single lot.  Of these 27 
cells, eight were rejected for CE cracking immediately after the APS FE process 
resulting in a 70% yield, which were significantly lower than that of the other three lots. 
 
The elimination of the Delta8 CE cracking via APS processing remains a challenging 
task and the results were inconclusive.  No part cooling air during the APS IC process 
was tested and found not to be a factor.  APS FE testing to date with a combination of 
the two plume temperature program and reduced number of small steps shows some 
encouraging results.  However, it was not conclusively determined that the APS FE 
process was the cause for the CE crack.  It can be postulated that the CE cracks were a 
result of the current CE application process and regardless of which APS parameters 
are utilized.  In this case, CE cracking may occur depending on the CE quality and the 
APS FE process simply serves as a “proof test” to reveal the preexisting CE crack. 
 
 
APS Process Optimization  
The cell manufacturing processes, particularly those related to the interconnection (IC), 
electrolyte (EL), and fuel electrode (FE), require a significant amount of manual handling 
of the Delta8 substrate.  Addressed during Phase II was the development of an 
atmospheric plasma spray (APS) process that demonstrated the ability to adapt to the 
Delta8 dimensional variation, was fully automated, met quality specification, and was 
suitable for scale-up to meet future production goals. 
 
Furthermore, to meet the cell production requirements for Phase II it was necessary to 
develop and qualify a higher throughput APS process for both the electrolyte and fuel 
electrode. The plasma spray gun in previous use did not deliver sufficient thermal energy 
to the powder at the feed rates required for Phase II cell production.  Although a more 
capable plasma spray gun will decrease plasma spray event time, that alone will not 
meet production requirements.  It must be combined with a system that eliminates the 
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existing gaps between current process capability and expected throughput goals.  This 
was achieved with an APS process that incorporated a new, high power plasma gun with 
a carousel type fixture that allowed simultaneous coating of multiple cells.   
 
Both the high power plasma spray gun and the carousel system were acquired via rental 
from a qualified vendor.  The carousel system included three major components: the 
high power plasma spray gun and robot system, the carousel, and the cooling ring 
mover. 
 
Efforts to qualify the gun and integrate it with the carousel fixture were performed in 
parallel through a collaborative effort with a thermal spray integrator and supplier of 
plasma spray systems.  This enabled in-house development utilizing the same major 
components that were in use at the vendor’s facility during preliminary development 
testing, thereby accelerating the overall development and qualification of a higher 
throughput APS and its subsequent implementation into Delta8 cell production. 
 
The newly acquired plasma spray gun provided 100 kWe of power in a single  
anode/cathode design and operated with three gases, argon, nitrogen, and hydrogen.  In 
comparison, the plasma spray gun in use had a 40 kWe power rating and two gas 
capability, argon and hydrogen.   The high temperature capacity also provided the 
capability of melting 4 to 5 the amount of electrolyte powder per minute than that of the 
older gun.  Other advancements in the new gun were a state-of-the-art 250 VDC power 
supply specifically designed for plasma spray applications (the older power supply was 
designed for welding applications and modified for plasma spray purposes), advanced 
solid state circuitry to provide for more precise control for the plasma spray, and a 
refrigerated, air-cooled heat exchanger to dissipate the heat from the gun coolant loop.  
The high temperature gun was installed into an existing spray booth which allowed 
development activity to continue pending design and delivery of the new carousel 
system.  
 
The carousel system design included three items, the carousel, which is the fixture 
which holds the Delta8 cell vertically during rotation, and the spindle (the rotation unit).  
The full-length positions included two suction cups to securely hold the part in position.  
The spindle was a stand-alone unit that provided rotation for the carousel.   The spindle 
speed and direction were set by the motion program within the robot and controlled and 
monitored by the existing PLC and drive.  The third major component of the carousel 
system, the cooling ring mover, was a vertical traverse unit that provided motion for the 
system’s three external cooling rings.  This mover was synchronized with the high 
temperature plasma spray gun’s robot to provide maximum cooling during a spray event.  
Initial testing without the external cooling rings and synchronized movement resulted in 
cracked cells. 
 
An existing plasma spray booth was modified to integrate the new components.   The 
necessary hardware and software modifications resulted in a system similar to that used 
by the vendor for development work.  The design and construction of the new high 
temperature plasma spray gun/carousel system was completed at the vendor’s facility.   
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Process specifications for applying electrolyte, fuel electrode, and the interconnection 
which incorporated the optimization of process conditions determined during Phase I cell 
manufacturing campaigns were prepared to ensure the optimum conditions to date are 
utilized during the Phase II cell manufacturing campaigns. 
 
In addition to the plasma spray process development work, a new interconnection fixture 
was designed and qualified.  The previous interconnection plasma spray process coated 
a single Delta8 substrate at a time and thus had a very low throughput.  In addition, a 
significant amount of the labor time required for interconnect processing was consumed 
by the manual preparation of the substrate for a spray event.  This included taping the 
internal cooling air tubes in place, placing tape on the tube for fixture placement, and 
removing the tape after completion of the plasma spray event.  A portion of the time also 
involved aligning the substrate in the spray fixture and mask to ensure the 
interconnection location met specifications. 
 
A significant labor savings may be realized by developing an interconnection fixture with 
an onboard cooling air system and an integrated shadow mask.  A single part 
interconnection fixture was designed with three major production-friendly components: 
onboard cooing air system, replaceable shadow style mask, and, no vacuum holding 
cups.  After qualification the single-part fixture would serve as the basis for the design of 
a multiple interconnection fixture for use in future full-scale cell production. 
 
The onboard cooling air system eliminates the need for cooling air tubes to be inserted 
and taped prior to the plasma spray event, saving time and reducing part handling.  This 
onboard cooling air system consisted of eight individual cooling air tubes which slide 
vertically as one component, inserting one tube into each channel of the Delta8 
substrate.  The key to enabling each cooling air tube to slide into its corresponding 
Delta8 channel was a floating guide located near the open end of the fixture.  These 
guides can float or move side-to-side and front-to-back to accommodate dimensional 
variations within a part and from part to part. 
 
The shadow style interconnection mask eliminates the need for an operator to place the 
mask on the fixture for each spray event.  The mask is hinged along one side and 
swings away from the fixture to allow part loading and unloading.  The mask does not 
contact the part, thus no material bridging between the mask and the part can occur 
during a spray event.  Also, the fixture centers the part relative to the mask during 
loading, eliminating the need for the operator to manually center the part to the mask.   
The mask is held in place within a picture frame style door, allowing for easy 
replacement if other interconnection dimensions are required or for maintenance. 
 
The fixture includes two latches, near the open end of the part, which hold the part in 
place until the mask door is closed and secured.  Since the part rests between the fixture 
and the door, the holding cups used in the previous system are eliminated, along with 
the vacuum source and associated vacuum hardware. 
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TASK 3.4 – MANUFACTURE CELLS  

This task focused on improving the yield of each manufacturing step while minimizing 
both labor and material costs.  Efforts were made to enhance the robustness of each 
process by reducing the sensitivity of product quality to processing conditions variations.  
The task was to determine: 
 

1) The key processing parameters,  
2) The operating range for each parameter,  
3) The quality assurance checks required, and  
4) The acceptability criteria for each step to ensure that the final product 

requirements were satisfied.  
 
Root cause analysis and design of experiments were utilized to determine the cause of 
the rejects and how to minimize or eliminate the flaws.  The analysis was complex due to 
the interaction between multiple processing steps and between the layers.  As well as 
improving the yield, each process was evaluated in terms of how to minimize labor and 
increase material utilization to lower cost. 
 
A Delta8 cell manufacturing campaign was conducted to establish the baseline yield for 
the state-of-the-art cell manufacturing process and to identify the major problem areas 
that must be addressed to minimize rejects and lower cost.  Cells were manufactured 
using the most up-to-date processing conditions.  The conditions had been adjusted 
based on the Phase I cell manufacturing campaigns that produced the cells for the 
Phase II POCD8R1 Stack Test. 
 
A newly manufactured lot of air electrode powder (designated S7) was used for this cell 
manufacturing campaign.  The previous lot of powder (S6) was exhausted during the 
course of the Phase I cell manufacturing campaign.  Consequently, initial insights into 
the processing characteristics for cells processed on S7-based air electrodes were also 
obtained. 
 
The cumulative throughput and reject totals by process for the cell manufacturing 
campaign using S7 powder were calculated.  The overall yield suffered significantly due 
primarily to the impact of three individual processes with low step yields, including 
electrolyte densification, heat cycle, and final inspection.  Hence, these are the problem 
areas requiring most yield improvement.   
 
A detailed analysis was conducted to determine the cause for the reject as well as the 
frequency of occurrence for the various types of rejects.  The most significant of these 
reject types was closed end cracking, followed by electrolyte spalling, and traverse 
cracking.  
 
Closed end cracks typically appear on the interconnection (flat) side of the Delta 8 cell at 
the extreme closed end directly opposite the bottom of the ‘V’ on the delta side of the 
cell.  The cracks are relatively short in length, usually 10 mm or less.  Closed end cracks 
most often become evident after densification, fuel electrode application, or heat cycle 
processing.  Following heat cycle, the cracks are readily apparent due to the visible 
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oxidation of the nickel fuel electrode in the vicinity of the crack.  Identification of closed 
end cracks after densification or fuel electrode application is less straightforward and 
requires pressure testing with snoop.  Bubbles appear where cracks are present.  
 
Electrolyte spalling is typically a blistering or delamination of the electrolyte most 
commonly located at the extreme closed end of the cell on the interconnection (flat) side.  
Electrolyte spalling can sometimes be detected following electrolyte application, or more 
commonly following electrolyte densification.  This defect has been associated with the 
interlayer calcination process.  During calcination, the cell is positioned horizontally with 
the interconnection (flat) side down, supported on high purity alumina plates.  The cells 
are also loaded from above on the delta side with refractory weights to prevent warping 
and curling during the calcination process.  When spalling of the electrolyte occurs, it 
appears to be related to a reaction layer that sometimes develops at the contact points 
between the interlayer surface and the alumina setter plates.  This reaction layer tends 
to hinder the bonding of the electrolyte.   It should be noted that the defect was not 
present in earlier campaigns. 
 
Traverse cracking consists of small to large cracks originating at the extreme edge of the 
cell and extending perpendicular to the edge, ranging in length from a very short 
distance to the entire width of the cell.  These defects are thought to be an artifact of the 
extrusion and drying process.   
 
The most significant reject types identified in this campaign will be focused on in order to 
achieve the greatest impact on overall yield and cell cost.  One particular area to be 
examined will be on the use of bismuth, which is discussed in Task 3.13.  This additive 
has shown great promise, not only in cell performance, but also with respect to the 
closed end cracking phenomenon.  One hundred percent of the experimental cells 
processed to date with bismuth have been free of closed end cracks.  Additional work is 
necessary to fully develop this process for production.  
 
The electrolyte spalling defect will be addressed by exploring alternate setter plate 
materials.  One possible candidate may be yttria stabilized zirconia which could prove to 
be less reactive with the interlayer material than the alumina currently in service.  
Alternately, it may be possible to ‘season’ the setter plates to neutralize their reactivity 
with the interlayer material.  Experimentation will be undertaken to develop the best 
material system for the setter plates during the calcination process.  Finally, adjustments 
to the extrusion and drying processes will be explored to minimize the potential for 
traverse cracking. 
 
A similar approach was taken to solely evaluate the Delta8 cathode production process.  
A Delta8 cathode production campaign was conducted to generate more detailed labor 
requirements and yield numbers for the each step in cathode manufacturing.  In addition, 
the campaign produced cathodes that could be used in cell development activities.  The 
production of the cathode was examined in the following areas: 
 

• Sigma mixing 
• Extrusion 
• Closed end (includes application and finishing) 
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• Bisque firing and sintering 
• Final cathode QC 
 

The overall yield was 83.3%, with all of the rejects occurring in the final cathode QC 
step.  The results show that, as expected, the time to apply and finish the closed end of 
the cathode is by far the most time consuming step.  This step represents over 66% of 
the total labor expended in the manufacturing of the Delta8 cathode.  An automated 
finishing process will be needed to significantly reduce the time and lower the cost of 
manufacturing the cathode.  The cost was almost evenly split between labor and 
material. 
 
Studies were also conducted to determine ways to minimize the cracking of the closed 
end of the Delta8 cell.  The causes for the closed end cracking include the relative 
weakness of the Delta8 cell and the thermal expansion differences between the cathode 
and the interconnection.  
 
The first change examined was to determine the impact of utilizing a thinner 
interconnection and an interconnection that was moved away from the closed end.  
Modeling had shown that these changes will help minimize the stress on the closed end 
and thus hopefully significantly reduce closed end cracking.  The use of a thinner 
interconnection also has the benefits of reducing processing time and material usage.  
However, the concerns with a thinner interconnection are 1) can a leak tight layer can be 
achieved and 2) is the interconnection stable.  A set of tests was conducted to evaluate 
these issues. 
 
Samples were generated having 75% and 100% thick interconnections. The samples 
were densified and then heat treated for 1200°C for  100 hours.  The change in window 
leak rate was examined as a function of time at these temperatures.  The results showed 
that the thicker interconnection was more stable and met all specifications, while the 
thinner interconnection did not.  While the specification is demanding, the 
interconnection of the cell has historically been the weakest layer in the cell, and 
therefore it is critical that its stability be established.  If a thinner interconnection is to be 
targeted, additional development is needed to further enhance its stability.   
 

In the next set of tests, the interconnection was moved 2.5 cm (1 inch) further from the 
closed end.  Three of these cells had a standard thickness interconnection, and three 
cells had an interconnection that was 75% as thick.  Both groups of cells were 
processed through heat cycle.  Only one cell showed a closed end crack.  This cell had 
a 75% thick interconnection.   The yield for this combined group of six was thus 83%.  
 
Using the cathode yield of 83% noted above, the overall cell yield with these 
interconnection modifications thus exceeded 68%.  Although the sample size tested was 
small, the results provide a strong indication that these modifications will greatly improve 
cell yield.   A new interconnection mask was designed for subsequent implementation 
into Delta8 cell manufacturing. 
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Another interconnection change being evaluated was to modify the interconnection 
chemistry so that its thermal expansion coefficient more closely matched that of the 
cathode.  A design of experiments had been performed to optimize the interconnection 
chemistry in terms of the following properties: 
 

• Thermal expansion 
• Molecular leak rate 
• Stability 
• Electrical conductivity 
• A/B (La + Ca)/(Cr +Al) 

 
A composition was identified that met all of the targets for these properties. 
 
Modifications were also made to the cathode design in an attempt to increase its 
strength.  The valley thickness and radius were increased   A new die was designed and 
implemented to achieve these design changes. 
 
Changes in the die could potentially significantly impact the extrusion flow 
characteristics.  Using the same paste composition utilized with the previous die, 
cathodes with the new die were successfully extruded with no issues.  Another concern 
with the new cathode design was its drying characteristics.  Experience has shown that 
non-uniform drying will cause cracks in the cathode.  The now thicker valley may not dry 
as quickly, and therefore may cause cracking issues. No drying issues were experienced 
during the drying of the new cathodes. 
 
The application and closed end finishing of the closed ends were done successfully, and 
seemed to be slightly easier to do due to the thicker valley.  That is, finishing of the 
thinner valley required great care to ensure that too much material was not removed, 
and thus took longer. 
 
The cathodes were successfully sintered and quality checked with no unusual or 
unexpected yield issues.  Processing of these cathodes is now required to validate the 
impact of these cathode changes, in combination with the interconnection changes, on 
the closed end cracking issue and overall yield. 
 

In conclusion: 

• The excessive time required for the application and finishing of the closed end of 
the Delta8 cathode demonstrates the need to generate automated methods for 
these steps. 

• Applying a thinner interconnection and moving the interconnection further from 
the closed end will reduce the closed end cracking and significantly improve 
yield. 

• The interconnection chemistry can be optimized to produce a layer which is 
stable, has good conductivity, and has a thermal expansion coefficient that is 
more compatible with the cathode.   
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• The new cathode design can be successfully manufactured using the existing 
paste and cathode processing conditions. 

TASK 3.5 – DESIGN CELL TEST ARTICLE 

No work planned or performed in Phase II. 

TASK 3.6 – MODIFY EXISTING SINGLE CELL TEST STANDS 

A key to advancing the Delta8 cell is having the ability to test and evaluate cell 
enhancements. Testing is also required to determine the operational limitations of the 
cell.  To provide greater Delta8 testing capability, a new test stand was required.  The 
stand was to be designed, constructed and qualified for the testing of Delta8 cells up to 
100 cm long, and programmed for automated standard testing processes to improve the 
efficiency and reduce the cost of associated with cell testing. 
 
Construction the new cell test stand was initiated.  In order to help ensure uninterrupted 
operation, UPS power was connected to the bubbler, to the heat tracing, and to 
temperature control.  The use of UPS power for these circuits will allow the test to 
continue without interruption if the site power is temporarily disrupted.  The furnace 
heaters are on normal site power and can ride through a temporary interruption without 
losing significant heat.  The critical bubbler and heat tracing ensure test longevity with 
this facility support. The assembly of the furnace power controllers was also completed.  
 
Construction was halted before the test stand was operational. 
 

TASK 3.7 – ASSEMBLE CELL TEST ARTICLES 

No work planned or performed in Phase II. 

TASK 3.8 – CONDUCT ISOTHERMAL ELECTROCHEMICAL CELL TESTS 

No work planned or performed in Phase II. 

TASK 3.9 – CONDUCT POST TEST ANALYSES 

No work planned or performed in Phase II. 

TASK 3.10 – DEVELOP CELL BUNDLE 

The cell bundle used in the Phase II Stack Test, POCD8R1, consists of eight Delta8 
cells, with an active length of 100 cm, connected in series.  The bundling of the Delta8 
cells requires the use of connectors that provide high electrical conductivity, flexibility, 
and a strong, stable connection between cells. Connectors developed for the Delta8 cell 
design target low material costs, simple installation, and adaptability to an automated 
bundling process for high throughput manufacturing.  
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Areas to be addressed include selecting a preferred connector, manufacturing the 
connector, the assembly process, and the sintering of the bundles.  In all of these areas, 
the goal is to: 
 

1) Reduce costs by lowering material costs and/or by reducing labor hours 
2) Improve the quality of the connector by increasing the strength and stability of the 

connection, and  
3) Define the processing conditions which result in a quality product.  Specifications 

will be developed for the processes involved. 
 
The manual bundling process for the Delta8 cells will be utilized for low-volume bundle 
production.  That process will serve as a basis for eventual design and procurement of 
an automated system for high-volume manufacturing.  The Delta8 design should be 
more amenable to automation based on cell geometry and projected bundle design 
concepts. 
 
Mechanical testing was performed to quantify the tensile strength of the various 
connector systems under consideration, including 
 

1) Nickel hollow tubes/nickel tape,  
2) Nickel foam/felt hybrid/nickel slurry,  
3) Rhodius pad/nickel epoxy, and  
4) All foam/nickel slurry.   

 
In general, the connectors employing nickel slurry exhibited significantly higher ultimate 
force values on average than their nickel epoxy or nickel tape counterparts.  This 
conclusion was also borne out in the failure mode of the samples.  The nickel foam -felt 
hybrid/ nickel slurry and the all foam / nickel slurry samples both failed in the cell 
structure, while the hollow tube / nickel tape and rhodius pad / nickel epoxy systems 
both failed in the respective connectors rather than in the cell.  Additionally, a much 
greater degree of separation (interconnection side, fuel electrode side, and internal to 
the connector itself) was observed for the nickel hollow tube / nickel tape and the rhodius 
pad / nickel epoxy connector systems.   
 
The nickel foam-felt hybrid cell-to-cell connector system displayed acceptable results in 
terms of manufacturability and bond strength.  Thus the hybrid nickel foam-felt was 
determined to be the preferred connector.  While alternate connectors (e.g., all foam 
connectors) will continue to be explored to improve quality and lower cost, the emphasis 
will be on optimizing the bundling process using the nickel foam-felt hybrid connectors 
 
A series of sintering experiments was carried out to identify conditions of dual 
atmosphere sintering of the bundles.  Primarily, heating rate, cooling rate and gas flow 
rates were established through iterative experiments to ensure safe conditions that 
would permit successful sintering of the bundles without cell cracking and good 
attachment of the cells.  Bundle drawings were developed and two prototype bundles 
were fabricated using reject cells to further identify any processing issues before 
production bundles were fabricated. 
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A total of nine bundles were assembled and sintered to complete the requirements for 
POCD8R1.  One of the nine bundles was rejected due to several cracked cells.  This 
was a direct result of unloading of the bundle from the sintering furnace an elevated 
temperature, subjecting the bundle to thermal shock.  The remaining eight bundles 
passed the post-sintering quality checks, experiencing none of the issues historically 
encountered during the bundling process, such as separation at the connectors, 
increasing vacuum leak rates, electrical shorts, etc.  The successful bundle assembly 
campaign verified the results of the tensile strength testing as the bundles showed no 
separation. 
 
While the nickel foam-felt hybrid connector system was proven to be successful in terms 
of manufacturability, mechanical bond strength, and cost, additional work in connector 
system development is needed.  For example, more data is needed with respect to the 
electrical performance of the nickel foam-felt hybrid connector system employed in the 
POCD8R1 generator system.  This information will become readily available with the 
start-up and operation of the generator.  Additionally, questions and concerns related to 
the flexibility of the nickel foam-felt hybrid connector and its durability in operation and 
thermal cycling will also be answered.  Continued development of alternate connector 
systems, such as the all foam/nickel slurry connector system, should also be pursued.  
This style of connector greatly simplifies the bundle assembly process and lends itself 
more easily to automation for mass production. 
 

TASK 3.11 – PERFORM MULTI-CELL TEST 

No work planned or performed in Phase II. 
 

TASK 3.12 – ON-CELL REFORMATION 

No work planned or performed in Phase II. 
 

TASK 3.13 – LOW TEMPERATURE FUEL CELL DEVELOPMENT 

Lower energy costs can be achieved by reducing the manufacturing/material costs 
and/or enhancing power output.  Breakthroughs in cell materials, designs, and 
processing must be made to significantly lower cell and stack costs. One approach to 
this is the development of a low-temperature electrolyte and interconnection fabrication 
methods using advanced plasma spray techniques and/or enhancing sinterability of the 
electrolyte and interconnection with a sintering aid.  Previous research has shown that 
the introduction of a sintering aid (additive) can lower the densification time and 
temperature, enable the use of thinner layers (reducing material consumption and 
processing time), and improve cell electrical performance. 
 
The process technique and processing conditions for applying the additive must be 
established.  Areas evaluated included the amount and form of the additive applied, the 
degree of uniformity required, the thickness of the electrolyte, densification conditions, its 
applicability for use on the interconnection, and the quality assurance techniques. 
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Preliminary Processing Evaluation of Delta8 Cells w ith Additive  
Manufacturing of Delta8 cells with the additive was necessary to generate a cell for 
testing.  A batch of fifteen Delta8 air electrode substrates was processed.  The use of 
the additive process allows the use of a lower electrolyte densification temperature. 
 
There were also some variations built into the manufacturing of these cells in order to do 
a preliminary evaluation of processing options.  Six (of 15) cells had the additive sprayed 
onto the interconnection to act as a sintering aid for the IC.  Due to concerns about 
electroplating, three of these cells had their ICs grit blasted prior to the plating step.  
Three cells were also processed without the standard cathode interlayer.  All of the 
cathode tubes used in this effort were made from the same cathode powder lot. 
 
Most of the previous cylindrical cell work with the additive utilized a vacuum infiltration 
process to deposit the additive onto the surface of the electrolyte.  Because of the more 
complicated geometry of the Delta8 tube (variable wall thickness) and because of the 
lack of appropriate infiltration fixtures, a different coating method was needed for the 
Delta8 cell.  In this study, a wet powder spray (WPS) process was used. 
 
Three different additive raw materials were used for these cells.  There were obvious 
physical differences in the powders; the most noticeable of which was the color.  A 
powder manufacturer stated that this color difference is due to crystallography and 
particle size and not due to impurities. 
 
An air brush sprayer was used to apply the additive coating.  Multiple coats of the WPS 
slurry were applied using vertical spray strokes.  The WPS slurry dries very quickly once 
sprayed so that there is no running and dripping on the surface of the cell.  The cells 
were weighed after coating and sometimes between coats to determine how much 
additive had been deposited.  Handling and loading the tubes into the densification 
furnace was generally difficult due to the need to avoid touching the coating.  Accidental 
contact would easily remove some of the coating. 
 
Appearance-wise, after densification, the electrolytes were generally very dark indicating 
good density and low porosity.  The fuel electrode and heat cycle processes were 
unchanged from standard Delta8 processing.  A Delta8 cell was successfully made for 
testing. 
 
Process Development and Optimization:    
The benefit of using the additive on cell performance has been demonstrated by the 
electrical test results (discussion following).  It is believed that this power enhancement 
of 40 to 60% is in part a result of the lower densification that can be utilized.  This lower 
temperature and shorter time minimizes the potential formation of resistive layers at the 
air electrode/electrolyte interface.  Also, the ability to use a thinner electrolyte results in 
less resistance and thus higher performance.  In addition to this favorable cell 
performance, the introduction of additive is also demonstrating the capability to ease 
processing, to improve cell quality, and thus significantly reduce the cell cost.  
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In order to realize the above process and cost benefits by implementing the additive 
process into production, a systematic qualification plan has been formulated and is being 
executed. The objectives of this plan are to qualify a production-friendly coating 
technique and quantify all its processing parameters.    
 
Four potential techniques to apply the additive coating were identified: wet powder 
spray, roller coating, dip coating, and vacuum infiltration.  As summarized in Table 3.1 
the major disadvantages that wet powder spray suffers from are the low material 
utilization and concerns of non-uniform coating, especially in the valleys of Delta8 cells.  
For roller coating, a complete and uniform coverage relies on an intimate contact 
between the applicator and the substrate.  This often requires significant mechanical 
force acting on a perfectly straight substrate.  Based on our past experience, the current 
Delta8 cells are prone to cracking under such conditions.  In contrast, both vacuum 
infiltration and dip coating share similar advantages, including high material utilization 
and insensitivity to cell geometry.  While the major challenge for dip coating is the 
inherent axial thickness gradient due to its vertical processing position, the impact of that 
gradient needs to be determined by a systematic study.  For vacuum infiltration, it has an 
innate propensity to deposit a thicker layer onto those areas that are relatively more 
porous than others (due to less infiltration resistance).  In the case of the Delta8 cell, the 
valleys tend to have thinner or more porous electrolyte and thus are expected to pick up 
more additives during infiltration.  Whether this is positive or negative to the cell quality 
also needs to be critically studied.  Based on the above comparison and rationale, the 
decision was made to evaluate both dip coating and vacuum infiltration techniques in 
parallel. 
 
An evaluation plan was formulated for each technique to identify and determine its key 
processing parameters.  In the first round, electrolyte of reduced thickness will be 
applied to cylindrical tubes by plasma spray.  Subsequently, the additive of different 
loading levels will be applied to these tubes.  After densification, cell leak rate will be 
measured and window leak rate will be checked at the closed end, mid-level, and open 
end to reveal any axial location dependence.  After the as-densified leak rate is 
established, selected samples will be heat treated at elevated temperature for extended 
period of time to reveal if the leak rate degrades with time.  In parallel, the AC 
impedance of selected samples will also be measured to evaluate the cell performance.  
Based on the leak rate, high-temperature stability, and impedance results, the 
acceptable range of additive loading can then be determined.  In the second round, 
another set of cylindrical tubes, which have both interconnection and electrolyte, will be 
used to further narrow down the additive loading range that is previously identified from 
tubes with the electrolyte only.  Interconnections of different thickness will be used to 
determine the appropriate thickness in order to get a leak-tight interconnection.  
Following a similar procedure, the interconnection window leak rate, long-term stability, 
and resistance index will be used as the acceptance criteria to finalize the additive 
loading range.  At least one selected finished cell will be tested for the electrical 
performance. 
 
The parameters determined by using cylindrical cells will then be proportionally adjusted 
for the Delta8 cells.  A number of Delta8 cells will be processed under this adjusted 
condition to confirm the expected quality and performance.  Once this is achieved, a 
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statistically significant number of Delta8 cells will be processed under the confirmed 
condition and the overall yield will be calculated.  A positive impact on yield and good 
cell performance will warrant the success of additive process implementation. 
 
Based on the testing, two additive application techniques were selected for further 
evaluation:  vacuum infiltration and dip coating.  The approach taken for both candidate 
processes is to utilize cylindrical cells for more rapid turnaround to establish the 
following: 
 

• Additive slurry composition 
• Additive loading as a function of process parameters 
• Relationships between additive loading, layer thickness (electrolyte and 

interconnection), and cell leak rate 
• Effect of multiple additive applications 
• Coating uniformity 
• Cell performance 
• Long term stability 
 

These results were then be verified on Delta8 cells in terms of processing conditions, 
and cell performance and stability. Lastly, a statistically significant number of Delta8 cells 
will be processed to quality the additive process for production and evaluate its impact 
on yield.  The details of the vacuum infiltration and dip coating testing conducted to date 
are presented in the following. 
 
Vacuum Infiltration:   
Prior to this development effort, all cylindrical cells on test had the additive applied via 
vacuum infiltration.  This effort was to identify and optimize the key operating parameters 
for this process.  The first step was to characterize the slurry used to apply the additive, 
with the goal of determining the composition that results in a uniform and reproducible 
coating.  The particle size of the additive needed to be sufficiently small to keep it 
suspended during the coating process.  To achieve the targeted particle size of the 
additive, milling conditions were established.  With this size particle, the composition of 
the slurry was adjusted to ensure the particles would stay suspended sufficiently long to 
allow the coating on the cell to be applied uniformly.  Settling rates, solution agitation 
requirements, cell orientation (vertical versus horizontal), and filtration times were 
evaluated. 
 
The results to date indicate well mixed slurry, when placed in a stagnant tank, will allow 
filtration times of at least 15 minutes to be used while achieving a uniform coating with a 
cell oriented vertically.  Fifteen minutes has been determined to be more than sufficient 
time to achieve the maximum loading required.  In a shallow stagnant horizontal tank, 
the additive preferentially loaded on the top surface of the cell.  Additional development 
will be needed to allow for horizontal infiltration, which has advantages in terms of cell 
handling and equipment size.  Work will continue on system design and operation. 
 
A vacuum infiltration system was designed and fabricated to allow for the processing of 
full length cells (both cylindrical and Delta8).  Using this system on cylindrical cells, a 
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relationship between filtrate volume collected was established.  This relationship allows 
the amount of additive loaded onto the cell to be controlled and targeted.  
 
The next set of vacuum infiltration tests examined the impact of electrolyte thickness and 
additive loading on cell leak rate.  The results show the optimum loading is dependent 
upon the thickness of the electrolyte.  In addition, the results show that if the electrolyte 
is too thin, there will be flaws that will not be eliminated with any additive loading even 
though the cell leak rate is acceptable. 
 
Another key parameter on the acceptability of the cell is its thermal stability.  Cells 
generated in the initial additive loading study were subjected to a second densification 
run.  The results show that if the additive is above a certain limit, the cells are not stable 
and the leak rate goes up dramatically.  At acceptable levels, the cell leak rate is stable 
or decreases.  Additional optimization work is needed to clearly define the additive limits 
as a function of the electrolyte thickness. 
 
The next series of tests examined the impact of the additive on the interconnection as 
well as the electrolyte.  The electrolyte thickness was held constant and the 
interconnection thickness was varied, as was the additive loading.  For all samples, the 
leak rate was acceptable.  Only minor flaws were detected on the thinner 
interconnection.  The results show that from a leak rate and flaw standpoint the 
interconnection, along with the electrolyte, can be successfully densified with the 
additive.  Cell testing has also shown that the desired cell performance can also be 
achieved.  Long term stability of this cell still needs to be demonstrated. 
 
Testing on the vacuum infiltration of additive onto a Delta8 cell was then initiated.  The 
coating appeared very uniform on both the interconnection and electrolyte.  After 
densification, the cell had an acceptable leak rate.  The testing also examined the 
relationships among additive loading, layer thickness (electrolyte and interconnection), 
cell leak rate, and cell flaws.  Additional testing was conducted here to verify the 
reproducibility of the results, to optimize the process conditions, and to then transfer the 
technology to the Delta8 cell. 
 
The previous testing was conducted on cylindrical cells with just electrolyte to isolate the 
impact of the additive on the electrolyte. Testing was conducted here utilizing cylindrical 
cells to examine the impact of the additive on both the interconnection and electrolyte.  
In these tests, the electrolyte thickness was held at 75% standard, while the 
interconnection was varied between 100% and 50% standard thickness.  The electrolyte 
thickness used here was based on the prior results, which had shown that this thickness 
was sufficiently thick to provide a good leak rate with minimal flaws.  The results show 
that the leak rates of cells with interconnection are significantly higher than those cells 
with just electrolyte.  However, the leak rate of all the cells met the specification.  The 
higher leak rate with the interconnection may be due to: 
 

1) The plasma spray conditions used to apply the interconnection,  
2) The additive being less effective on the interconnection, and/or  
3) The additive loading on the interconnection being lower than that on the 

electrolyte. 
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The surface and porosity differences between the electrolyte and interconnection could 
lead to loading differences between the two layers. 
 
The next set of tests was conducted to generate a larger data base on the impact of 
additive loading on leak rate.  The additive loading was varied on cells which had the 
same electrolyte thickness (75% standard) and interconnection thickness (75% 
standard).  Each cell had the electrolyte applied using the same powder and spray 
conditions. The interconnections on each cell were also applied under identical 
conditions.  In addition, the air electrode lot (H0) was also the same for each cell.  The 
goal was therefore to isolate the impact of the additive loading.   The results in general 
show a decreasing leak rate with additive loading.  However, there was significant 
variability in the results.  In addition, the leak rates were high relative to previous results.  
To determine the cause for this variability and the higher than expected leak rates, 
additional testing was then conducted. 
 
Even though the spray conditions were within specifications, it was possible that the 
cause for the higher leak rate and variability was due to the plasma spray gun.   The 
plasma spray gun was therefore rebuilt to apply the electrolyte.  In addition, examination 
of the data indicated that the extrusion mix used to produce the cathodes was perhaps 
having an effect on the leak rate.  Utilizing the rebuilt gun, electrolytes were applied to 
different cathode batches and compared to cells produced with the prior gun.  The 
electrolytes were applied under the same spray conditions and densified under the same 
conditions with no additive.  The cells were compared based on the extrusion mix and on 
the plasma anode used.  In all cases, for cathodes generated in a given extrusion mix, 
the rebuilt gun generated cells with a lower leak rate.  This information will be used to 
better define when the plasma spray guns should be rebuilt to help ensure a quality 
product. 
 
However, the bigger impact on leak rate was surprisingly the extrusion mix.   The results 
show that the leak rate is increasing with each successive mix.   The cause is not readily 
apparent nor has this been observed previously in any of the development and 
manufacturing activities.  Each mix and subsequent processing is essentially identical.  
That is, the cathode powder (H0), additives, mix time, extrusion conditions, and sintering 
conditions are all the same.   Additional testing and analysis is required to determine 
how the extrusion mix is affecting the electrolyte leak rate. 
 
The first infiltrate added cell used vacuum-infiltration process.  The additive was 
vacuum-infiltrated immediately after the electrolyte plasma spray when it is still porous.  
Minimal weight pickup of 1-2 grams was achieved, and the electrolyte was densified at 
reduced temperature/time.  Gas tightness of cells processed this way is comparable to 
those without the additive and densified at higher temperature/time.. 
 
Dip Coating: 
In parallel to the vacuum infiltration work, testing was conducted to evaluate dip coating 
as a method to apply the additive.  The first step was to identify a workable slurry 
composition.  After that, a series of tests were conducted using cylindrical cell segments 
to investigate the impact of soak time and multiple coats on additive weight pick up and 
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leak rate.  The leak rate of the segments was measured using a window leak device 
which creates a seal on the surface of the cell.   
 
Having demonstrated that the additive could be successfully dip coated onto small 
samples, a system to dip coat full length cells was designed and constructed.  The 
system was designed similar to the interlayer dipping system which allows for 
recirculation of the slurry to keep it well mixed and the solids suspended.   
 
As with the vacuum infiltration process, dip coating was initially applied to cylindrical 
cells containing just electrolyte.  Leak rate and layer flaws were examined a function of 
additive loading and layer thickness.  The optimum loading is a function of the layer 
thickness. 
 
Testing was also conducted to determine what process variables, other than slurry 
composition or multiple dipping steps, could be used to vary the additive weight pick up.  
Withdrawal rate, temperature and soak time were all examined. 
 
Another set of tests was conducted to examine the interaction of the dip coated cells 
with setter materials to evaluate the potential for horizontally densifying the cells.  
Horizontal densification offers advantages in terms of high production throughput.  Cell 
segments dipped with the additive were densified with either the interconnection or 
electrolyte down on the setter plate.  In both cases, there were no significant interactions 
or adherence issues.  There was only a slight stain on the setter, which appeared to be 
slightly less when the interconnection was in contact with the setter.  In all cases, the 
window leak rate was excellent.  Horizontal densification thus appears feasible and will 
continue to be evaluated. 
 
Testing to examine the impact of dip coated additive loadings on cylindrical cells with 
both electrolyte and interconnections was conducted to establish the optimum conditions 
for both vacuum infiltration and dip coating.  It was determined that targeting a heavy 
coat in the first step resulted in a non-uniform coating and was more difficult to control to 
the target amount.    The results show that the target additive amount and leak rate can 
be achieved with this technique. 
 
Electrolyte Thickness Reduction 
As the densification of electrolyte mainly depends on the additive as a sintering aid, 
thicker electrolyte is not necessary anymore to lower molecular gas leakage.  On the 
contrary, thinner electrolyte can make the infiltration process easier, reduce ScSZ 
powder usage, and ultimately enhance cell performance.  Two cells with reduced 
electrolyte thickness were prepared for evaluation.  
 
Elimination of Interlayer  
In addition to electrolyte thickness reduction, it was found that the traditional composite 
interlayer can be eliminated without negatively affecting cell performance, which should 
further simplify the cell making process.  The function of cathode-electrolyte interlayer is 
to enhance oxygen reduction kinetics.  Current study on infiltrate containing cells 
presents a new opportunity to enhance cell performance without the interlayer.  Earlier 
data showed that all infiltrate containing cells trapped most infiltrate compounds within 
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the cathode-electrolyte interface region after electrolyte densification.  It is well known 
that these compounds are good oxygen conductors and catalysts, which means they 
can serve the same function as the interlayer.  If this hypothesis holds true the new 
infiltrate compounds can replace the current composite interlayer in terms of cell 
performance.  As a result, a cell was made to verify the concept. 
 
Elimination of Interconnection Densification 
The additive was initially used as a sintering aid to densify the electrolyte, at lower 
temperature, not the interconnection.  Consequently current cells need to pre-densify the 
interconnection at higher temperatures before the electrolyte is applied.  If we can 
eliminate this extra step of pre-densifying the interconnection by combining the 
densification of the interconnection with the electrolyte, the cell manufacturing process 
can be further simplified.  Using wet powder spraying technique a cell was sprayed with 
the additive to cover the entire cell followed by sintering.  Testing showed that 
incorporation of the additive in the interconnection does not negatively affect 
interconnection conductivity at room temperature, which is a critical parameter for the 
subsequent nickel plating process.  A cell has been successfully made with the additive 
in both electrolyte and interconnection and the cell test is on-going. 
 
Microstructure of Cells with Thinner Electrolyte 
Previous studies have shown showed that most of the additive is segregated at the 
electrolyte-interlayer interface and formed a complex compounds with surrounding 
elements.  The focus of the work is on how to further reduce electrolyte thickness.  
Initially the reduction in ScSZ plasma spray weight pickup translates into a 30% 
reduction in electrolyte thickness.  More benefits can be obtained with even thinner 
electrolyte.  First, it is much easier to infiltrate the additive on a thinner green electrolyte 
due to its lower resistance for the additive slurry deposit on its surface. Second, usage of 
ScSZ electrolyte powder can be cut down proportionally.  Third, cell performance is 
expected to rise due to lower ohmic resistance from electrolyte.  Testing of this cell will 
be discussed in detail in the next section.  Most infiltrate containing cells discussed 
herein were made with lower thickness electrolyte. 
 
Microstructure of Cell without Composite IL 
The dense electrolyte contacts directly with porous cathode with no composite interlayer 
in between.  The infiltrate showed the similar distribution at the cathode-electrolyte 
interface forming different local infiltrate containing compounds with surrounding 
elements in cathode and electrolyte.  The only noticeable difference of this cell is that the 
infiltrate diffuses to a shallower depth into the cathode.  This is mainly attributed to the 
thicker electrolyte of the cell, which lead to a smaller infiltrate loading during the vacuum 
infiltration process 
 
Testing  
The techniques and processes discussed above require evaluation and verification via 
cell electrical performance testing.  These tests included both multiple cell performance 
tests to verify reproducibility, long term performance tests establish and demonstrate 
long term stability.  Tests conducted focused on three main areas: 

1) Performance of an additive cell 
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2) Long term stability of an additive cell, and 
3) Performance and stability of a cell with both the interconnection and electrolyte 

sintered with the additive. 
 

Cell Test 1188 

The cell under test in Cell Test 1188 was fabricated in Phase I as one of a pair of the 
first cells manufactured with the additive.   In comparison with cells of similar 
composition without the additive at 900oC and 700oC, the performance improvement 
(~20%) of the additive cell establishes the benefit of the additive.  A sibling additive cell, 
manufactured at the same time as that being tested in Cell Test 1188 showed a similar 
performance improvement, demonstrating repeatability.    
 
Cell Test 1188 was initiated in Phase I as an electrical performance test.  After initial cell 
performance and diagnostics were measured and completed, testing was continued as a 
cell stability test.  The cell degradation rate of Cell Test 1188 was consistent with that of 
previously observed degradation rates of cells without the additive. 
 

Cell Test 1202/1203 

Cell Tests 1202 and 1203 each contain a WPC4 air electrode based cylindrical cell with 
an electrolyte that is 50% the normal thickness, a standard interconnection, a standard 
composite interlayer, and a standard fuel electrode. 
 
Due to their thinner electrolyte (~40 microns) and higher conductivity additive containing 
cells showed significantly higher performance.  Cells in tests 1202 and 1203 were 
measured between 800-900°C.  The slight difference in performance between them is 
mainly due to the resistance index difference between the cells, but overall they are 
consistent.  To put the performance curves in context they are compared with bench 
mark tubular cells between 800-900°C.  The new thin  electrolyte cell (Test 1203) showed 
dramatically improved performance at both temperatures.  At 900°C cell power almost 
doubles at 650mV.  At 800°C cell power is about 2.8 5 times higher at the same voltage.  
The cell performance improvement is partially due to the reduction in ohmic resistance.  
However, the electrolyte thickness reduction, according to theoretical calculation 
accounts for less than 20% of the total voltage improvement suggesting that some other 
factors play an important role as well.  High conductivity of compounds of the additive 
could be another beneficial factor in both electrolyte bulk conductivity and interfacial 
catalytic properties. 
 
The cell performance degradation mechanism is clear when compared with other cells 
tested in comparable conditions.  Cell stability of Tests 1202 and 1203 were also 
conducted at 900°C and 700°C.  Test 1203 at 700°C s howed roughly 3%/1000h voltage 
degradation over the 1100 h time span.  The degradation was originally thought to be 
additive related issues due to its low melting point as a pure phase and high evaporation 
rate at higher temperatures.  However, test of 1202 at 900°C does not agree with this 
hypothesis.  The cell voltage in Test 1202 continued to improve over the initial 670 
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hours.  If higher amount of additive is lost at 900°C, accelerated cell degradation would 
be expected.  Other evidence also indicates that the cell degradation may not be caused 
directly by the additive.  Previous tests of standard cells without the additive at 700°C for 
a short period of time showed that they degrade at a similar rate as Tests1203 and 1188 
at the same temperature.  This finding indicates that cell degradation at 700°C may be 
related to other factors instead of the additive.   Previous tests of standard cells without 
the additive at 700oC for a short period of time showed they degraded at a rate similar to 
Tests 1188 and 1203 at similar temperatures.  This indicates that cell degradation at 
700oC may be related to factors other than the additive Cell Test 1202 was subsequently 
terminated to allow for analysis of the cell and to make available the test stand for 
additional testing.  Cell Test 1203 continued under test at 900oC to determine long term 
stability.  Cell Test 1203 accumulated more than 12,500 hrs of operation and 
demonstrated excellent stability.  The overall degradation rate was less than 0.2% per 
1000 hours over the last 7,500 hours of operation 
 
Cell Test 1209 
Cell Test 1209 was an electrical performance and stability test of a cell without the 
standard composite interlayer.  In comparison with the performance of Cell Test 1203 
(with composite interlayer), the test results showed the beneficial role of the additive.  
Both cells displayed similar performance from 700oC to 900oC.  Test 1203 (with the 
interlayer) has a higher performance at 900oC at current densities above 300 mA/cm2 

because of the lower pore polarization from the Test 1203 cathode.  At 700oC, Test 1209 
showed higher performance which was attributed to lower ohmic cell resistance.  At 
800oC, there was similar performance.  The overall performance indicates that the 
additive functions as better catalyst than the standard cathode-electrolyte interlayer.  
These results confirm the hypothesis that the additive is a good candidate to replace the 
standard composite interlayer.   
 
Meanwhile, both cells displayed excellent stability after more than 8,000 hrs of operation, 
indicating that the additive has no detrimental effect on performance or stability.  Thus 
the introduction of the additive could possibly eliminate the need for the standard 
composite interlayer. 
 
Cell Test 1214 
Cell Test 1214 also tested a cell without the standard composite interlayer but with the 
additive (essentially a replicate of Cell Test 1209).  The test results are comparable to 
those of Cell Test 1209, also an additive cell without the standard composite interlayer, 
and provide additional support that the additive does not adversely affect cell stability. 
 
Cell Test 1219 
To evaluate the effect of air electrode (cathode) chemistry, a cell with a WPC3 air 
electrode composition was manufactured and tested.  This cell demonstrated excellent 
stability having accumulated 800 hours of operation at 800oC and an additional 1500 
hours at 900oC.  This indicates there is no evidence of any significant air electrode 
chemistry dependence for the additive cells test to date. 
 
Cell Test 1224 



  40 

The original intent of the additive was as a densification aid for the electrolyte.  It is 
possible that the same principle is applicable to the densification of the interconnection.   
If successful, it may be possible to eliminate the pre-densification step in the 
manufacturing of the interconnection.  Cell Test 1224 has a cell with the additive applied 
to both the electrolyte and the interconnection by using a wet powder spray techniques.  
The results indicate the performance of Cell Test 1224 was below that of other additive 
cells as closely approximated that of the non-additive cell.  The root cause for this lower 
performance has not yet been determined.  However, it is important to note two major 
differences between Cell Test 1224 and other additive cells.  The cell test in Cell Test 
1224 was manufactured via wet powder spray whereas the other additive cells used 
vacuum infiltration.  Wet powder spray was used in Cell Test 1224 due to the concern 
that a uniform coating of both the electrolyte and interconnection might not be 
achievable due to the denser interconnection.  Also, the additive loading for Cell Test 
1224 was about double the loading of the other additive cells.  The increased additive 
loading may have an adverse effect on cell performance shown in cell Test 1224.  Thus, 
without additional testing, the results are inclusive. 
 
Cell Test 1225 
To transfer the additive technology to the Delta8 cell geometry, the first Detat8 cell was 
manufactured with the additive, a test article assembled, and placed on test.  The 
traditional Delta8 cell fabrication process was modified to accommodate the additive 
application process and low-temperature electrolyte densification.  
 
Startup was initiated with an overnight heat up to 650oC.  The cell was loaded at a rate 
of approximately 10A/40 minutes.  The test remained at constant temperature and 
current overnight.  The cell showed a steady and healthy voltage up to about 700oC and 
then went down. The voltage drop at 700oC was also observed on other non-additive 
cylindrical cell tests at the same temperature.  While the cause was not clear, it was 
concluded that it was not related to the additive.  After about 110 hours, the cell reached 
900°C and 250A with a fuel utilization of 63%.  At this point, the cell was subjected to a 
total of 22 load cycle from 0 to 250A within 2 hours.  The cell voltage remained healthy 
for the first 16 cycles and then the close end temperature on the right-hand side started 
to rise sharply, indicating that a closed end crack was initiated and propagated.  At the 
22nd cycle, the cell voltage started to fall and test was stopped and cooled to room 
temperature.  It was later determined that the load cycling was caused by a malfunction 
of the load bank which occurred when the test was unattended.  Every time the cell went 
through a loading cycling, it experienced significant thermal and electrochemical 
stresses which eventually caused the cell closed end to fail at the 16th cycle. 
 
Cell Test 1227 
Cell Test 1227, utilized a WPC3 air electrode-based cylindrical cell without a composite 
interlayer was conducted to examine the impact of using the additive on both the 
interconnection and the electrolyte.  The results show that as the temperature is 
increased from 940oC to 1000oC, there is no significant performance gain, thus showing 
the interfacial resistance plays a minor role at the temperature range. 
 
In comparison with a group of standard non-additive cells (Alpha-7) and a group of 
additive cells at 900oC, the test results clearly indicate that Cell Test 1227 achieved the 



  41 

high performance observed with other additive cells, which is significantly higher than 
non-additive cells.  At 650 mV, Cell Test 1227 achieved approximately a 50% power 
enhancement.  When compared to the other additive cells, Test 1227 was at the lower 
end of performance for current densities above 200mA/cm2.    This can be partially 
attributed to the thicker electrolyte and thus higher resistance index.  The thicker 
electrolyte (Test 1227) does have some benefit as shown at the lower current densities.   
 
Meanwhile, the impacts of thermal cycling and operating temperature are noted.  Cell 
Test 1227 underwent a total of ten cycles between 200oC and 900oC with no measurable 
loss of performance, thus demonstrating its thermal stability.  The cell temperature was 
then increased to 1000oC to determine its stability at higher temperatures.  It was 
postulated that higher temperatures would eventually drive off the additive and result in a 
decrease in cell performance.  However, after 400 hours at 1000oC the cell performance 
was steadily increasing.  These initial results demonstrate that the additive is present as 
a stable, high melting point compound.  This would thus enable the SOFC generator to 
operate through a wider temperature range.  
 
Cell Test 1228 
The impact of the additive on the performance of a Delta8 cell was examined in Cell Test 
1228 (previously discussed tests were based on cylindrical cells).  The Delta8 cell was 
fabricated using a wet powder spray (WPS) additive process.  The electrolyte, which 
was applied at half the standard thickness, was densified with the additive.  The 
interconnection, applied at the standard thickness, was pre-densified prior to the 
application of the electrolyte.   It is important to note that a leaking hole was discovered 
during test article assembly on the delta side, close to the closed end.  An in-house 
developed glass sealing material was used to seal the hole.  The sealing material was 
heated to 900oC for curing during a heat cycle before the cell test was started.  Due to 
the extremely limited number of Delta8 cells available it was decided to continue with 
Cell Test 1228 with the repaired cell even though the impact of the defect on cell 
performance was not known. 
 
The cell showed a steady and healthy voltage improvement during startup.  However, 
the voltage was low compared to previous cylindrical cell tests with the additive.  The 
relative lower temperature was likely due to fuel bypass between the fuel electrode and 
interconnection.  This was indicated by the temperature differential at the cell open end 
between the interconnection and the fuel electrode.  The temperature at the 
interconnection open end, where leaner fuel was flowing, was higher than the 
temperature at the fuel electrode open end, where a higher hydrogen-content fuel was 
flowing.  The leaner fuel should have resulted in a lower temperature.  This strongly 
indicated a fuel bypass leading to more burning at the combustion zone on the 
interconnection side.   
 
It was also observed that, unique to this cell test, unlike previously tested cylindrical cells 
with the additive, there were no voltage fluctuations during the early phases of the 
startup 
 
Higher hydrogen bypass was observed throughout the test, leading to lower cell 
performance.  The lower performance was also measured in the voltage – current 
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density curves at 800oC and 900oC.  Even though Delta8 cells benefit from a shorter 
electronic conduction path, the overall performance of this cell was lower than that of 
cylindrical cells with the additive.  It is believed the hydrogen bypass can be minimized 
with improvements in cell test article assembly.  It should also be noted that cell voltage 
fluctuations started when the cell current density reached 250 mA/cm2 and above.  This 
followed the same trend as that shown in the additive cylindrical cells tests.  The voltage 
fluctuation is thus a strong function of current density regardless of cell geometry.  
 
Conclusions 

• Cells with the additive have demonstrated a significant improvement in cell 
performance relative to the benchmark cells without the additive.  At 800oC, cell 
power increased by a factor of 2.85; at 900oC and 650 mV, cell power increased 
by a factor of 2. 

• Additive cells have displayed excellent stability, having accumulated more than 
12,500 hrs of operation at 900oC with a degradation rate of ≤0.2% per 1,000 hrs. 

• Additive cells have survived ten thermal cycles with no deleterious effects on 
performance. 

• Air electrode composition does not show any impact on additive cell performance 
or stability. 

• Based on limited data, the additive improves the manufacturing yield for the 
Delta8 cell.  

• Utilization of the additive has demonstrated the capability to greatly simplify cell 
processing by eliminating the composite interlayer and reducing densification 
time and temperature. 
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Technique Pros Cons 

Wet 
Powder 
Spray 

Current process for Delta8 
No applicator contact 

Surface coating only 
Not automation ready 
Low material utilization 
Difficult to control coating uniformity (Delta8 
peak/valley, CE/OE) 
Good ventilation is required 

Roller 
Coating 

High material utilization Surface coating only 
Not automation ready 
Close contact to applicator is required 
(breakage concern) 
Coating uniformity is sensitive to cell geometry 

Dip 
Coating 

No applicator contact 
High material utilization 
Insensitive to geometry 
Insensitive to IC/EL 
thickness or imperfection 

Surface coating only 
Inherent axial gradient in thickness 
Development time may be longer (slurry 
composition, soak time, withdrawal rate, in-
process consistency, etc.) 

Vacuum 
Infiltration 

Deeper penetration 
No applicator contact 
High material utilization 
Insensitive to geometry 

Sensitive to IC/EL thickness variation or local 
imperfections 
Mechanical seal of OE is required (breakage 
concern) 

 
Table 3.1 - Candidate Techniques for Applying Addit ive to the Delta8 Cell 

 
 

Task 4.0 – Fuel Cell Stack Development 

The overall objective of this task is to further develop the Delta8 stack concept, and to 
include conceptual, preliminary, and final component designs with emphasis on 
manufacturability and acceptable cost.  In addition, this task will develop and validate the 
key technical features of an advanced module via mathematical analyses and testing of 
components and stacks (bundles).  The Phase II stack test article will be designed, built, 
and tested.  A cost management design database will also be established. 
 

TASK 4.1 – STACK CONCEPT DEVELOPMENT 

The initial objective of this task was to continue to refine the Delta8-based stack and 
module concept based on analysis and test results and to incorporate into the design 
any new technology and materials that may become available.  This scope was 
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subsequently transferred to a companion program titled “SOFC Test Article and Module 
Design” under contract DE-FE0000781.  Based on the results and post-test analysis of 
the Phase II Stack Test (Task 11) the work under this task was subsequently redirected 
to investigating alternate cell geometries that may be retrofitted into the existing Integral 
Bundle Assembly (IBA) building block. 
 
The next generation Delta8 module is expected to be in the 100 kWe-class while the 
module targeted for commercial applications is anticipated to be in the 285 kWe-class.  
The initial focus of this task was to identify, develop, and optimize the common design 
features of these two modules.   
 
Initial design work consisted of flow analysis to optimize the bundle row length, 
incorporate the new bundle row length into the module design, incorporate the 
functionality of the stack test external recirculation loop inside the container, and the 
selection and design integration of a gas fired fuel side heater. 
 
The original advanced module design contained a ten Integrated Bundle Assembly (IBA) 
per row, with a total of six rows, as shown in Figure 4.1.  Based on the optimized flow 
analysis the proposed row length now consists of six IBAs in a row, with a total of ten 
rows, Figure 4.2.  Preliminary layout work was completed and no major module design 
obstacles were identified. 
 
The conceptual design activity initiated the integration of the recirculation loop into the 
canister and a new design for the bundle-to-bundle electrical connectors was developed.  
(see Task 4.9 for details). 
 
The scope of work for the advanced module design was then transferred to the 
companion program and the emphasis of the task was redirected to establishing a 
backup plan in lieu of the Delta8 cell geometry and investigating alternate cell 
geometries that may be retrofitted into the existing IBA building block. 
 
Combining Siemens’s experience base of cylindrical cells with the new material 
development of the additive cells (Task 3.13), the initial approach was to consider 
varying cell diameters that could be bundled into the existing IBA envelope.  Due to the 
long lead time for the casting components of the IBA it was decided that larger IBA 
envelope sizes could be considered for the future. 
 
The SFC100 kWe SOFC Power System (developed and successfully operated under 
Cooperative Agreement No. DE-FC26-97FT34139) employed a cylindrical cell design 
with a 2.22 cm diameter.  In addition significant experience and a data base for cells with 
a diameter of 1.56 cm also exists.  
 
The preferred candidate was the 1.56 cm diameter additive cell, potentially resulting in 
an 18% increase in power density when configured into an array of eight cells in series 
by eight cells in parallel (8x8) bundle. 
 
The preferred cell geometry will potentially impact the recuperator casting (length and 
possibly hole spacing), open end seal (a machined component), hole spacing of the air 
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delivery insulation and alumina plates (machined components), and air feed tube 
diameters.  A more precise impact is pending the results of pressure drop analysis. 
 
Technical challenges associated with the new cell geometry/IBA include tooling 
development and reintroduction of the cylindrical cell manufacturing process.  A 
manufacturing learning curve will exist to optimize process parameters related to 
diameter/wall/length ratios.  Bundle design and assembly would also need to be 
evaluated in addition to determination of the cell-to-cell electrical connector.  Analysis to 
determine air and fuel side pressure drops, respectively, including validation of the 
existing air fed tube diameter and recuperator performance is necessary.  Also required 
is a complete cost impact for new cell tooling, bundling, and changes to the IBA 
 
 

TASK 4.2 – VALIDATE AIR INGRESS/EXHAUST MANIFOLDS 

No significant activity to report in Phase II. 
 
 

TASK 4.3 – OPEN-END SEAL DEVELOPMENT 

The successful design of the proposed Advanced SOFC Module concept is dependent 
on the technology for reliably partitioning the upper fuel rich zone of the stack from the 
lower oxygen rich zone since oxygen and hydrogen cannot coexist above the auto-
ignition temperature. 
 
One design approach would be to cement the cell open ends to a partitioning ceramic 
board.  However conventional ceramic cements lack the compliance and flexibility 
needed to seal the cell open ends and to provide a gas tight seal at high temperature.  
The stiffness of the cement does not accommodate thermal differential expansion 
between parts causing the cement to crack and open small gaps between surfaces, 
resulting in leakage. 
 
Therefore, the approach in material selection for the Open End (OE) Seal was utilization 
of fibrous ceramics because of their excellent capability to accommodate geometry 
variations, thermal growth, steep thermal gradients and still provide sufficient flow 
impedance. 
 
However, in the Advanced Module design, a rigid frame is required to contain the 
compliant fibrous OE Seal and to support the dead weight of the bundle and upper 
closed end casting.  Therefore, the structural parts are made of high density, high 
strength ceramics using a special casting process.  This is a relatively low cost 
manufacturing process which allows dense alumina ceramics to be made in net-shape 
without need for expensive machining. 
 
The Delta8 cells have an irregular open end profile as a result of sintering and multiple 
process heat cycles.  Therefore the ceramic seal must be custom machined to closely 
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conform to the irregular profile of each cell.  This prevents small gaps between surfaces 
to develop, and consequent open end burning. 
 
This task focused the validation and testing of the Delta8 OE Seal for the Integral Bundle 
Assembly (IBA).  A number of test articles were fabricated and tested to validate the seal 
geometry and choice of materials. 
 
In support of the open seal development and validation testing, the following two single 
cell test articles were also performed: 
 
• (Delta8): this test article, which originally underwent 2831 hours of testing, was 

rebuilt with a custom machined composite OE seal. 
• (cylindrical): was assembled with a new composite burn plug mounted offset from the 

cell OE cut to create an intentionally large gap. 
 
The majority of the effort was dedicated to laser mapping of the bundle mockups, Delta8 
cell practice bundle, six production bundles and subsequent fabrication of the six pen 
end seals required for the Test Article. 
 
A number of metrology companies that provide on-site laser mapping services were 
invited to demonstrate their technology.  Several mapping processes were tried, mainly 
contact and non-contact.   
 
Contact techniques included hard probes mounted on portable Coordinate Measuring 
Machines (CMM).  Non-contact techniques included laser scanners mounted on portable 
CMMs. 
 
Non-contact laser or imaging techniques are preferred because of cell open ends 
fragility issues, however accuracy is poor and they are computationally intensive. 
 
Initial work on this task developed a contact technique that proved effective. 
 
Typically, one skilled technician could scan four bundles per eight hour work shift; 
however, it took several days to process the raw data and convert them into usable files 
for the machine shop.  As a result, this process became critical path and was labor 
intensive and expensive.   At the present scale of production, this process may be 
acceptable.  However, as the program progresses to larger modules (in the 100 kWe-
class) it becomes prohibitive. 
 
Thus it was determined to use a contact technique in the fabrication of the six Delta8 
bundles required for the Phase II Stack Test.   Development of an image-base 
measurement commenced after the six Delta8 bundles were manufactured for the 
Phase II Stack Test. 
 
Ideally, what is needed is a simple image acquisition system in which can take a still 
picture of the bundle open ends, process the image to extract edge information, convert 
the data points into polylines which can then be imported in an NC program for 
generation of final tool path. 
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The design of cylindrical cell–based SOFC stacks requires that fuel enters the stack at 
the cell closed end and flows downward in the space between cells.  As the fuel travels 
over the cells, down the length of the bundles, it is subject to electrochemical reaction.  
Typically a fraction of the depleted fuel is recirculated, while a fraction is mixed with 
vitiated air in the combustion zone.  Air enters at the opposite end of each cell through 
an air feed tube (AFT) concentrically positioned within each air channel, exits the AFT at 
the closed end, and flows downward in the annular space between the AFT and the cell 
channel wall. 
 
As the fuel and air flow from the cell closed end to the open end, most of the fuel is 
electrochemically reacted with oxygen from the air, producing electricity.  The depleted 
fuel exiting the cell stack is combusted with the vitiated air exiting the cell in a 
combustion zone below the cell open ends to create exhaust gas.  In this configuration, 
no absolute seals are required to separate the fuel stream from the air stream due to the 
closed end design of the cylindrical cell and the use of air feed tubes. 
 
However, there is a need to provide a tolerant seal to function as a porous partition 
barrier between the recirculation and combustion zones of the SOFC fuel cell generator.  
In particular, the porous barrier is designed to extract depleted fuel from the active 
region of the stack and mix it with the depleted air from the cells to combust the 
unreacted fuel in the combustion zone.  This is accomplished by incorporating a number 
of flow orifices sized to provide the required flow split. 
 
Furthermore the tolerant seal is supposed to provide mechanical support of the bundle 
and closed end casting, without deformation or loss of compliance over the service life. 
 
During normal operation, the OE seal surface facing the combustion zone is exposed to 
temperatures up to 1000°C in a combustion atmospher e containing spent fuel.  
Transient conditions could significantly rise the temperature up to 1100-1200°C as a 
result of hydrogen combustion in the combustion zone. 
 
Therefore, the seal and ceramic castings materials must be carefully selected to survive 
the harsh environment and severe operating conditions.  Particularly, the seal base 
material must be: 
 

1) Compatible with other SOFC components and cell environment 
2) Have the ability to withstand high working temperatures,  
3) Be closely thermally matched to the air electrode material, and  
4) Have good sealing properties.   

 
Also, lifetime effects, such as phase stability, thermal expansion compatibility, element 
migration, conductivity and aging, must be addressed and characterized to the extent 
possible. 
 
The key functional requirements for the open end seal are: 
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1) Conform to Delta8 peaks and valleys and accommodate irregular cell and 
bundle geometry  

2) Provide bundle registration and air feed tube alignment with the Delta channels 
3) Protect cut end of cell from high temperature combustion gases 
4) Accommodate differential thermal expansion between cell and alumina casting 
5) Provide sufficient fuel flow impedance between spent fuel region and 

combustion zone to minimize open end burning and make it as uniform as 
possible 

6) Provide spent fuel orifices for uniform flow split between recirculation and 
combustion zones 

7) Maintain its sealing performance after multiple thermal cycling 
8) Material sufficiently strong to support dead weight of bundle and closed end 

casting 
9) Creep resistant ceramic material, for long life (100,000+ hrs.) in dual atmosphere 

at >1000˚C  
10) Low cost part, manufacturing, process conducive to automation for high volume 

production. 
 
The current open end sealing system design for the IBA consists of a combination of: 
 

1) Compliant ceramic seal,  
2) Support casting, and 
3) A number of bundle support beams. 

 
The open end seal consists of a custom machined alumina.  The cell’s open ends rest in 
pockets machined through the board thickness.  A tight clearance between the open end 
of the cell and the pocket is accomplished by mapping the open ends and custom 
machining line-on-line the open end board.  Insulation packing seals the periphery of the 
board all around the inner cavity. 
 
Early analysis indicated that leakage through the gap between the cell and the board 
was quite sensitive to the width of the gap.  It was therefore concluded that the nominal 
dimension at the bottom of the pocket should be such that a slight interference fit would 
result.  It was recognized that if the interference was too great it could result in cracking 
of the board, if it was too small it would be ineffective.  Therefore it was decided to test 
several pocket configurations to determine the appropriate amount interference needed 
between the cell open end and the open end castings.  The offsets form as-mapped 
profiles were chosen from interference to clearance fits.  Of the various combinations 
tested, one was found to be the most suitable for assemble and sealing. 
 
A number of test articles were fabricated and tested to evaluate the seal geometry and 
choice of materials. 
 
The first Delta8 mockup incorporated a custom seal which was machined based on laser 
mapped data of the open ends.  The as-mapped profiles were offset outwards and the 
resulting socket was first machined with a rough end mill and then the final profile was 
obtained with a finishing tool. 
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The mockup underwent a total of eight thermal cycles, seven of which under a static 
load equivalent to the combined dead weight of the bundle resting on the open end seal 
plus the closed end support casting. 
 
Unfortunately, one cell cracked as a result of torsional stress during loading and cool 
down.  Although no degradation or failure of the open end seal was observed, the 
decision was made to repeat the test with a second Delta8 bundle mockup using a new 
set of Delta8 cell sections and new custom open end seals. 
 
The second bundle mockup incorporated a regular production open end support casting 
and cast beams, as opposed to the first mockup which had all 3D printed ceramic parts.  
The bundle scanned profile and local coordinate system, after data reduction and best fit 
analysis is shown in Figure 4.8.  The complete mockup, including bottom open end 
support casting, seal, and top ceramic load plate, is shown in Figure 4.3. 
 
To eliminate any possibility of gaps developing in the proximity of the cell surface during 
operation, it was decided to taper the inner walls and add an offset from the as-mapped 
profile.  The design intent behind this combination of interference and taper is to allow 
the cells to self-align within the pocket and to shear at assembly a small amount of 
material off the sides of the pockets to produce the seal.  This approach was deemed 
most suitable to virtually eliminate any risk of developing gaps in operation. 
 
The second bundle mockup was subjected to the same identical loading and inspection 
conditions as the first one, specifically: 
 

• Cycle 1: no load, Room Temperature - 1000°C, 2°C/m in, soak 10 hrs, cool down 
1/°C min. Inspect Delta8 bundle and open end seal.  

• Cycle 2: partial load, Room Temperature - 1000°C, 2°C/min, soak 10 hrs, cool 
down 1/°C min. Inspect Delta8 bundle and open end s eal.  

• Cycle 3: full load, Room Temperature - 1000°C, 2°C /min, soak 10 hrs, cool down 
1/°C min. Inspect Delta8 bundle and open end seal. 

• Cycle 4: full load, Room Temperature - 1000°C, 2°C /min, soak 5 hrs, cool down 
1/°C min to 200°C, repeat thermal cycle 5x. Inspect  Delta8 bundle and open end 
seal. 

 
Visual inspection of cell open ends and seal was performed after each cycle, by 
removing the open end seal and reinstalling it after inspection.  After each test, cells, 
seal and castings appeared to be in good condition. 
 
Finally, after all cycles were completed, the test article was disassembled to perform a 
close examination of the parts.  The open end seal board and castings were found to be 
in excellent condition.  All components survived the severe thermal/mechanical loads 
imposed during testing, with no apparent structural/functional degradation or failure. 
 
A summary of all tests performed on the Delta8 bundle mockups and relative results is 
given in Table 4.1. 
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Two single cell tests were conducted to support the validation of the open end seal 
design. 
 
The Delta8 cell was operated for a total period of over 4,300 hours in two phases of 
testing.  The first phase of testing (2,831 hrs) was intended to investigate loading of a 
Delta8 cell at low initial temperature (650°C).  Th e test included 10 deep thermal cycles 
to room temperature.  The second phase of testing (1,495 hrs) was intended to 
investigate the open end seal. 
 
The open end seal pocket was custom machined according to the as-mapped profile 
with a nominal offset of “A” inches. 
 
During test article rebuild between the two test phases it was discovered that the cell 
had a pre-existing crack ~1.5 inches (38 mm) long extending from the open end to the 
interconnection, The crack was repaired with zirconia cement and testing was resumed.  
After the second phase of testing the crack was examined with a borescope and found 
to have extended well into the active length.  The test was terminated and the cell was 
removed. 
 
Post-mortem visual examination of the cell revealed four cracks: two at the open end 
and two at the closed end.  After the nickel felt pads were removed from the 
interconnection, it was determined that the cracks ran the full length of the cell. 
 
Except for the two cracks, the open end of the cell was generally in good condition.  
There was no dark discoloration, or crumbling which would have indicated degradation 
of the air electrode by fuel attack.  The temperature data exhibited behavior which 
seemed to indicate some burning in the open end board, but it did not indicate a strong 
temperature rise. 
 
Overall, the open end seal looked good.  The inside of the open end seal cavity showed 
dark brown discoloration consistent with a light deposit of air electrode material. The 
discoloration was limited to the end of the cavity where the cut end of the cell was in 
contact with the board and did not extend to the sides of the cavity.  It was concluded 
that there was little or no air leakage into the fuel side at the closed end. 
 
A new cylindrical cell test was designed to test a new composite open end burn plug 
similar in material composition, thickness and cell engagement depth as a Delta8 open 
end seal. 
 
The cylindrical cell has a nominal active length of 50 cm and an active area of 264 cm2.  
The open end was plasma sprayed with YSZ electrolyte to seal the exposed air 
electrode cut end. 
 
The objective of the test was to determine whether open end burning occurs with this off-
design geometry and especially with low fuel utilization (high fuel flow) conditions. 
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The plug was built with intentionally large axial and radial gaps to simulate off-design 
conditions.  At assembly, the cut end of the cell is offset by 0.020” from the plug sealing 
surface by the application of three dots of zirconia cement, spaced 120° apart. 
 
The radial gap is nominally .008” uniformly distributed around the cell periphery; 
however because of cell ovality and protective zirconia coating applied to the cell open 
end, it varies between .004” and .010”.  At an elevation 1” below the cell cut end, where 
there is no coating, the radial gap varies between .009” and .016”. 
 
Over the entire duration of testing, there no evidence of burning at the open end, as 
recorded by the embedded instrumentation, and insignificant temperature gradients 
were measured across the diameter of the composite plug. 
 
After 703 hrs of testing, the top of the furnace insulation was removed and an additional 
thermocouple was installed immediately above the composite plug to measure 
combustion zone temperature.  This thermocouple never measured temperatures above 
877°C. 
 
The test article was disassembled twice to inspect both plug and cell.  Both were found 
intact with no evidence of burning, as evidenced in Figure 4.4.  The test was terminated 
after more than 4,000 hrs of testing. 
 
As previously discussed, the ceramic seal must have near-zero clearance between cell 
outer walls and seal internal pockets to be effective.  Therefore the bundle must be 
mapped at the cells’ open ends and the seal must be custom machined to match the 
corresponding bundle open end profile. 
 
The following general procedure was used for bundle mapping: 
 

1. A manual scan of the open ends was taken with the bundle lying in horizontal 
position, Figure 4.5. 

2. The resulting point cloud was projected on a datum plane, tangent to all eight cell 
open ends and within 0.050” from the cell edges. 

3. Raw data were decimated and reduced to a maximum of 1,900 points per cell 
profile, 15,200 maximum per bundle. 

4. A regular, 2D closed polyline was used to join all data points 
5. A pattern of eight polylines was mirror imaged with respect to the vertical y-axis 

to create the seal mating pocket profile. 
6. Each bundle open end profile was saved in dxf format, compatible with AutoCad. 

 
Specifically, two sets of measurements were taken during mapping.  First, the 64 center 
points of the deltas were taken using a retro-reflective ball touching three sides of the 
inner deltas, Figure 4.6.  Secondly, all the external profiles of each delta were taken at a 
short distance from the OE edge using a 0.059” (1.5 mm) probe, Figure 4.7. 
 
Once the manual scan was completed, the raw data from laser mapping were imported 
in graphic editing software.  Both as-measured center points and scanned profiles were 
combined using a global coordinate system, and then only the center points were “best 
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fit” to the nominal coordinates of the triangle centers to minimize computational time to 
converge the solution.  The as-mapped delta profiles were subsequently offset inwards.  
Finally, all polylines were mirror imaged about the vertical y-axis to obtain the seal 
profile. 
 
The final result was an image which was used to print a transparency for verification of 
the mapped data.  The delta profiles include 12,628 data points joined with eight 
polylines.  Further manipulation of images was performed in AutoCad to check as-
mapped data against nominals and perform corrective shifting of the small flow holes 
within the pattern. 
 
Electronic data of each mapped bundle were sent to a machine shop for fabrication of 
the custom seals.  The as-mapped profiles were offset inwards to create a slight 
interference fit between seal and outer wall of the delta cell.  The resulting socket was 
first machined with a roughing end mill and then the final profile was obtained with a 
tapered finishing tool. 
 
Visual inspection of cell open ends and seal was performed prior to final assembly.  
Each pen end seal was checked for fit and finally installed on the respective bundle by 
gently pressing the seal against the bundle, thus forming a tight seal. 
 
The six Delta8 cell bundles required for the Phase II test were manufactured, mapped, 
and fitted with the custom open end seals.  
 
While the contact mapping technique served its purpose in the building of the six 
required test bundles, further work was needed to streamline the bundle mapping 
process.  A decision was thus made to proceed with the development of an image 
acquisition system. 
 
Development of such a system was initiated in collaboration with the Real-time Vision 
and Industrial Imaging group of the Siemens Corporate Research Center.   
 
The Siemens Imaging System for Delta8 Cell bundles (SIS-D8) was developed to scan, 
measure, and construct a 2D/3D map of the open ends of the Delta8 bindle for 
manufacturing the open end seal.  The SIS-D8 consists of three modules: 
 

• Bundle centering and support fixture, Figure 4.8 
• High resolution cameras 
• Imaging software, data acquisition and processing software. 

 
While the Image Acquisition System (SIS-D8 IA) collects and processes the data from 
the cameras, the Data Analysis System (SIS-D8 DA) analyses the data and provides the 
front end graphical user interface to the user allowing final editing and confirmation 
before the results are sent to the CNC machine for manufacturing. 
 
The SIS-D8 IA is currently composed of two cameras and a dedicated lighting 
mechanism. The lighting helps the system to better identify the open end boundaries. 
The calibrated (both externally and internally) cameras help obtain a 3D map of the open 
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ends of the Delta-8 bundle. A special set of data analysis algorithms are developed for 
SI-D8 DA to construct the optimal placement of the manufacturing constraints for the 
seal. 
 
Both the SIS-D8 IA and SIS-D DA have been prototyped and tested on sample models 
and data.  The cameras and lighting sources have been finalized.  The accuracy 
limitations were characterized and were pending final acceptance tests on a full Delta-8 
bundle.  The scan data were provided from a previous scan of a bundle built for the 
Phase II test. 
 
The data acquisition system has a custom build lighting that includes nine 1W LEDs that 
illuminate in a circular configuration. The cameras are placed vertically centered within 
the circle. 
 
A prototype SIS D8 was built and initial testing of the data acquisition and data analysis 
systems, respectively, was initiated without issue. 
 

TASK 4.4 – DEVELOP SPENT FUEL RECIRCULATOR 

The objective of this task is to: 
 

1) Refine the design for the stack test spent fuel circulator, including dimensional 
sizing, materials selection, engineering drawings, bills of material, thermal 
analyses for steady design point conditions and critical transient conditions, finite 
element stress analyses, mechanical strength specifications, pressure drops, 
flows and temperature distributions, fabrication methodology, and estimated cost,  

2) Validate the design of the spent fuel circulator via fabrication and test, and 
3) Develop a design concept of an internal recirculation loop including the spent fuel 

recirculator for the 95 kWe module which is scalable for the 285 kWe advanced 
module. 

 
Conventional SOFC modules produced to date have employed an ejector pump for 
purposes of recirculating anode gas and freshly reformed fuel gas throughout the stack. 
Incoming fresh fuel is the motive gas used to drive the ejector which is essentially a fixed 
operation point device. Unfortunately, a compressor is required to raise the fuel pressure 
to the required level at the inlet of the ejector nozzle. Phase II test was the first test 
article to incorporate a combination of ejector and high temperature circulator both 
mounted externally to the container in a separate recirculation loop.  
 
Preliminary operating experience with the circulator was positive. The unit was capable 
to startup the module by recirculating a large volumetric flow rate of nitrogen-hydrogen 
start-up mixture and subsequently hydrated hydrogen successfully demonstrating gas-
side startup heating. The ejector was never used during operation and the entire anode 
gas recirculation system was managed by the circulator. 
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To simplify the design of the advanced module, decision was made to develop a spent 
fuel circulator assisted internal recirculation loop for both the 95 kWe and the 285 kWe 
module concepts. 
 
A Pro/Engineer 3D model and simplified representation of the circulator and fuel 
distribution system were created to analyze the flow path. This model was further 
enhanced to add a fluid rotating region for CFD analysis. Certain components, such as 

circulator housing and motor were suppressed, to further simplify the model. 
 
Subsequently, a CFD model of a simplified representation of the circulator and fuel 
distribution system was created in CFdesign software. The model size has over 250,000 
fluid nodes and 706,000 fluid elements. The objective of this study was to: 
 

1) Investigate the effects of the blade-pass interaction with the volutes, 
2) Determine the flow rate at zero head (max flow rate), and  
3) Determine pressure differential. 

 
An important aspect of the design of a fuel gas circulator is the volute chamber that 
surrounds the impeller. In this zone, the kinetic energy associated with the gas leaving 
the impeller is recovered as potential energy, or head. Ideally, volute chambers take the 
shape of logarithmic spirals. A four-point discharge volute directs the flow into passages 
that are formed in a squared ceramic board. These passages feed into the fuel plenum 
below that turn the fuel gas stream downward to a lower level along the right and left 
hand sides of the ceramic board, in correspondence to the entrance of the fuel heater 
section.   
 
The analysis approach was to use a rotating region, a fluid volume that completely 
surrounds the circulator impeller, which represents the interface between rotating 
component and surrounding stationary parts. Secondly, a non-impulsive startup 
technique was applied to the impeller in order to reduce analysis instability and improve 
overall accuracy of the solution. Thirdly, the chosen solution mode was transient, not 
steady-state. 
 
The transient parameter settings for the time step size was 0.001667 sec. This is the 
amount of time it takes to rotate through a single blade passage. For a nine-blade 
circulator, using the blade pass time as the time step size, a complete revolution is 
completed in nine time steps, therefore:  
 
where: 
D = degrees per time step = 360/(Number of blades) = 40 
N = rotational speed = 4000 rpm 
 
Based on the analysis results, the internal recirculation loop architecture discussed 
herein satisfies the functional performance requirements, meets the capital cost targets, 
and its modular basis is suitable for aggregation into larger modules. 
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TASK 4.5 – VALIDATE FUEL DISTRIBUTION & RECIRCULATI ON MANIFOLDS 

The purpose of this task is to validate the fuel flow distribution and recirculation 
manifolds for module designs that are prototypical of a larger commercial scale 
advanced module.  This effort includes dimensional sizing, materials selection, 
engineering drawings, bills of materials, thermal analyses at steady state design point 
and critical transient conditions, finite element stress analysis, mechanical strength 
specifications, pressure drop calculations, calculation of flows and temperature 
distributions, fabrication methodology, and estimated costs. 
 
Thermodynamic and thermal hydraulic analyses to determine the recirculation rate to 
avoid carbon deposition over the range of operating conditions and the resulting fuel gas 
composition to the fuel cell will also be performed. 
 
The fuel distribution and recirculation manifold designs will be validated as needed 
through the fabrication and testing of sub-scale test articles.  The development of 
required jigs, fixtures, and tooling suitable for test article fabrication and the development 
and fabrication of the testing apparatus are included.  Maximum time under test for any 
test article is expected to be less than 1,000 hours. 
 
Change from Nickel Tube Cell-to-Cell Connectors to Nickel Foam/Felt Hybrid 
Connectors  
Difficulties were encountered obtaining acceptable materials to build bundles using the 
hollow tube cell-to-cell connectors.  In particular, nickel tape, which was used to attach 
the nickel tubes to the cells, was of poor quality and did not result in acceptable sintered 
joints.  As a consequence, the nickel tube design was replaced with a hybrid design of 
nickel felts (attached to the anode) and nickel foam (attached to the interconnect).  
 
Analysis was performed to evaluate the acceptable gap between the bundle and the 
dielectric boards.  It was found that fuel bypass through the gap between the cell 
bundles and the dielectric boards was unacceptable without mitigation of some type.  
The design was modified to include Safil alumina fiber pads attached to the peripheral 
and middle dielectric boards near the cell closed end.  The pads provide flow resistance 
in the gap between the cells and the dielectric boards, forcing the fuel to flow in the 
channels between the cells. 
 
Peripheral insulation system and fuel bypass  
Both the Phase II test article and the advanced module designs incorporate a thermal 
insulation package which is placed between the inner walls of the container and the 
outer boundary of the cell stack liner in direct contact with the hot fuel gas.  
 
The insulation package design must address a number of issues, such as; fuel stack 
bypass, degradation of insulation thermal performance due to the thermal properties of 
the fuel, condensation control, leachable chlorides, explosive mixtures, and ultimately, 
cost. 
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The main approach in material selection for the peripheral insulation is utilization of 
fibrous ceramics.  Fibrous ceramics provide excellent insulation performance at high 
temperature and accommodate geometry variations due to thermal growth and structural 
support. In addition, the selected fibrous ceramic insulations provide sufficient flow 
impedance to fuel by-pass within the insulation package.  
 
Thermal performance degradation and fuel bypass are the two dominant issues.  Porous 
ceramic insulation derives much of its insulating properties from the gas which is 
contained within the porosity.  Since hydrogen has much greater thermal conductivity 
than air, the presence of hydrogen in the fuel gas increases the thermal conductivity of 
the insulation by a factor of 2 to 5 when compared to the value in air. Such degradation 
in thermal conductivity of the insulation material requires additional layers of insulation, 
thus causing the size of the external container and the overall foot print of the generator 
module to increase. 
 
Since the fuel gas also contains water vapor, to prevent water condensation, the 
insulation material thickness and conductivity must be selected and optimized so that, 
the container wall temperature remains above dew point (close to 70˚C) during the 
operation of the generator. Under these exposure conditions, low cost carbon steel (e.g. 
ASTM A1011) container material has been found adequate for long term use in large 
units.  
 
The insulation package has regions of low purity insulation and regions of high purity 
insulation.  Within these regions there are different forms of insulation.  The form 
selection of the insulation is determined by different requirements of the insulation within 
each region, ease of assembly, and overall cost.  Specifically, the design utilizes a 
combination of: 
 

1) Bulk fibers as loose fill, 
2) Stack of blankets, and 
3) Special cast components (Bottom Exhaust Manifold, laminated boards, etc.)   
 

In addition, placement of nickel foils between blanket layers helps to create a high 
impedance path for fuel bypass and to limit free convection within the porous insulation.  
Finally, the whole insulation package rests on a floor grating and screens to prevent 
insulation damage from condensation.  
 
There are several requirements for the peripheral insulation, including: 
 

• Limit container exterior accessible surfaces to temperatures below to 60˚C 
(140˚F) 

• Minimize amount of condensation within the insulation package by maintaining 
container surface temperatures above dew point for condensation  

• Provide drainage for condensation 
• In conjunction with the stack liner, limit overall fuel bypass to less than 5% of total 

fuel flow 
• Limit fuel bypass flow amount and location such that other module components 

are not adversely affected 
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• Limit module heat loss to acceptably low values 
• Provide material compatible with SOFCs, container, and other internals 
• Accommodate thermal movement (contraction/expansion) between canister and 

peripheral insulation 
• Provide deflagration/detonation protection during operation 
• Satisfy requirements for both syngas and natural gas operation. 

 
A unique requirement for the peripheral insulation package of the Phase II module is 
dual fuel operation.  The higher hydrogen content and low recirculation of spent fuel 
associated with syngas operation impacts the design of the peripheral insulation. The 
higher hydrogen content degrades the thermal conductivity of the peripheral insulation in 
certain areas by factors of 2 to 5.  In addition, the energy content and hence the 
temperatures resulting from bypass fuel burning are significantly higher with syngas 
operation compared to natural gas.  For these primary reasons, separate evaluations for 
each fuel option are required for most aspects of the peripheral insulation design.  In 
general, operation with syngas requires a larger peripheral insulation package size than 
does operation with natural gas.  
 
A computational model was used to determine the fuel bypass in the peripheral 
insulation.  Seven complete analyses were performed using this model to determine the 
effectiveness of different types of insulation and foil spacing at reducing fuel bypass.  
The 3D model is quite detailed with >460,000 finite volumes. It is a multi-component 
diffusion model in porous media including temperature effects.  The combustion 
reactions of hydrogen, carbon monoxide, and methane are modeled.  Permeation 
properties used in this model were measured in separate tests for the specific materials 
to be used in the Phase II test article. 
 
Results were generated for the two cases of the base design of the peripheral insulation 
for operation with syngas and natural gas.  The bypass with syngas is higher. This is due 
to two main factors. First, the fuel stream for the syngas case has higher hydrogen 
content then for the natural gas case.  This is due in part to the higher hydrogen/carbon 
ratio of the syngas fuel and in part due to a lower recirculation rate than for natural gas.  
Since hydrogen permeates the insulation more readily than the CO and CO2, the syngas 
has better mobility than the reformed fuel from natural gas.  Secondly, the pressure drop 
across the peripheral insulation package is higher for syngas due to the higher 
volumetric flow of fuel for the syngas case. 
 
A test article simulating the peripheral insulation was constructed to demonstrate that the 
predictions of fuel bypass flow within the insulation are reasonable when applied to 
actual fabricated configurations.  In addition, the test article was used to determine the 
spacing and number of nickel foils in the peripheral insulation that would be effective in 
reducing fuel bypass.  Figure 4.9 shows the test article used to measure permeation of 
nitrogen at room temperature through a test section of approximately full scale depth 
and one quarter the frontal area.  The insulation was installed using the same material 
and technique to be used in the Phase II test article.  The results of pressure drop 
versus flow rate for successive configuration changes were recorded.  The addition of 
foil barriers caused increased pressure drop (higher flow resistance) across the 



  58 

insulation which will reduce the overall fuel bypass.  Some of the conclusions reached 
from this testing include: 
 

• Measured permeability at full scale is less than smaller scale test using only a 
single layer of blanket insulation. (Approximately factor of 2). 

• The addition of axial pleats in the foil liner and the resulting local gaps in the 
insulation using the intended installation method causes insignificant increases in 
fuel bypass. 

• The fuel barrier does reduce the overall permeation and fuel bypass. 
• Additional nickel foil barriers further reduce overall permeation and are 

significant. 
• The intended spacing of the nickel foils within the peripheral insulation is 

appropriate. 
 
The 3D flow model of the peripheral insulation was then used to determine the amount 
of heat flux that could potentially be released on components where the bypass fuel is 
consumed.  These results were used to ultimately estimate the thermal stresses on the 
recuperator casting in the Phase II test article.  The graph shows the heat flux available 
from combustion of the bypass syngas fuel that could be potentially applied to the 
recuperator casting next to the location where combustion occurs.   The result is also 
extrapolated to modules of sizes larger than the Phase II test article.  The available heat 
flux on a per unit length basis along the periphery of the stack diminishes with larger 
units.  The longer rows of larger stacks have larger stack perimeters with relatively small 
increases in the frontal area of the peripheral insulation.  
 
Several estimates of the stresses on the recuperator castings were made based on 
these estimates of fuel bypass.  It was determined that the limiting case is syngas at the 
maximum generator current.  At this high current, there are small volumes of the 
castings that exceed the minimum modulus of rupture (MOR) for the material. No 
volumes of the castings exceed the average MOR for the casting material.  It was 
concluded that for the Phase II test article this was not an undue risk in light of the 
uncertainty in the analysis.  Further, prior experience with the casting material indicates 
cracking is usually crazing in nature and the overall function of the part would not be 
compromised if crazing type cracks developed.   
 
In addition to reducing fuel bypass, the peripheral insulation is required to limit the 
container surface temperature and the heat loss from the stack.  Further analysis 
provided the estimated temperatures of the stack container for steady state operation 
with syngas and natural gas, and transient operation of the unit during startup with fuel 
side heating (Figure 4.10).  The approximate distribution of the heat loss from the 
container under each of these three conditions was also evaluated. 
 
Fuel Barrier, Lateral Support, and Stack Liner  
Key features of the peripheral insulation package are the fuel barrier, lateral support, and 
stack liner.  The fuel barrier separates the fuel area in the container from the air exhaust.  
The fuel barrier controls where the burning of the bypass fuel occurs and assures no 
unburned fuel escapes from the module.  The stack liner limits the amount of fuel bypass 
around the fuel cell stack and has a direct impact on the efficiency of the unit.  The 
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lateral support provides constraint to maintain the position of the peripheral bundles 
when subjected to lateral loading due to bundle to bundle gasket compression loads, 
differential thermal expansion between bundles due the bundle to bundle connections, 
and shipping loads. 
 
The nickel 200 stack liner surrounds all of the Delta8 cells and is supported by a group 
of ceramic liner supports which hang from the open end seal  castings.   The stack liner 
engages the stack liner supports and seals to the liner supports with saffil felt gaskets.  
There is a liner wedge which compresses the saffil gaskets against the liner supports.  
These seals prevent leakage of the spent fuel around the combustion zone located in 
the recuperator.  The lateral support traverses between the container wall and the side 
of the recuperator castings located around the periphery of the stack and below the liner 
supports.  The lateral support is adjustable at assembly to compensate for mechanical 
tolerances between the stack and container wall. 
 
Recirculation Loop Design  
The Phase II test article will have an external recirculation loop similar to that planned for 
the advanced module design.  The requirements for the recirculation loop include: 
 

• Perform prereforming of the incoming fuel 
• Provide spent fuel recirculation flow (humidification for reforming) 
• Provide heat and gas flow for startup heating 
• Provide NHMIX purge flow during startup and shutdown, including locked 

circulator rotor case 
 
In addition to the piping, the recirculation loop includes four major components:  the 
circulator, two heater assemblies, and the ejector/reformer assembly.  Considerable 
effort was devoted to reducing the pressure drop of components and extending the 
maximum operating temperature of the heaters and feed-thrus.  Calculations of piping 
stresses and pipe support loads due to thermal expansion were performed 
 
Recirculation Loop Piping  
The piping design features a hot wall pipe as the fuel boundary.  The hot wall design 
was selected for the test to simplify instrumentation.  The extremely high temperature of 
the piping makes a hot wall pipe economically unattractive for the advanced module due 
to the larger size and the ten year lifetime requirement for the a commercial scale 
system.  In the Phase II test design, thermal expansion is accommodated using Inconel 
expansion bellows located between the major stack components.  The design is based 
on 10,000 hours.  To extend the lifetime to ten years a cold wall pipe-in-a-pipe design is 
anticipated for the advanced module.  
 
Fuel Circulator  
A fuel circulator developed for an earlier 5kW program was modified by the original 
equipment manufacturer for use in the Phase II test.  The unit was subsequently flow 
tested to determine its performance characteristics.  The results were reported the 
Phase I Final Report.  During Phase II, the circulator was received from the Japan-based 
vendor.  Cold spin tests were performed at Siemens to confirm proper operation after 
shipping. 
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Fuel Heater Thermal and Flow Analysis  
One objective of the Phase I test is to assess fuel-side heating during startup of the 
advanced module.  The parameters for the recirculation heater have been established to 
permit heat-up of the unit using only the fuel heaters.  The stack guard heaters may also 
be used to supplement the fuel heaters, or to perform all heating in the event of fuel 
heater failure. 
 
Preliminary analysis showed that two heaters arranged in series had advantages over a 
single large heater in limiting the maximum temperature of the element and sheath.  
Each heater assembly contains a radiant type electrical heater element rated for 2300 
Watts with 81 cm (32 inches) of heated length.  The elements are a standard design 
manufactured by Kanthal AB (Sweden) as shown in Figure 4.11.  The heater is 
contained within a double-walled shell.  The Fuel gas supplied to the cell stack flows 
through the annulus between the outer shell and the inner sheath.  Heat is transferred 
from the heater to the sheath by radiation.  Heat is transferred from the sheath to the 
outer shell by radiation and to the fuel gas by combined convection and radiation from 
both the sheath and the outer shell.  The heater element cavity is sealed from the fuel 
gas so that the element operates in air.  In the event of element failure, this also will 
permit the element to be replaced without the need to shut down the generator.  For 
large generators, this basic design could be changed from electric heating to gas heating 
by substituting a gas-fired radiant heater for the electric heating elements. 
 
The heater analysis is concerned with characterizing the heat transfer and fuel-side 
pressure drop in the fuel heater. Simple 1D/2D models were built in Excel and used to 
perform scoping calculations. Detailed analysis was performed using more refined Excel 
models along with 2D and 3D CFD models developed in Fluent.  Parameters to which 
the design can be sensitive were identified leading to determination of a limiting 
operating case. 
 
The main function of the fuel heater is to heat the gas mixture in the fuel circuit. The hot 
gas mixture in turn will heat the stack during the startup.  Analysis identified that startup 
is the operation mode in which the heater temperature and power will be the greatest.  
During startup, 5% hydrogen/95% nitrogen NHMIX will be the working fluid on the fuel 
side.  The desired outlet fuel temperature is 900oC.  Since most nickel-based super 
alloys have greatly reduced strength and corrosion resistance at temperatures above 
1000oC, the challenge is to heat the mixture to above 900oC without overheating the 
walls of the fluid passage and without excessive pressure drop.  
 
Figure 4.12 shows the fluid temperature profile as NHMIX passes through the heated 
zone of the heater.  The fluid achieves the desired temperature of 900oC while the 
sheath (inner tube) temperature remains under 1000oC. The shell (outer tube) remains 
under 950oC.  The calculation assumes 700 W heat loss per assembly which requires 
6.3 cm (2.5 in) minimum insulation thickness on the outside of the heater assembly.  
Greater heat loss would require higher wall temperature to deliver 900oC outlet gas 
temperature.  It was determined that the design meets the pressure drop target of 248Pa 
(1 inH2O) at 600 SLPM NHMIX flow and 900oC outlet temperature. 
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The design calls for the sheath (inner tube) and the shell (outer tube) to be concentric. 
However, in practice concentricity may not be achieved. If the sheath is eccentric with 
respect to the shell, then it opens up a larger gap on one side, biasing the flow to that 
side.  The reduced flow on the opposite side reduces the heat transfer causing the 
sheath to heat up locally.  Radiation heat transfer from point to point on the sheath can 
occur inside the heater assembly.  This tends to mitigate the temperature imbalance, 
lowering the temperature difference between the hotter and colder regions of the sheath.  
Figure 4.13 shows the effect of eccentricity on the maximum sheath temperature.  It 
shows that at about 2 mm (0.08 in) eccentricity the sheath temperature can exceed 
1000oC. This study, which required 3D CFD simulations, established the need for 
centering features on the sheath. 
 
Besides eccentricity, the actual size of the flow annulus (gap) influences the heat 
transfer. A smaller than nominal flow gap improves the heat transfer at the cost of the 
pressure drop. Figure 4.14 shows the effect of the flow gap size on the max sheath 
temperature and the pressure drop (0.02 inch sheath eccentricity is also assumed).  
 
A flow simulation was developed for the second heater in the series pair. Fluid comes in 
at about 750oC and is heated to 900oC. To a large extent, the flow lines remain parallel 
and the side exit tube does not bias the flow field in the heated zone significantly.  Figure 
4.15 shows the temperature map of the metal structure for the second stage of the 
heater. One end is cold and the other end sees temperatures approaching 900oC. The 
temperatures are applied as body loads in the stress analysis.  Figure 4.16 shows the 
stress field which results from the application of the temperatures of Figure 4.15. In 
addition, the weight of the structure was enabled as a body load. The pressure within the 
flow passage is very low (inches of water) so it does not add significantly to the stress 
level. The thermal stresses dominate and their levels as shown in Figure 4.16 were 
deemed to be acceptable, the main concern being creep. 
 
Fuel Loop Pressure Drop Analysis  
The results of the loop pressure drop analysis are used as the system pressure drop 
input to the ejector and circulator performance calculations.  Because the fuel circulator 
is an existing piece of equipment with limited flow characteristics, additional effort was 
spent to reduce pressure losses in the various fuel loop components.  The elements of 
the fuel loop were itemized in a spreadsheet in Excel.  For traditional elements, such as 
lengths of pipe and elbows, textbook correlations were used. Elements with more 
complex geometries (ejectors and fuel heaters) were simulated using CFD, by using 
either 2D or 3D meshes. CFD simulations were performed for a subset of operating 
conditions and loss factors were inferred. Given that the fuel is a mixture of gases, 
particular attention was paid to properties of the mixture and of the mixture components.  
Several property references were compared to validate the properties used. Alternate 
pumping modes, either by the ejector pump, or by the circulator blower, were 
considered.  
 
Ejector thermal analysis  
Prior to Phase II test, an ejector was not envisioned to be a feature of the advanced 
module design.  The circulator was intended to provide recirculation flow for startup, 
shutdown, and steady state operation.  However, if the cause of a shutdown is due to a 
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failure of the circulator itself (the locked-rotor failure case), NHMIX introduced into the 
reformer would be free to flow backwards through the recirc ducts directly to the 
combustion zone, thus bypassing the stack.  A means of providing recirculation flow 
must be available to ensure that adequate NHMIX reaches the stack in the event the 
circulator is not running.  An ejector is one way to achieve this. 
 
An ejector was chosen for the Phase II test design for two reasons: it could be designed 
to satisfy the locked rotor case and it could also serve as a stand-alone backup, or 
supplement to the circulator for operation of the generator.  Although the ejector cannot 
provide as much recirculation flow as the circulator, in the event the circulator should fail 
generator operation could continue up to ~700 amps on natural gas fuel and ~1000 
amps on syngas fuel using only the ejector.  In addition, the ejector and circulator can be 
operated simultaneously to extend the flow range beyond the capabilities of either 
device operating separately.  This will permit recirculation fraction to be used as a test 
parameter, if desired. 
 
The ejector/reformer design features a primary nozzle contained within a concentric 
secondary nozzle.  Directing flow through the primary nozzle will cause the ejector to 
entrain recirculation flow and generate pressure rise, causing it to act like a pump.  
Directing flow through the bypass nozzle will reduce the pressure rise and the quantity of 
entrained flow.  Thus, changing the fraction of fuel directed to the bypass line has the 
effect of adjusting the recirculation flow rate providing the ability to adjust O:C ratio.  
Directing all of the flow through the bypass line will produce essentially no pressure rise, 
simulating the operation of a generator with only the circulator to provide recirculation 
flow. 
 
Ejector analysis was performed to assess the flow fields and temperatures in the vicinity 
of the fuel nozzles.  In any ejector design the possibility of carbon deposition is a 
concern.  Should unhumidified fuel contact the hot walls in sufficient quantity, it could 
result in carbon deposition.  Mixing of the incoming fuel with the recirculated depleted 
fuel will provide humidification which will prevent carbon deposition.  The ejector 
geometry was adjusted to reduce flow eddys in the vicinity of the fuel nozzle which might 
cause unmixed fuel to wet the hot surfaces of the ejector/reformer wall. 
 
The thermal analysis of the ejector is concerned with the heat transfer to the carbon 
containing fuel from the faces heated from the recirculated fuel.  The performance 
analysis is done as a separate step using a validated ejector design code. That code 
needs the fuel temperature as an input from the thermal analysis. At the feed end, the 
ejector design contains a primary nozzle tube in the center and a concentric bypass 
tube. 2D and 3D simulations were performed using CFD with conjugate heat transfer in 
Fluent. Minimum flows required to keep the fuel from coking in the bypass tube were 
determined. Primary nozzle fuel temperatures were estimated as required for evaluating 
the performance of the ejector. 
 
The analysis of the initial design revealed that even though the fuel is safe from carbon 
deposition in the bypass tube, once the fuel discharges it can form eddies prior to mixing 
with the oxygen rich recirculated gas. These eddies can come in contact with the hot 
walls in the vicinity of the fuel discharge point, thus possibly dropping carbon.  Figures 
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17 and 18 show a condition in which some fuel enters at high velocity through the nozzle 
and some fuel enters through the bypass tube. Figure 4.18 shows how the fuel coming 
out the bypass can become entrained in an eddy next to the hot wall. 
 
To prevent the eddy formation, a streamlined design was proposed and analyzed.  In 
this design, the eddy is eliminated so that recirculated fuel is always in contact with the 
hot wall.  The carbon containing fuel comes out of the bypass tube and mixes 
immediately with the recirculated gas, not having a chance to come in contact with any 
hot walls. The temperature contours show the fuel temperature remains below 400oC in 
the bypass tube.  If higher hydrocarbons are low, carbon should not be formed.  The 
nozzle, being located closer to the center, is being shielded by the bypass tube. 
Furthermore, because of the drop in static temperature of the nozzle flow, the nozzle is 
not expected to have carbon deposition problems.  
   
Figure 4.19 is an extended view showing the temperature gradients around the fuel 
tubes as the fuel enters from the ambient conditions. The insulation is effective at 
keeping the heat within the hot enclosure.  These temperature simulations helped 
validate the choice of insulation material and the sizing of the insulation. Furthermore, 
fuel temperatures just prior to entering the ejector nozzle were determined and provided 
for ejector performance evaluation. 
 
Preliminary stress analysis revealed that a flat top on the ejector container produced 
excessively high stresses at the junction with the cylindrical shell.  After several 
iterations, the design was changed to a cone and analyzed for temperature as shown in 
Figure 4.20.  Refinements were also made to the flow baffling in the mixing region.  
Figure 4.21 shows the flow streamlines of the cold fresh fuel and of the hot recirculated 
gas as it enters the new design and mixes. The re-circulated fuel distributes uniformly 
around the plenum. As it enters the ejector, the re-circulated fuel forms a blanket around 
the fresh fuel preventing the fresh fuel from coming into contact with the hot wall.  
 
The metal temperatures of Figure 4.20 were used as input to the ejector structural 
analysis.  Figure 4.22 shows the equivalent von Mises stresses due to thermal loads. 
The maximum stress occurs at the joint between the fuel bypass tube and the conical 
transition piece. Since the temperature is low, the stress at that location is well within the 
allowable stress.  The actual limiting stresses occur at the recirc line nozzle and at the 
junction between the top cone and the top flange as shown in Figure 4.23.  These 
regions are expected to operate at temperatures between 800oC and 900oC, which is in 
the creep range for Inconel 617.  Following the practice of ASME code, the allowable 
membrane stress was set at the creep rupture strength for ten times the expected 
lifetime (ie, for 10,000 hours lifetime, use creep rupture strength for 100,000 hours).  For 
thermal stress, the stresses are self-limiting and the limit for the maximum stress is three 
times the allowable membrane stress. 
 
Container Feedthrough Stress Analysis  
Recirculation flow and mixed prereformed fuel flow exit and enter the container through 
insulated nozzles called feedthroughs. The feedthrough design is shown in Figure 4.24.  
The design is challenging because of the high temperature of the fluid and the need to 
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transition from the nickel-based super alloy of the inner pipe to the carbon steel of the 
container. 
 
Figures 25 and 26 show the results of stress analyses.  Figure 4.25 shows the results of 
the stress analysis of the recirc loop container feedthroughs considering external loads 
and thermally induced stresses.  Several design iterations were necessary to reduce the 
stresses to those shown.  The maximum stress occurs in the 5 cm (2 inch) diameter 
piping at the transition with the insulation cone.  Figure 4.26 shows that the stresses due 
to only the external loads are about 1/3 those of Figure 4.25.  Thus, the maximum stress 
is thermally induced.  The stresses of Figure 4.25 assume fuel gas temperature of 
900oC.  This temperature can occur at the fuel inlet feedthru during heatup and will be of 
relatively short duration (a few hundred hours).  During normal operation the inlet 
temperature will be between 300o and 600oC.  The recirc outlet feedthru is not expected 
to operate as high as 900 C during normal operating conditions.  Thus, the designation 
of 10,000 hours lifetime based on the feedthru stresses is conservative. 
 
A number of design reviews were conducted and the respective analyses subjected to 
rigorous review.  The design of the peripheral insulation and recirculation was approved 
and drawings were prepared and released for manufacture. 
 

TASK 4.6 – DESIGN STACK TEST ARTICLE 

The Phase II stack test article will be designed, assembled, and tested.  The design will 
be based on the successful Phase I Stack Test Article.  The Phase II stack test article 
will consist of four eight-cell stacks (32 Delta8 cells total) with an active length of 100 cm 
and will be a test of the Integrated Bundle Assembly (IBA) that will be used as the basic 
repeatable building block for larger generators (modules).  The basic architecture of 
stack test article will also differ from the previous stack design.  The Delta8 cells will be 
oriented with their closed end up; all previous SOFC stacks (including those with 
cylindrical cells) had the closed end down.  The closed end up concept will reduce the 
amount of mass that is on the top of the cells that must be supported.  This will simplify 
and reduce the cost of the support structure.  Cast ceramic components will be 
employed extensively in several areas of the stack and their use must be verified under 
prototypical operating conditions.  This stack test will also use a recirculator to provide 
the motive force required to recycle anode gas for fuel reforming and a fuel side heater 
for startup.  This proof test of the IBA components is a necessary step prior to designing 
and building the 95 kWe-class advanced module for the enhanced stack test to be 
tested later in this program.  The 95 kWe-class enhanced stack test will employ twenty 
of the integrated bundle assemblies. 

TASK 4.6.1 R0 BOP DESIGN 

The design of the balance-of-plant (BOP) for the  POCD8R0 stack test was completed in 
Phase I. 
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TASK 4.6.2 R1 BOP DESIGN 

The design of the balance-of-plant (BOP) system to support testing of the POCD8R1 
stack test was divided into Mechanical Systems, Electrical Systems, and Control 
systems, respectively. 
 
Mechanical Systems  
The BOP is designed to supply and control the fuel to the Phase II stack test article 
stack.  This fuel can be either natural gas, or a mixture of natural gas, NHMIX gas and 
H2 gas for coal gas simulation.  The BOP also provides purge gas to protect the fuel cell 
stack during shutdown operations. 
 
A Piping & Instrumentation Diagram (P&ID) will be created to provide guidance in sizing 
the piping lines, selecting equipment and identifying instrumentation for the stack test.  
Detailed pipe sizing calculations and system performance calculations will be performed 
to ensure that the BOP can support the stack test during startup, normal operation and 
shutdown.  As the project progresses, the P&ID will be updated as appropriate. 
 
Piping and Instrumentation Diagram (P&ID): 
A P&ID was created for the Phase II stack test article system to document the air, fuel 
and steam flow paths, the control valve locations, the sensor locations, the shut off valve 
locations and other instrument locations.  The P&ID also shows the physical sequence 
of equipment and systems, as well as how these systems connect.   During the design 
stage, the P&ID also provides the basis for the development of the system control 
strategy. 
 
The P&ID drawing fro the Phase I stack test article was updated to reflect the change in 
the stack test article from four Delta8 bundles to six Delta8 bundles.  At this time, pipe 
size information was also added.  This allowed the physical layout of the fuel control, 
process air and steam supply systems to be completed.  The P&ID drawing was 
finalized and shows the latest design modifications.  The arrangement as shown in the 
P&ID permits the use of NG, H2 or a mixture of NG, H2 and NHMIX, as the fuel for the 
Phase II stack test article. 
 
Fuel Control, Process Air and Purge Gas System: 
A fuel ejector was sized for the six Delta8 bundle stack test, and the ejector performance 
calculations were documented.  This analysis was needed since the ejector provides the 
back pressure to the BOP system.  This ejector can support all operations with either 
natural gas as the fuel or the simulated coal gas as the fuel. 
 
The fuel control system, process air system and the purge gas system are packaged 
inside a single cabinet, which is negatively pressurized.  Any fuel leakage is confined 
inside the cabinet and is vented directly outdoors.  In addition, a combustible gas 
detector is mounted inside the cabinet for enhanced safety protection.  Figure 4.27 
shows the general layout of the system and the support structure. 
 
The fuel control system consists of a natural gas line and a hydrogen line, each 
equipped with a mass flow controller to control the gas flow.  
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The purge gas system consists of two main lines, a NHMIX mixing line and a NHMIX 
shutdown line.  The NHMIX mixing line is used to simulate coal gas.  It controls and 
directs the NHMIX flow to mix with the fuel flow from the fuel control system.  A mass 
flow controller is used in this line to achieve this goal.  The NHMIX shutdown line 
provides purge gas to the stack passively.  It is readily available whenever the system 
shuts down.  This line branches into two lines, one goes to the fuel nozzle (equipped 
with a normally open solenoid valve) and the other to the fuel nozzle bypass (equipped 
with a timer controlled and normally open solenoid valve).  When the system shuts down 
and the stack temperature is above 970oC, the line leading to the fuel nozzle is opened 
automatically, and the line leading to the nozzle bypass remains closed.  This allows a 
small amount of NHMIX to flow to the stack, via the fuel nozzle to minimize thermal 
shock to the fuel cells.  The line leading to the nozzle bypass is equipped with a timer-
controlled solenoid valve.  This timer delays the opening of the solenoid valve.  After the 
timer expires, the solenoid valve is then opened to provide more NHMIX flow to the 
stack to compensate for the fuel cell high temperature leak.  
 
The process air system uses four identical air flow parallel blowers and check valves.  
Each blower is equipped with a variable speed controller for remote air flow rate control.  
This arrangement improves the availability of the process air supply to the fuel cell stack.  
Although three blowers provide adequate air flow for the test, all four blowers will run at 
the same time.  This allows the blowers to run at a lower speed, and hence prolongs the 
life cycle of the blowers. 
 
Coal syngas is simulated by mixing proper amounts of NG, H2 and NHMIX together 
before entering the stack.  The goal is to keep the C:N (carbon to nitrogen) ratio and the 
C:H (carbon to hydrogen) ratio the same at the inlet of the fuel cells for any given cell 
current.   
 
Note that the NHMIX flow rate is controlled by the NHMIX line mass flow controller.  The 
NG flow rate is controlled by the NG mass flow controller, and the hydrogen flow rate is 
controlled by the H2 mass flow controller. 
 
When NG is used as the fuel, the H2 line is closed.  The mass flow controller in the NG 
line is sized to handle both syngas simulation and NG only applications. 
 
Steam System: 
The Steam System uses a steam generator to convert water into steam.  Water is 
pumped to the steam generator where it flashes into steam instantly.  The steam is then 
pumped to the fuel cell stack to aid startup operations and to provide humidification for 
the proper O:C ratio control.  To minimize heat loss and to ensure that high quality 
steam is delivered to the stack, the line downstream of the steamer is heat traced and 
insulated.  In addition, the steamer is located next to the module to minimize the heat 
tracing and insulation.  
 
Facility: 
A test facility drawing was created that identifies both mechanical and electrical 
interfaces for the test article. 
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An enclosure for the test article was designed as a 3D model.  During operation of the 
test article, all the panels are in place, and the enclosure becomes a ventilated hood 
which exhausts to the outside atmosphere.  
 
Several options and arrangements for the enclosure were considered before finalizing 
the design for this component.  Some criteria for the selection of the final arrangement 
were based on the overall safety of the test facility, compatibility within the existing 
building, minimizing impact on the assembly schedule for the test article, and synergy 
with the existing BOP arrangements with the test article.  Detailed modeling was 
completed for: 
 

• The Electrical Distribution System support and arrangement 
• The Cabinet Suite mounting for the BOP including, instrumentation, controls, and 

gas supply system 
• The interfaces with the existing building 
• General routing scheme for the BOP support within the BOP enclosure for the 

test article 
 

Figure 4.28 shows the enclosure installed in the north high bay of building 601. 
 
Electrical Systems  
The BOP Electrical Systems include all hardware for the electrical distribution of power 
and the instrumentation and control needed for all operating modes including system 
startup, operation, planned shutdown and safe unplanned shutdown. 
 
The electrical distribution system is designed to provide uninterrupted power to critical 
loads during a grid disturbance.  When feasible, the system may provide for additional 
operational loads fed from the site emergency distribution system to allow for continued 
operation during longer grid disturbances. 
 
The Instrumentation and Control system provides for automatic and manual control, 
monitoring, data collection/logging and diagnostics of the fuel cell stack and auxiliary 
systems. 
 
The pilot control system provides for a safe and orderly shutdown of the system in the 
event of a safety stop of the overall system.  The pilot control safety stop function is 
implemented by a safety-grade master control relay and is independent from the 
Instrumentation and Control system. 
 
Power generated by the SOFC stack will be dissipated via a water cooled electronic load 
selected to provide a finely controlled current demand from the fuel cell stack. 
 
Instrumentation and Control System 
The design work for the Phase II stack test article Instrumentation and Control system 
(I&CS) started with a listing of the required stack and system electrical inputs and 
outputs. 
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This list along with the P&ID creates the basis for the I&CS.  The I&CS consists of five 
bays of equipment.  A brief description of each bay is provided below.   
 
The bay 1 electrical equipment processes the fuel cell stack thermocouple signals and 
voltage tap signals and transmits this to the Micro Box BOP system controller.  All the 
design work and drawings for bay 1 were completed. 
 
The bay 2 and bay 3 instrumentation and control system electrical drawings were 
issued, and the bay 2 and bay 3 cabinet assembly drawings were also issued.  The bay 
2 equipment consists of interface terminal blocks for the I/O signals, power supplies, 
distribution fusing and circuit breakers, digital interface relays and the pilot control relay.  
 
The bay 3 equipment consists of the Micro box computer, S7 I/O cards, varioface 
modules, signal conditioners, digital interface relays and terminal blocks.  . 
 
The bay 4 power cabinet electrical drawings and cabinet assembly drawings were 
issued.   The bay 4 equipment consists of power supplies, power distribution circuit 
breakers, heater control relays and interface terminal blocks. 
 
The bay 5 power cabinet electrical drawings and cabinet assembly drawings were 
developed. 
 
In addition, an I&CS cable database was developed to interconnect the Instrumentation 
and Control cabinets and to connect this system to various other pieces of equipment.  
This database will simplify the installation of the cables. 
 
Electrical Distribution System 
The Electrical Distribution System provides power to various loads in the Phase II stack 
test article system.  A variable reactance transformer was selected that will reduce the 
line voltage to the fuel cell stack guard heaters.  This allows the control system to power 
the heaters with minimal cycling and produces a very consistent heated boundary for the 
fuel cells.  The drawings for the Electrical Distribution System were created and are 
currently in the review process. 
 
Control System  
The approach in the control area will be to identify a new control system platform that will 
reduce development time and support costs and which can be easily expanded for 
additional input/output modules.  These requirements can be achieved by selecting a 
control system which conforms to industry standards for hardware, software and 
communications. 
 
The BOP control software was completed.  Seven control states were defined. The 
states are: PREOP, HEAT, LOAD, RUN, STANDBY, STOP and SSTOP. 
 
The control strategy will be executed in a Micro Box PLC based control system with 
Profibus input/output modules.  A data logger has been added to accommodate 
additional data thermocouples not used for control.  An operator computer will be used 
for supervisory control, data logging, trending and alarming.  It will have OPC servers for 
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communication to the PLC and data logger.  A separate engineering computer will be 
used for programming the PLC and supporting the test operation.  Each computer will 
contain two network interface cards to support two different networks. An inner network 
connects the control hardware and computers.  A second outer network connects the 
two computers to the outside world.  This control system networking has been designed 
and tested.   The inner network consists of the two computers, PLC, data logger, local 
touch panel display and Ethernet switch.  The outer network consists of the DSL 
modem/router/switch and the two computers.  Each computer has two network cards to 
support each network. 
 
The Operator Interface and Engineer computers have been configured, and the Fluke 
data logger has been configured.  The HMI screens have been completed for the state 
control, operator setpoints and forcing of input/output channels. 
 
PID control loops were configured for the 15 guard heaters, 4 air blowers and 2 fuel side 
heaters. This included the PLC control logic and the associated HMI screens.   
 
The logic for the state control, discrete control, air flow control, steam flow control and 
electrical load has been completed. 
 
The above discussion was limited to the scope of work completed under this contact.  
Final design and assembly of the POCD8R1 BOP was redirected to a companion 
program, contract number DE-NT0004396.  The final design and assembly of the Phase 
II stack test article BOP is discussed in the program’s final report. 
 

TASK 4.6.3 R0 MODULE DESIGN 

The design of the Delta8 module for the was completed in Phase I. 

TASK 4.6.4 – R1 MODULE DESIGN 

The design of the Delta8 stack test article (module) is a scaled version of the 
atmospheric conceptual stack design of the advanced module.  The Phase II stack test 
article is intended to utilize numerous components and subassemblies identical (same 
part number) to that intended for use in the advanced module design.  The integral 
bundle assembly (IBA) is the key advanced module modular subassembly element that 
includes the majority of the net-shape high-purity alumina castings and the Delta8 
bundle.  The stack test article design includes six advanced module integral bundle 
assemblies as required to meet the 25 kWe peak power requirement for Phase II Stack 
Test.  Each of the two bundle rows has three bundles. 
 
The Phase II stack test article incorporates numerous design elements that are very 
similar to the design concept developed for the advanced module though they are scaled 
to accommodate the smaller size stack.  The Phase II design incorporates an external 
recirculation loop similar to that of the advanced module conceptual design; though, the 
various design elements are non-prototypical.  Finally, several design elements that are 
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intended for use strictly on the Phase II test article include peripheral guard heaters and 
additional instrumentation. 
 
The Phase II test article has the following key design elements: 
 

• Scandia stabilized zirconia (ScSZ) Delta8 cells with anode reforming coating 
• Six bundles with eight Delta8 cells per bundle 
• External recirculation loop with ejector, pre-reformer, circulator, and fuel-side 

heater 
• Extensive use of net-shape high-purity alumina castings intended for use in the 

advanced module 
 
The following are select key design issues, features, and elements of the Phase II 
module. 
 
Input Fuel Barrier, Lateral Support, and Stack Line r 
The approach for the fuel barrier and stack liner components was to adapt the design 
strategy used in the SFC-250 (cylindrical cells) module design to the advanced module 
architecture.   The lateral support component provides better positioning and support for 
the stack than previous for existing SOFC modules.  This alternate approach is possible 
due to small thermal expansions at the stack periphery compared to previous module 
designs.  After development of fundamental concepts for these components for the 
advanced module, detailed designs are defined specifically for the Phase II stack test 
article based on these advanced module concepts.   
 
The fuel barrier, lateral support, and stack liner was developed for the Phase II stack test 
article.  The fuel barrier separates the fuel area in the container from the air exhaust.  
The fuel barrier controls where the burning of the bypass fuel occurs and assures no 
unburned fuel escapes from the module.  The stack liner limits the amount of fuel bypass 
around the fuel cell stack and has a direct impact on the efficiency of the unit.  The 
lateral support provides constraint to maintain the position of the peripheral bundles 
when subjected to lateral loading due to bundle to bundle gasket compression loads, 
differential thermal expansion between bundles due the bundle to bundle connections, 
and shipping loads. 
 
The detailed configuration of the liner was developed for the Phase II stack test article.  
The nickel 200 stack liner surrounds all of the Delta8 cells and is supported by a group 
of ceramic liner supports.  There is a liner support for each open end seal which 
positions the liner supports.   The stack liner engages the stack liner supports and seals 
to the liner supports with Saffil felt gaskets. There is a liner wedge that compresses the 
Saffil gaskets against the liner supports.  These seals prevent leakage of the spent fuel 
around the combustion zone located in the recuperator.  The lateral support traverses 
between the container wall and side of the recuperator castings located around the 
periphery of the stack and below the liner supports.  The lateral support is adjustable at 
assembly to compensate for mechanical tolerances between the stack and container 
wall.  The fuel barrier rests on top of the lateral support. The lateral support is positioned 
vertically by support brackets which are ultimately attached to the container wall. 
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Several analyses were completed to address the deflection of the container wall due to 
loads from the lateral support, the fuel barrier gasket flange loading, and the heat loss 
and temperatures of the components comprising the lateral support and fuel barrier.   It 
was determined that the temperature results, which are acceptable, for the materials 
chosen for the lateral support, fuel barrier, and seal material. 
 
Effect of air inlet temperature and air flow variat ions on cell performance and 
stresses  
The airflow rate and the air inlet temperature to each channel of the Delta8 cell can vary 
due to the tolerance associated with the dimensions of the air feed tubes (AFTs), 
especially the inner diameter, which might lead to undesirable transverse thermal 
gradients in the cell.  It is imperative economically to obviate sorting the AFTs to avoid 
these gradients.  Accordingly, the effects of air inlet temperature and airflow variation on 
the performance of the Delta8 cell were investigated in detail. 
 
The comprehensive 3D model of the Delta8 cell developed using Fluent in Phase I was 
used for this investigation.  The model geometry is shown in Figure 4.29 and simulates 
only a half cell due to symmetry. The existing SOFC Fluent model was used to solve for 
the electrochemical effects.  All modes of heat transfer were included in these 
computations and the computed temperature fields were then transferred to ANSYS 
structural analysis software to evaluate the resulting thermal stresses.  The airflow rate 
and air inlet temperature were varied and reflect the typical spread of measured AFT 
pressure drop variations. 
 
Figure 4.30 shows a comparison of the temperature field and the current density field for 
Case 4 (the case where the airflow rate in one of the AFTs was reduced relatively by 
16%) with the Case 1 (baseline case where the airflow to all the AFTs were identical).  
The temperature distributions at the closed end of the cell are shown in Figure 4.31 for 
the sake of clarity.  A comparison of the resultant stress fields for the Case 6 as 
compared to the baseline Case 1 is depicted in Figure 4.32.  It is clear that the airflow 
variation and air inlet temperature variation have negligible effect on the cell 
performance and the maximum principal stresses.  Although the minimum principal 
stresses (compressive) seem to vary significantly, the values are well below the 
corresponding critical threshold limits.  Consequently, it can be concluded that the 
expected airflow rate and air inlet temperature variations due to AFT dimensional 
tolerances do not affect significantly either the cell performance or the thermal stresses 
of concern in the cell.  It was evident from these analyses that it is not necessary to 
categorize, sort, and place the air feed tubes based on measured pressure drops. 
 
 
 
Outer Container  
Steady-state thermal and structural FEM analyses of the outer container for the Phase II 
stack test article were completed.  Detailed analyses were performed on the container’s 
roof section since condensing water at this location could potentially damage nearby hot 
components.  To increase roof temperatures during operation, external insulation was 
strategically placed over the majority of the roof and 0.38m down each vertical side, as 
shown in Figure 4.33.  A portion of the roof was left exposed since previous heat transfer 
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analyses indicated maximum roof temperatures occur near the power leads.  This FEM 
model also included several vertical stiffening ribs to provide additional support due to 
internal fuel barrier components and stack support features mounted directly onto the 
container walls. 
 
Container operating temperatures for both coal gas and natural gas are shown in Figure 
4.34.  The addition of external insulation generally increased the roof operating 
temperature 17-28°C (30-50°F).  This greatly aided driving the dew point temperature 
away from the module outline, as shown in Figure 4.35.  The resulting thermal stresses, 
combined with internal pressurization of 3.45 kPa (0.5 psig), are shown in Figure 4.36.  
The resulting deflections, combined with internal pressurization to 3.4 kPa (0.5 psig), are 
shown in Figure 4.37.  Pie charts of the total heat losses are shown in Figure 4.38. 
 
The container’s penetrations were also analyzed in detail.  All penetrations are welded 
and have a reinforcing plate which doubles the container’s thickness in these regions. 
These reinforcing plates serve as a safeguard against high piping loads. 
 
As the external recirculation components matured, it became a concern how well the 
container could support the additional weight of external equipment.  An FEM model was 
developed that approximated the weight of the external components cantilevered off the 
container ribs, as shown in Figure 4.39.  A close-up of the high-stress area shows only 
localized stress in the rib weld fillet, as shown in Figure 4.40. 
 
Container operating temperatures are sufficiently low so the resulting thermal stresses 
are well within material limits.  Strategically placed outer insulation drove roof 
temperatures above the dew point (dew point temperature: 37°C (98°F) for coal gas inlet 
conditions; 75°C (167°F) for natural gas inlet cond itions), thus mitigating the risk of 
condensing water contacting hot module components.  Due to the combined stiffening 
effect of the base, roof and ribs, the container has a very good capacity for handling 
externally mounted or even overhung equipment.  The container also has very good 
potential for reducing manufacturing costs such as stamping of shell sections and near 
100% robotic welds.  The container can also be easily scaled to nearly any size, 
requiring very little additional analysis. 
 
A final design review for the outer container was held and it received a conditional 
release pending the resolution of several minor chits.  Much effort was required to 
compile and synthesize the large quantity of analysis results data and other supporting 
documentation into the proper format required for the final design review.  Additionally, 
significant effort was directed towards reconfiguring the complete set of container 
drawings as a result of the four to six bundle scale-up.  Ultimately, the resolution of 
numerous chits occurred and the significant effort that had been directed towards 
finalizing the outer container drawings resulted in the release of the related drawings. 
 
Guard Heaters  
The Phase II stack test article requires the use of integrated electrically powered 
peripheral guard heaters (Figure 4.41) that define the 15 zones of peripheral guard 
heating.  The peripheral guard heaters will serve as a controlled boundary to simulate 
the core of a larger size stack in addition to providing an optional means to heat the 
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stack during start-up.  The final design review for the guard heaters was successfully 
completed.  The four to six bundle scale-up created a need to design a set of longer side 
guard heaters due to addition of a single integral bundle assembly to each of the two 
rows.  Additional effort was directed towards generating a new drawing of the longer 
guard heater and obtaining verification of manufacturability from guard heater supplier. 
 
Effort was directed towards the design of a guard heater lead extension transition.  This 
is a critical design since the Kanthal heater element extension wire will be come very 
brittle once exposed to temperatures above 900oC.  A design was developed that 
decouples the loads that would tend to transmit from the nickel lead extension to the 
Kanthal element lead (see Figure 4.42). 
 
The nickel to Kanthal weld transition is an additional important aspect of the design.  
Nickel 200 was chosen for the lead extension material in part since it has relatively low 
electrical resistivity and is a proven material for use in the stack environment.  
Additionally, the nickel will become highly flexible after it is fully annealed.  A series of 
test welds were performed and an optimized weld configuration was verified (see Figure 
4.43). 
 
Module Instrumentation  
The Phase II stack test article has significantly more instrumentation than would be 
found in a commercial generator.  The stack scale up that occurred in the last quarter 
created a need to reconfigure some of the planned instrumentation.  Also, additional 
instrumentation was identified to verify analytical predictions for numerous critical 
components.  Specifically, several thermocouples were located directly in the center 
channels of the two center bundles.  These thermocouples are critical for establishing 
the cell transverse temperature gradient at several elevations.  A design was developed 
that permitted the required thermocouples to hang down through the center of the 
bundle (see Figure 4.44).  The design utilizes a unique configuration of high purity fully 
dense alumina hardware elements to provide a robust solution to the design challenge. 
 
A significant amount of effort was directed towards the instrumentation imbedded in the 
dielectric boards.  The three peripheral dielectric boards provide a defined boundary for 
the fuel cell stack and the two opposing center dielectric boards largely prevent fuel 
bypass between rows.  The large majority of the stack thermocouples are accounted for 
via routing the thermocouples in precise machined grooves in the boards (see Figure 
4.45).  The dielectric boards were released for manufacture. 
 
Assembly Drawings  
Significant effort was directed towards finalizing various aspects associated with the 
bundle row assembly, stack assembly and the module assembly drawings.  These 
drawings are important since they help document the proper assembled configuration 
and identify all required parts required for the final assembly. 
 
POCD8R1 Assembly Tooling  
Transporting both the Phase II test article and the advanced module bundle rows require 
the use of a lifting device (see Figure 4.46).  This lifting device supports the entire bundle 
row during transport and is an integral element required during assembly of both the 
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bundle row and stack.  Specifically, transporting the Phase II test article bundle row will 
require each of the integral bundle assemblies to be fastened to the lifting device.  This 
lifting device must be able to support the entire bundle row assembly, and prohibit the 
relative movement of various internal row components.  The movement of these 
components could damage the bundle row during transport from the row assembly 
station to the stack assembly station.  The assembly and operation of the lifting device 
should also be integrated with both the row and stack assembly processes to prevent 
any interferences between the bundle row, stack, and the lifting device. 
 
The lifter was designed to be integrated into the bundle row assembly process.  
Specifically, the vertical lifting channels will serves as an integral element in the row 
assembly fixture, and as the individual bundles are moved into place, the additional 
stabilization features of the lifting device will be assembled.  The design of the bundle 
row lifter was completed and a calculation note (CN-08-013) was generated to verify the 
lifter’s ability to withstand all the loads and stresses it will endure during the transport of 
a bundle row.  The bundle row lifter was tested in advance to functionally verify all 
essential design features. 
 
Significant effort was directed towards finalizing the design of the row build station 
(Figure 4.47) and stack build fixture (Figure 4.48).  The row build station and stack build 
fixture drawings were released. 
 
All components were subsequently fabricated. 
 

TASK 4.7 – PERFORM ATMOSPHERIC PRESSURE STACK TEST 

This task will support the continued operation of the 24-cell Phase I Delta8 stack test.   
Additionally, this task was originally to support the assembly and test of the Phase II 32-
cell Delta8 stack test.  Specifically: 
 

• Fabricate the required Delta8 cells 
• Design and fabricate any specialized tooling, jigs, and fixtures 
• Fabricate the required manifolds 
• Assemble the test article 
• Design and fabricate the test facility to exercise the test article 
• Exercise the test article according to an approved test plan which includes a 

statepoint analysis and P&ID. 
 
Midway through Phase II the scope of this task was redirected to Task 11 – Phase II 
Stack Test.  The design and assembly of the Phase II test article and module was the 
scope of a companion program, contract number DE-NT0004396, a collaborative effort 
with the Pennsylvania State University. 
 
The work completed under this task prior to the onset on the companion program will be 
discussed in the following sections.   The balance of the effort is described in Task 11 
and /or the final report for DE-NT0004396. 
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Task 4.7.1 – POCD8R0 BOP Assembly 

The final design and assembly of the POCD8R0 stack test balance-of-plant was 
completed in Phase I. 
 

Task 4.7.2 – POCD8R0 Module Assembly 

The final design and assembly of the 24-cell Delta8 module for the POCD8R0 stack test 
was completed in Phase I. 
 

TASK 4.7.3 – POCD8R1 MODULE ASSEMBLY 

Assembly of the Phase II module (stack) was initiated beginning with the assembly of 
the modular integral bundle assemblies (IBA).  The design, fabrication, assembly, and 
optimization of the IBA tooling, Row Assembly/Lift Fixture, Stack Lifter, and Stack 
Assembly Station were completed under this task.  This tooling was required for 
assembly of the POCD8R1 stack test article.  The stack assembly sequence and tooling 
needs were thoroughly reviewed for each stage of assembly. 
 
Stack assembly started upon availability of the first bundle.  Due to the manufacturing 
tolerances of the cells and bundles, the open end of each bundle is mapped to insure 
proper interfacing with the open end seal.  The mapped data is processed and supplied 
to a vendor to machine the open end seal.  After the open seal is machined, the fit-up of 
the seal with the bundle is verified.  At this point the bundle assembly proceeds by 
placement of the open end seal/casting subassembly and closed end seal casting 
assembly onto the ends of the bundle. 
 
IBA Assembly  
The IBA assembly was comprised of the bundle assembly, cast recuperator, air delivery 
and air box subassemblies, exhaust base casting, and air feed tubes.  The tooling 
required to assemble the integral bundle assembly (IBA) was qualified and optimized 
using prototype components. The six required IBA’s were assembled using the qualified 
tooling.  Figure 4.49 shows an IBA in process of being assembled.  Although only a 
small quantity of IBA’s were produced, the assembly was efficient and appears to be 
conducive to mass manufacturing. 
 
The IBA tooling allows horizontal assembly of the IBA and then can be rotated vertically 
to transport the IBA into the row assembly tooling for the next stage of assembly.  See 
Figure 4.50. 
 
Row Assembly and Row Lifter  
Each IBA is placed into the row assembly tooling.  This tooling facilitates the assembly of 
an entire row comprising of one common row base weldment, air inlet manifold, three 
IBA’s, and one bus bar.  The fixture provides alignment and support of each IBA, permits 
access for welding and inspection of the bundle to bundle electrical connectors, welding 
of the bus bar to the bundle, and assembly of IBA instrumentation.   
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Figure 4.51 depicts a bundle row in process of being assembled and Figure 4.52 shows 
a completed row.  The row assembly fixture is also used to lift the entire row (see Figure 
4.53) into the stack build station in preparation for the stack assembly.  The row lifter 
design was qualified via load testing prior to production use.   
 
Stack Assembly Station  
Each row is lifted and placed onto the stack tray which is positioned on the floor within 
the stack assembly station in Figure 4.54.  The stack assembly station is an open frame 
structure designed to temporarily support the two bundle rows during assembly of the 
remaining stack components.  The stack assembly station was designed, assembled, 
and optimized in the fourth quarter fiscal year reporting period.  Welding of the row to 
row connectors and power lead to bus bar occurs at this stage.  Both rows were 
positioned onto the stack tray as pictured in Figure 4.55. 
 
Module assembly procedures were developed to identify potential assembly issues, to 
optimize the assembly sequence, to identify component design and/or procurement 
issues, and to determine the tooling that would be required for an efficient assembly. 
 
Stack Lift Fixture  
A major effort was placed on the design, construction, and qualification of the stack 
lifting fixture, considered to be the most critical tooling/assembly.  This apparatus was 
designed to lift, transport, and position the assembled stack test article inside the 
container.  Qualification included load proof testing prior to the actual lifting of the Phase 
II stack test article and positioning it inside the container to ensure the fixture was 
functional, safe, and compliant with applicable standards. 
 
The design basis of the stack lifting fixture design was a combination of two row lifters 
joined together to form the lifting structure for the Phase II stack test article (Figure 4.56).  
The combined load of stack and lifting fixture was lifted using a commercial 3-ton (2722 
kg) Strongbac® beam. 
 
Four vertical channels were connected on the bottom to the row strongbacks, and at the 
top to a hanger assembly to form a rigid frame, shown schematically in Figure 4.57. The 
hanger assembly was made of three plates, spaced apart by two solid blocks, the whole 
assembly connected with four high strength bolts loaded in double shear. 
 
All of the stack lifter critical components proved to have stresses that were below the 
allowable design loads. 
 
The overall structure was designed to lift a completely assembled stack test article 
comprising two rows of three bundles each, weighing approximately 2700 lb (rated load).  
Including the stack lifting fixture which weighs approximately 730 lb; thus the total 
capacity of the lifting rig was 3,430 lb (1556 kg). 
 
In compliance with OSHA 1926.251(a)(4) and ASME B30.20 standard requirements, the 
stack lifter was tested using a proof load that was 125% of the rated load capacity. 
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The stack lifter proof test was conducted by loading the fixture, with a 3,379 lb (1533 kg) 
dead weight.  The dead weights were uniformly distributed as follows: 
 

• Two base I-beams, 80 lb each, tot. 160 lb (73 kg) 
• Three plates (30”x60”x1” thk), each 520 lb, tot. 1560 lb (707 kg) 
• Twenty-one plates, each 79 lb, tot. 1659 lb (753 kg) for a total of 3,379 lb (1533 

kg), equivalent to 125% of the stack rated load. 
 
The total combined weight of the Strongbac beam (180 lb) and stack lifter (731 lb) was 
911 lb (413 kg).  The estimated reading on the scale was therefore 4290 lb.  The actual 
reading on the scale was 4290 lb (1946 kg). The lifting fixture was hoisted as high as the 
hook capacity allowed and the total clearance from ground was measured.  The 
recorded height was 137” (11ft-5in) (3.48 m), which provided sufficient clearance 
between the bottom of the fixture and the container top edge at 133.5” (3.39 m). 
 
At the completion of the test, a visual inspection of all fixture welds and structural 
members was conducted.  No deformation, cracks, or other defects were found. 
 
The fully assembled stack test article was subsequently lifted from the Stack Assembly 
Station and was positioned smoothly inside the container.  The total weight reading on 
the scale, including Strongbac beam, Stack Lifting Fixture was 3020 lb (1370 kg).  By 
subtracting the combined weight of Strongbac beam and Stack Lifting Fixture (911 lb), it 
was calculated that the as-built stack weight was 2109 lb (957 kg). 
 
The Phase II stack test article was successfully assembled, transported, and positioned 
inside the module container, as shown in Figures 4.58 and 4.59 under Task 11 and 
contract number DE-NT0004396, respectively. 
 

Task 4.7.4 – POCD8R0 Testing and Operations 

The objective of the Phase I stack test, POCD8R0, was the initial performance 
evaluation of the Delta8 cell under in-stack conditions.  The stack test article was 
designed, built, and the test initiated under Phase I of this program.  The results of those 
activities are documented in the Phase I final report (contract number DE-FC26-
05NT42613).  The data obtained from the POCD8R0 stack test was used in initial 
performance and cost analysis of the Reference Baseline Power System (Task 1.0). 
 
The POCD8R0 test article, shown in Figure 4.60 was comprised of two main 
assemblies; the module and the balance of plant.  The module, shown in Figure 4.61 
was enclosed in a stainless steel housing which contained the cell stack, recuperative air 
preheater, prereformer and external insulation to maintain a relatively cool enclosure 
temperature.  Mounted on the exterior of the module were two valves which were used 
to balance the air flow between the two sides of the stack.  The module was installed 
into the balance-of-plant (BOP) cabinet, Figure 4.62. 
 
The module consisted of four bundles of six Delta8 cells per bundle.  The active length 
of each Delta8 cell was 75 cm.  The 24 cells were connected in series.  DC power was 
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taken out at the bottom via two feed-throughs located at the left of the module.  Figure 
4.63 is a photograph of the cell stack before final assembly. 
 
A simplified BO flow diagram is shown in Figure 4.64.  The BOP contains the electrical 
load, control hardware, steam supply, process and air heaters, and fuel and NHMix 
controllers.  The fuel desulfurizer was located outside the unit on a separate rack.  To 
permit maximum flexibility in load control, the generator was not grid connected.  A 
separate water-cooled DC load bank was used in place of an inverter as a sink for the 
load bank. 
 
The Phase I operational test requirements are given Table 4.2.  Additional objectives 
were to: 
 

• To gain operating experience with Delta8 cells  
• Verify the effectiveness of the seal which separates air and depleted fuel at the 

cell open end 
• Verify the effectiveness of the fuel recirculation system. 
• Verify the effectiveness of all electrical connections including those for cell-to-

cell, bundle-to-bundle, row-to-row and bundle-to-bus. 
• Gain additional experience with fuel-side start-up heating. 

 
The POCD8R0 system entered into the heat state on September 16, 2008.  It reached a 
gross DC power output of ~6.8kW on October 21, 2008, and then a BOP control system 
software modification inadvertently forced the system into a shutdown.  The system was 
restarted and achieved a gross DC power output of ~6.9kW on November 3, 2008.  A 
second system shutdown then occurred due to an unexpected reboot of the control 
system computer.  The embedded control system computer and power supply were 
replaced in an attempt to prevent future computer reboots.  The system was then 
restarted on November 7, 2008 and ran until a control system watch dog timer circuit 
failure shut down the system on November 10, 2008. 
 
The system was reloaded and achieved a peak power of 9.8kW on November 27, 2008.  
The system power was then slowly reduced to the Normal Operating Condition (NOC).  
The fuel composition was being adjusted to match the required coal gas composition 
when a set-point error caused the system to trip on loss of hydrogen fuel. 
 
An official measurement of the NOC was not obtained due to the trip.  The system was 
reloaded and achieved a power level of 7kW.  The system tripped due to the loss of 
hydrogen fuel that was caused by an incorrect valve setting during the exchange of the 
hydrogen supply tank truck with a new one. 
 
The system was reloaded and entered into steady state operation on February 12, 2009.  
The system was operating at a stack current of 336 Amps and producing ~5.4kW DC. 
 
On April 26, 2009, the POCD8R0 target control computer experienced a hard drive file 
corruption error that caused the control software program to terminate.  The target 
computer did not annunciate an alarm when this occurred. 
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In this type of event, the control system digital and analog outputs should remain in their 
last state, and the system would continue to operate until an operator intervened. 
 
After the target program terminated, the hydrogen fuel continued to flow to the fuel cell 
stack at the last commanded value.  Air flow also continued to flow at the last 
commanded value.  The fuel cell load bank, however, reduced the fuel cell current to 
zero amps. 
 
Since the load bank was not drawing current from the fuel cell stack, the hydrogen fuel 
was not being electrochemically consumed.  Instead, it was combusted to completion in 
the combustion zone area of the fuel cell module.  This combustion resulted in extremely 
high temperatures in the combustion zone and fuel cell stack well above 1300°C.  This 
condition existed for ~24 hours until the operators intervened and put the unit into the 
emergency stop state. 
 
All the fuel cell stack voltage probes measured near zero volts which indicate some type 
of damage to the fuel cells.  It is believed the extreme temperatures led to the failure of 
the stacks. 
 
The fuel cell stack steady state test started on February 12, 2009, and had accumulated 
~3565 hours of operation at that point.  At the time of this failure, the stack test 
accumulated ~5314 hours of operation.  Therefore, the system achieved ~1750 hours of 
operation in the steady state condition.  No measurable voltage degradation had been 
detected during the steady state operating condition. 
 
Figure 4.65 shows the overview of several key POCD8R0 system parameters versus 
operating hours. 
 
Although the test ended prematurely, all test Phase I objectives were satisfied. 
 
In summary: 

• The POCD8R0 generator, containing twenty-four 75 cm active length Delta8 
ScSZ fuel cells, operated for more than 5300 hours between September 2008 
and April 2009. 

• The generator achieved a maximum power of 9.8 kW at 663 amps.  
• During Steady State Stability Testing of 1750 hours, the generator demonstrated 

no detectable voltage degradation. 
• Generator operation was marked by seven open circuit conditions which were 

caused by BOP and control issues.  
• Despite these interruptions the generator demonstrated an availability factor of 

85% at 50% power or greater.  
• The generator efficiency was lower than expected due to problems with fuel 

leakage and bypass within the stack.  
• Experimentation with two different types of cell-to-cell connectors is believed to 

have created fuel flow imbalances within the stack which caused one string 
voltage to be much lower than the others and significantly limited the power 
output.  
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• A significant leak existed in the process air system, but it did not significantly 
effect generator operation.  

• The stack was damaged when failure of the hard drive in the onboard computer 
resulted in high temperatures from unburned fuel which had not been consumed 
electro-chemically. 

 
A complete discussion of the test results, the root cause failure analysis, and  a detailed 
discussion on the test may be found in the test report issued under this contract (DE-
FC26-05NT42613).  
 

Task 4.7.5 – POCD8R1 Testing And Operational Follow  

The testing and operational follow of the POCD8R1 stack test was redirected to Task 11. 
 

Task 4.7.6 – POCD8R1 BOP Assembly 

The focus of this task is the assembly of the Balance of Plant (BOP) system to support 
testing of the POCD8R1 stack test.   Assembly of the POCD8R1 BOP was initiated 
under this task.  Midway through Phase II the scope of this task was redirected to Task 
11 – POCD8R1 Stack Test.   Discussed in the following is the effort completed under 
this task.  Additional details may be found in Task 11.  
 
The assembly approach was broken up into Mechanical Systems, Electrical Systems 
and Facility. 
 
Mechanical Systems  
The BOP mechanical system is designed to supply and control the fuel and airflow to the 
POCD8R1 stack.  The fuel can be either natural gas, or a mixture of natural gas, NHMIX 
gas and H2 gas for coal gas simulation.  The BOP also provides purge gas to protect the 
fuel cell stack during shutdown operations.  
 
A Piping & Instrumentation Diagram (P&ID) was created to provide guidance in sizing 
the piping lines, selecting equipment and identifying instrumentation for the stack test.  
Detailed pipe sizing calculations and system performance calculations were performed 
to ensure that the BOP can support the stack test during startup, normal operation and 
shutdown. 
 
Electrical Systems  
The BOP electrical systems include all hardware for the electrical distribution of power 
and the instrumentation and control needed for all operating modes including system 
startup, operation, planned shutdown and safe unplanned shutdown.   
 
The electrical distribution system is designed to provide uninterrupted power to critical 
loads during a grid disturbance.  When feasible, the system may provide for additional 
operational loads fed from the site emergency distribution system to allow for continued 
operation during longer grid disturbances.   
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The instrumentation and control system provides for automatic and manual control, 
monitoring, data collection/logging and diagnostics of the fuel cell stack and auxiliary 
systems. 
The pilot control system provides for a safe and orderly shutdown of the system in the 
event of a safety stop of the overall system.  The pilot control safety stop function is 
implemented by a safety-grade master control relay and is independent from the 
instrumentation and control system. 
 
Power generated by the stack will be dissipated via a water cooled electronic load 
selected to provide a finely controlled current demand from the fuel cell stack. 
 
Facility  
An enclosure is needed to house the POCD8R1 test article.  This enclosure provides a 
negatively pressurized environment that is capable of maintaining a safe environment in 
the unlikely event of a fuel or carbon monoxide leak.  The enclosure also provides a 
controlled and isolated area to conduct the test that minimizes disruption to the test and 
to other areas in the vicinity. 
 
Fabrication of the mechanical BOP cabinet was initiated, as shown in Figure 4.66 which 
shows a picture of the cabinet manufacturing in progress.  Installation of the process air 
system is complete.  However, the pipes are not yet supported.  Figure 4.66 also shows 
the completion of the NG supply line, H2 supply line and NHMIX mixing line.  The 
NHMIX shutdown lines are partially finished, but the final lines leading to the fuel nozzle 
and the fuel nozzle bypass line are yet to be installed.  All these gas lines eventually exit 
at the top of the cabinet and connect to the POCD8R1 module.  The lines connecting the 
BOP cabinet and the module will be completed in the next quarter. 
 
The BOP lines are arranged such that all the gas lines come in at the back and upper 
right hand corner of the cabinet and exit at the top of the cabinet.  Each air blower takes 
suction at the lower back side of the cabinet.  Air comes into the blower directly from the 
outside of the cabinet and into the blower inlet.  Each blower discharges the air directly 
upward to join with other air lines to form a common line which exits at the top of the 
cabinet. 
 
The dissipative load bank, shown in Figure 4.67, is a crucial part of the BOP.  It controls 
the current drawn from the test stack which is a key metric of the cell operation.  The 
load bank also dissipates the power produced by the module.  Site component cooling 
water is used to remove the heat generated by dissipating the module power.  The 
dissipater assembly measures the stack current and contains a DC contactor as an 
operational disconnect.  The stack dissipative load bank was assembled and functionally 
tested.  The testing covered simulated operation from a remote set-point, current 
calibration, and component cooling interface 
 
The POCD8R1 test article enclosure was installed in the north high bay.  This enclosure 
will house and provide ventilation for the test article.  Gas services, water cooling lines, 
and exhaust ducting, to the outside, have also been installed.   In addition, the structure 
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of the enclosure provides compatible support for adjacent electrical and gas supply 
cabinets.   
 
Figure 4.68 shows the structure used to suite the BOP cabinets together.  This structure 
is also used to lift the finished cabinets into place and provide a point of support for the 
cabinet suite to the test article enclosure. The structure attaches to existing holes in the 
BOP cabinets and provides support for wiring between the BOP cabinets.   
 

TASK 4.8 – CONDUCT POST-TEST ANALYSES 

Task 4.8.1 – POCD8R0 Post Test Analysis 

The POCD8R0 stack test requirements are presented in Table 4.2.  The test operated 
for more than 5,300 hrs and consisted of the following sequence: 
 

• System start-up  
• Stack “conditioning” 
• Peak power test 
• VJ curve at normal operating conditions (NOC) 
• Steady-state test at NOC (balance of 5000 hours total operation) 
• System shut-down. 

 
The POCD8R0 stack test operated for more than 5,300 hours between September 2008 
and April 2009 as shown in Figure 4.69.  The generator achieved a maximum power of 
9.8 kW at 663 amps.  During Steady State Stability Testing of 1774 hours, the generator 
demonstrated no detectable voltage degradation as shown in Figure 4.70.  Generator 
operation was marked by seven open circuit conditions which were caused by BOP and 
control issues.  Despite these interruptions the generator demonstrated an availability 
factor of 85% at 50% power or greater.  The generator efficiency was lower than 
expected due to problems with fuel leakage and bypass within the stack.  
Experimentation with two different types of cell-to-cell connectors is believed to have 
created fuel flow imbalances within the stack which caused one string voltage to be 
much lower than the others and significantly limited the power output.  A significant leak 
existed in the process air system, but it did not significantly effect generator operation.  
The stack was damaged when failure of the hard drive in the on-board computer 
resulted in high temperatures from unburned fuel which had not been consumed electro-
chemically. 
 
A complete discussion on the test operations, data analysis, and root cause analysis 
was documented in the test report issued under this contract (DE-FC26-05NT42613).  
 

Task 4.8.2 – POCD8R1 Post Test Analysis 

This effort was redirected to Task 11. 
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TASK 4.9 – DESIGN BUS BAR & ROW CONNECTS 

The design of the POCD8R1 is planned to be a scaled version of the atmospheric 
advanced module SOFC design.  Specifically, the POCD8R1 stack test article will 
include six of the integral bundle assemblies and two bus-bars each of which requiring a 
power lead feed-thru.  The various internal stack electrical connectors required to 
complete the electrical circuit are critical to the success of the stack design.  
Furthermore, the large quantity of connectors and the associated labor required for their 
installation accounts for a significant portion of the overall cost of a generator. 
 
Electrical Connectors  
Designs have been established for cell-to-cell, bundle-to-bundle, row-to-row, and 
bundle-to-bus bar electrical connections, respectively.  In all cases, the nominal 1200A 
design current is carried by eight connectors that are stacked vertically to cover the 
length of the interconnection.  Consequently, each connector carries 150A. 
 
Design considerations included: 
 

• Electrical Performance - The goal was set for the advanced module (including 
(16) bundle-to-bus bar, (432) bundle-to-bundle, and (80) row-to-row connectors) 
that the total ohmic loss would not exceed a cumulative value equal to 1% of the 
gross generator power output. 

• Flexibility - The goal was the connector stiffness should be reduced to the point 
where differential thermal expansions within the generator would not result in 
stress upon the cells exceeding 6 MPa. 

• Cost - The goal was to limit cost as received from the vendor to a value equal to 
or less than the budgeted item cost in the advanced module cost model. 

• Manufacturability/Ease of Installation - The goal was to limit generator assembly 
and associated tooling costs to a value equal to or less than the budgeted cost in 
the advanced module cost model. 

 
Cell-to-Cell Connectors 
The POCD8R1 stack test article contains six bundles each containing eight cells.  Many 
key electrical connectors are required as part of the bundle design.  In particular, a nickel 
foam pad is bonded to the interconnect side of the cell with nickel slurry.  The foam pad 
bonds to the adjacent cell with a series of strips attached to the peak of the delta.  All 
bonds between the cells, foam pads, and strips are made with nickel slurry.  The felt 
strips and foam pieces do not extend the full length of the cell.  Gaps were intentionally 
placed along the length of the cell to optimize fuel flow distribution along the axial length 
of the bundle and within the bundle.  Location of the gaps and gap size were determined 
analytically to minimize fuel bypass. 
 
Bundle-to-Bundle Connectors 
The large quantity of bundle-to-bundle electrical connectors and the associated labor 
required for their installation accounts for a significant portion of the overall cost of a 
generator.  The challenge is to create a design that meets several competing 
requirements that partly include high flexibility, low electrical resistance, and low cost 
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A design was previously developed and implemented in the POCD8R1 stack test article.  
However, neither the flexibility nor the electrical resistance was measured to confirm that 
the design met the functional requirements. 
 
Subsequently, a new design has been developed that is viewed to be much cheaper 
with much greater flexibility and it also satisfies the desire to have a universal bundle (all 
bundles identical).  It is intended to develop this design for use in the next stack test 
article, POCD8R2. 
 
The newly proposed bundle-to-bundle connector design is viewed to have several key 
advantages.  The configuration is inherently much more flexible due to the geometry of 
the flexible nickel foils.  The new proposed design takes advantage of an opposing 
cantilevered profile.  In contrast, much of the nickel foil material in the existing design 
does not contribute the overall flexibility since the legs are in full contact with the 
opposing weld plates 
 
The proposed design is expected to have much lower anticipated cost due to a simplified 
design that is better suited for future automated manufacture.  Further cost saving can 
be attributed to the decreased number of components per assembly.  This is largely due 
the elimination of the need for incorporating the high purity ceramic cloth which prevents 
each of the foil layers from sintering together.  The cloth also increases the labor cost 
associated with the manufacture of the assembly.  A potential significant material cost 
savings has been identified.  In particular, a thin nickel foil produced via an 
electroforming process as opposed to rolled product will be incorporated into the new 
design.  Initial material cost estimates have indicated about a 35% reduction in the cost 
of this material as compared to traditionally rolled product. 
 
The existing bundle-to-bundle electrical connector is sintered to the bundle along with all 
of the other bundle elements including cells, nickel felt, nickel foam, and edge weld 
plates.  This approach requires the need for several different bundle configurations 
depending on the particular installed bundle location.  This approach has the advantage 
of requiring only a single welded interface per each bundle-to-bundle interface.  
However, the labor required to weld this interface proved to be much less significant 
than anticipated. 
 
The new bundle-to-bundle interface satisfies the desire to have a universal bundle (all 
bundles identical).  The increased welding labor required for the dual welds at each 
bundle-to-bundle interface is overshadowed by the increased logistics and added costs 
associated with carrying several different bundle types.  This becomes especially 
important when the need for replacement bundles is considered. 
  
Several simplified prototype assemblies were procured to demonstrate the 
manufacturing feasibility of concept.  In particular, an important aspect of the welding 
process was verified. 
 
A means to test various bundle-to-bundle electrical connector parameters is important 
for the verification of the design.  Therefore, a test was developed to establish a means 
to measure the stiffness and electrical resistance of bundle-to-bundle electrical 
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connector designs.  The existing design of the electrical connector used in the 
POCD8R1 was tested to establish a benchmark against which a new design will be 
compared. 
 
A relatively simple apparatus will be used to test the stiffness of the electrical connector 
at ambient temperature (Figure 4.71).  The stiffness test rig consists of a lab jack 
suspended from an overhanging support structure that is mounted to a base plate.   The 
lab jack will be used to compress the subject bundle-to-bundle connector in a controlled 
manner.  A digital depth gauge (not shown) will be used to indicate the displacement of 
the bundle-to-bundle connector and the reactive load will be measured by a digital scale. 
 
It is important to minimize the overall resistance of the bundle-to-bundle connection 
since it ultimately drives the power loss.  The test approach will utilize a controlled high 
current (300A) which will facilitate the voltage drop across various elements of the 
electrical connection to be measured.  The maximum permitted bundle-to-bundle 
connection resistance can be derived from the functional requirement which states that 
the cumulative power loss associated with bundle-to-bus, bundle-to-bundle, and row-to-
row connections is not to exceed 1% of gross generator power output at ~1200A.  At this 
particular current, the calculated overall maximum permitted resistance of the bundle-to-
bundle electrical connection is equal to Rmax = 3.2x10-4 Ω.  This resistance is too low to 
be accurately measured with an ohm-meter since it challenges the resolution of 
available instruments.  A high current is necessary since it amplifies the overall voltage 
drop to levels that can be measured accurately. 
 
The components for the test rig have been documented and procured.  The test articles 
that are to be tested have to be assembled and sintered.  Figure 4.72 shows the 
POCD8R1 bundle-to-bundle connection and Figure 4.73 the proposed POCD8R2 
bundle-to-bundle connection test rigs, respectively. 
 
Row-to-Row Connector 
A final design review for the POCD8R1 row-to-row electrical connector design identified 
issues with the flexibility and dead weight.  Thus the design was not released and a 
redesign of the row-to-row connector was initiated. 
 
An alternative design for the row-to-row connector was developed and evaluated.  This 
design concept simplifies the row-to-row connector since it reduces the number of 
components and minimizes fabrication costs.  However, it was recognized that additional 
analysis and testing were required to complete this simplified row-to-row connector 
design.  Due to time constraints regarding POCD8R1 project, it was decided that the 
outstanding issues that arose during the design review for the original design were to be 
corrected.  Corrective measures were implemented and the design was finalized. 
 
Bundle-to-Bus Bar Connector 
At the design review where the row-to-row connector design was found to be deficient, 
the design of the bundle-to-bus bar electrical connector was approved and conditionally 
released pending resolution of a few minor issues.  These were subsequently 
addressed. 
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Bus-Bar/Power Lead Feed-thru . 
The power lead and bus bar collectively permit the electrical power to be extracted from 
within the fuel cell stack.  The primary objective of the design is to transmit the nominal 
1200A current external to the container while minimizing the heat conduction from the 
stack.  A final design review for the power lead and bus bar designs was held and it 
received a conditional release pending the resolution of several minor chits.  A 
significant outcome from the final design review was the request to perform a power lead 
seal test. 
 
A power lead seal test was designed to verify the function of the seal design.  The power 
lead seal test article includes a test vessel with included features that allow it to be 
pressurized.  Additionally, a provision was made for the insertion of a heater into the 
power lead to bring the test article up to simulated operating temperature (175oC). 
 
Additional effort was directed towards developing a detailed power lead seal test plan.  
The test plan identifies a detailed approach to evaluate how well the seal prevents 
leakage of a simulated hydrogen fuel mixture.  Additionally, the test plan includes a 
procedure that identifies how to determine the appropriate level of torque required to 
adequately compress the seal material.  The test plan includes a detailed schematic that 
identifies all the elements that are required for the test in addition to the test article. 
  
Phase one of the power lead seal test was focused on testing a machined seal material.  
The chosen material was in a solid form and was intended to crush into the sealing 
cavity to form a seal.  However, the seal material did not crush in a manner that was 
anticipated and the seal proved to be moderately successful.  A second phase of testing 
of powder was later tested and it proved to work very well.  The use of this material is 
also advantages since it is cheaper and does not require machining as did the first 
candidate seal material. 
  
Detail drawings of the bundles and associated components (i.e. felt strips, foam pads, 
bundle-to-bundle electrical connectors, etc) were released for manufacture.  Two bundle 
types were developed in order to interface electrically between bundles, bundle-to-bus 
bar, and bundle row-to-bundle row.  The design was finalized and manufacturing 
drawings released. 

TASK 4.10 – VALIDATE CATHODE GAS RECIRCULATOR 

No work planned or performed in Phase II. 
 
 

TASK 4.11 – MATERIAL CHARACTERIZATION 

The objective of this task was to characterize the physical properties of the most 
common insulating materials intended for use in the POCD8R1 Test Article and the 
advanced module.  Material characterizations included: 
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1) Permeability and diffusivity testing 
2) Mechanical compression/relaxation testing 
3) Chemical analysis/composition 

 
The purpose of this test program was to provide data on permeability of a number of 
ceramic fibrous porous materials at different pressure differentials across the sample 
surfaces. These data can then be used to predict the overall expected leak rates for full 
scale components and to determine the adequacy of each design. Accurately predicting 
permeability and diffusivity of porous insulation material is essential in generator module 
design and manufacturing to control fuel stack bypass and leakage. 
 
Permeability testing consists of placing the material in a sealed chamber, with nitrogen 
on one side and hydrogen on the opposite side. Pressure can be increased on either 
side, forcing the gas through the material.  The pressure and gas flow is measured to 
determine permeability, and a gas chromatograph measures the composition on each 
side of the material to determine diffusivity. 
 
Another important design factor is the ability to predict the pressure developed by 
intumescent mats when used as compliant seals between stack ceramic castings. There 
are two reasons for this: 
 

1) Excessive mat pressure may exert too much load and displace or break the 
fragile castings 

2) Insufficient pressure may result in excessive leakage through the porous matrix. 
 
In stuffing packaging, the gap between ceramic components expands and contracts as a 
result of differential thermal expansion at high temperature. Therefore, it is important to 
understand the different loading and unloading characteristics, and the hysteresis 
behavior of compressible ceramic felts.  
 
A particular critical location where sealing between the fuel rich zone and the air/exhaust 
region becomes critical are the twin seals located between Integral Bundle Assemblies 
(IBA), specifically at the recuperator casting elevation.  This seal must compress at high 
temperature and compensate for thermal expansion thus preventing spent fuel from 
bypassing the combustion zone. 
 
Compression-relaxation testing was performed in a universal testing machine with the 
material sample mounted in a special holder which simulates the gap between 
recuperator castings. The sample is unloaded and loaded 10 times to simulate the 
mechanical cycling associated with expansion and contraction of the gap. 
 
Permeability and Diffusivity Testing  
 
Permeability is the measure of material's resistance to the flow of fluid when exposed to 
a pressure difference. Room temperature permeability was measured with a method 
similar to ASTM  C577-96, "Standard Test Method for Permeability of Refractories". This 
method is based on Darcy's law, which is assumed to provide a reliable representation 
of the pressure drop vs. velocity curve for ceramic refractories. 
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Darcy's law, which is derived from experiments conducted at very low velocities, 
considers only the viscous effects on the fluid pressure drop and establishes a linear 
dependence between the pressure gradient and the fluid velocity through the porous 
material, as expressed by the following formula: 
  
 
where:  
 
m&   is the flow rate,  A is the area of the specimen, µ is the gas viscosity, dp/dx is the 
total pressure drop across the material of thickness dx, and Kmat is the material 
permeability constant which has units of cm2. 
 
The test rig used for permeability is shown in Figure 4.74 and schematically in Figure 
4.75. 
 
Several materials were tested in the permeability test fixture. A comprehensive list of 
materials is the following: 
 

1) Rapid Prototype High-Purity Alumina (“3D Alumina”), 2 samples 
2) Saffil Felt, 800 gsm 
3) Saffil Felt, 600 gsm 
4) TCast 3212 plain 
5) TCast 3212, laminated on both sides with Nitivy fabric 
6) AL30-AA high purity alumina board, 2 samples 
7) 98g Nickel Felt (1.7mm and 3.0mm thicknesses)  
8) Nickel Foam (High Density, Medium Density, and Low Density) 
9) Rhodius Nickel Pad, 1.3mm thick 
10) Saffil Felt, T60 
11) Isofrax 1260C LD (medium) bulk fiber (10pcf and 17pcf packing densities) 
12) Durablanket S (8pcf and 10pcf densities) 

 
The test samples were mounted and epoxied on special sample ring holders which are 

part of the test rig, as shown in Figure 4.76 for an AL30-AA laminated board.  
 
The following test procedure was implemented for each of the above described test 
samples. For each sample, the total permeation and diffusion of nitrogen- hydrogen gas 
through the sample at different differential pressures (e.g. 2”, 6”, and 10” H2O) was 
measured. 
 

1) Pass a measured flow of nitrogen gas through the top half of the apparatus in 
the flow direction indicated in Figure 4.75 

2) Simultaneously, pass a measured flow of hydrogen gas through the bottom half 
of the apparatus. 

A
dx

dpK
m mat ⋅⋅=

µ
&
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3) Using the pressure taps shown, set the pressure drop across the sample as 
required (hydrogen side at the higher pressure). 

4) Measure the flow of the N2/H2 gas mixture exiting the top of the apparatus. 
5) Measure the composition of the N2/H2 gas mixture exiting the top of the 

apparatus. 
6) Record the following data for each test: test date, start time, N2 flow (slpm), H2 

flow(slpm), N2/H2 gas composition, N2/H2 flow (slpm), barometric pressure, delta-
p across sample (in. H2O), N2 pressure (in. H2O), and temperature of N2/H2 exit 
mixture (oF). 

 
A permeability difference between the two 3D Alumina samples was observed, as 
Sample 1 was found to be approximately 1.5 times less permeable than sample 2, as 
shown in Figure 4.77.   
 
The permeability of Saffil 600 and 800 gsm of various gaps were found to differ by 
approximately a factor of 2, as shown in Figure 4.78.  The “gap” refers to the nominal 
clearance between two recuperators; 1/8” at room temperature, and .070” at operating 
temperature, which is due to differential thermal expansion.   
 
The permeability of TCast 3212 was decreased by nearly a factor of 10, Figure 4.79, 
when Nitivy woven fabric was cemented to both sides of the material. 
 
High purity alumina board AL30-AA was tested in two different configurations; 6-inches 
square by ¾-inch thick, and 11-in diameter circle by 1.5 inch thick.  The thicker material 
was less permeable, despite its larger cross-sectional area, as shown in Figure 4.80. 
 
The permeability testing of the Nickel Felt, Rhodius Pad, and Nickel Foam produced no 
pressure boundary across the material for flows up to 20 slpm.  The material samples 
were approximately .026 sq. meters in cross sectional area, with thicknesses from 1.3-
3.0 mm.  Since this material is quite porous, the cross sectional area may need to be 
reduced and the material thickness increased, in order to have enough head to create 
an adequate pressure boundary. 
 
A sample of Saffil Felt T60 was tested after a series of compression tests, in order to 
check the permeability after being subjected to loading/unloading cycles.  The material 
tested was two 3/16” thick samples compressed between two steel plates. The flow area 
was 7” long and 1/8” wide.  The results are shown in Figure 4.81 below, as compared 
with previously tested samples; Saffil 600 and 800, each being two 6mm thick samples, 
7” long, and with 1/8 and .070 wide gaps.   
 
A summary plot of Saffil felt permeability for different cold and hot gap configurations is 
presented in Figure 4.82. 
 
A fixture was manufactured to test Isofrax and Durablanket blanket materials.  These are 
low density materials and could not be tested in the previous fixture arrangement.  A 
plexiglas box was created, with a screen on each end to allow the gas to pass through.  
This fixture contained the material and permitted various packing densities of the same 
lightweight material. 



  90 

 
The Isofrax 1260C LD (medium) bulk fiber was tested in two different packing densities; 
10pcf and 17pcf.  As expected, the 17pcf packing density was less permeable, Figure 
4.83.   
 
Two variations of Durablanket S were tested; 8pcf and 10pcf densities.  It was found that 
one layer of 8pcf material, which was compressed from 3” to 2” thick, was slightly less 
permeable than two-1” thick layers of 10pcf material, Figure 4.84. 
 
A summary of the permeability constants for all the different materials tested is shown in 
Table 4.3. 
 
Load Relaxation Testing  
Saffil felt is made from high purity polycrystalline Saffil alumina fibers (3.0-3.5 µm 
diameter) for use up to 1600˚C. Typical green composition is 88-93% Saffil fiber, 7-12% 
organic binder. After exposure to 450˚C, fiber chemical composition is 95-97% alumina 
oxide, 3-5% silica oxide, <0.5% trace elements. 
 
The fibers are held in compression by an acrylic polymer binder which burns out 
completely at temperature in excess of about 400˚C and an expansion in its thickness up 
to 4x the original thickness occurs. 
 
Load relaxation testing of Saffil Felt 1300 gsm material was conducted on several 
samples representative in size of the actual recuperator seal gaskets. The test objective 
was to determine the force exerted by the seal material on the ceramic recuperator 
sides, to determine the required seal thickness and to test for any material degradation 
as a result of repeated loading cycles. 
 
Test 1 
One strip of Saffil Felt 1300 gsm with nominal dimensions of 7" x 2" x .25" was installed 
and sandwiched between fastened stainless steel plates with nominal dimensions of 3" x 
7" separated by 0.125" gap, Figure 4.85. Holder and samples were baked at 600˚C to 
remove the organics. 
 
The test was conducted in load control at room temperature on a servo-hydraulic test 
frame employing a trapezoidal waveform at a load rate of 5.0 lbf/min, Figure 4.86. An 
initial compressive load of 75 lbf was applied to the assembly prior to removal of all four 
corner fasteners after which the test was initiated.  
 
The load was slowly reduced, allowing the material to expand between the plates. The 
material was loaded/unloaded ten times with a minimum load limit of -75 lbf and 
maximum of 0 lbf, and a hold time of 30 sec, Figure 4.87. 
 
The detail test procedure was the following: 

1) Apply a 75 lb force to the top of the holder plate in order to hold them closed 
together.  

2) Unscrew the plates. 
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3) Slowly reduce the force, and measure how much the Saffil Felt sample "pushes 
up" the top steel plate until the applied force is zero. (note: there is still a small 
amount of force applied, as the steel top plate weighs 812 grams). Plot force vs. 
displacement.  

4) Compress the sample back down, measure and plot the applied force vs. 
displacement, until the two steel plates are touching. 

5) Repeat for a total of ten load/unload cycles. 
 
Visual examination of the maximum crosshead displacement for each cycle showed that 
the sample did not degrade over the test duration. 
 
Close examination of the load-displacement plots indicated that the curves were a little 
noisy as a result of the servo-hydraulic test frame fitted with a 1000 lbf load cell. 
Therefore, it was decided to repeat the test utilizing an electromechanical test frame 
fitted with a smaller 200 lbf load cell and a redesigned sample holder. 
 
Test 2 
A second test was conducted with two layers of Saffil felt which were shaved down to 
3/16" thickness. The 7”x2” strips were weighed and installed in a modified stainless steel 
holder with a 1/8" gap in between plates. The modified sample holder included a 
threaded boss welded to the top plate for anchoring the top plate to the crosshead, 
Figure 4.88.  Holder and samples were baked at 600˚C for a couple of hours to remove 
the organics. The utilization of two thinner strips and a “cold gap” of 1/8” better represent 
the recuperator seal gasket design found in the Advanced Module. 
 
This test included, as previously done, a ten cycle compression-relaxation test in the 
range between "cold gap" of .125" and hot gap of .070".  
 
Testing was conducted at room temperature using WMT&R M12 electromechanical test 
frame with capacity to 2000 lbf equipped with a 200 lbf load cell employing a ramp 
waveform at a crosshead displacement rate of 0.030 in/min and a hold time of 5 minutes 
between ramps. 
 
The detail test procedure was as follows: 

1) Apply an initial compressive load of 200 lbf prior to removal of the fasteners 
2) Remove the screws holding the plates in position. 
3) Apply a compressive force at a crosshead controlled rate of 0.03 in/min until a 

displacement of 0.055in. has been achieved. 
4) Pause the test for five minutes. 
5) Unload the specimen at a crosshead controlled rate of 0.03 in/min until a 

displacement of 0.055in. has been achieved. 
6) Pause the test for five minutes. 
7) Repeat steps 2 through 5 until a total of ten complete cycles is achieved 

 
The specimen was unloaded to a target load of 0 lbf then re-loaded until a significant 
increase in compressive load and reduction in displacement was observed, indicating 
contact between the plates occurred.  
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Nine additional cycles were subsequently conducted between a target load of 0 lbf and 
an unknown maximum load defined by contact between plates. 
 
Unloading and loading of the specimen was accomplished by the technician operating 
the test frame control panel. Load vs. LVDT displacement was continuously recorded 
through use of specialized Datalog Software. 
 
Figure 4.89 shows the load vs. displacement curve for the first cycle. Note the significant 
increase in compressive load and reduction in displacement indicating contact between 
plates, which was detected by examining data for a significant reduction in slope of the 
load vs. displacement curve. 
 
An attempt to pinpoint the load at which the platens came in contact was performed by 
examining the data for a significant reduction in slope of the load vs. displacement 
profile. Two curves were constructed for each cycle showing the three points prior to 
contact and three points after contact. 
 
A linear trend line was applied to each of these curves then the expressions defining the 
load were equated such that a transition (plate contact) load could be determined. A plot 
of plate contact load vs. cycles shows that the material does show a breakdown in 
strength prior to reaching a steady state. 
 
The important result of this test was that the load generated by the expanding felt could 
be quantified over a number of cycles. As shown in Figure 4.90, as the gap contracts 
from cold .125" to hot .070", the felt generates a load between 9 and 18 lbf, equivalent to 
a pressure in the range between 0.6 and 1.3 psi. 
 
Test 3 
A third test was conducted using a new set of 3/16” thick Saffil samples, mounted on the 
same test frame, but applying a compressive force until a displacement of 0.055 in was 
achieved. The loading-unloading cycle was repeated ten times and load vs. 
displacement curves were recorded. 
 
The first five cycles were conducted at a crosshead controlled rate of 0.030 in/min 
between loading and unloading, displacement limits of 0.055 in and 0.000 in, 
respectively. Cycles 6 and 7 were conducted at a speed rate of 0.010 in/min and the 
remaining cycles were conducted at a speed rate of 0.030 in/min. 
 
A summary plot of load vs. displacement for all cycles is shown in Figure 4.91. 
 
Conclusions  
The permeability of TCast 3212 with Nitivy cloth was found to be significantly lower than 
the plain material. The permeability of the two 3D Alumina samples were found to be 
quite similar; any differences are attributed to slight variations in the material properties 
as produced by the rapid-prototyping machine.  The permeability of Saffil Felt 600 was 
found to be very similar to that of Saffil Felt 800, at both .125 in and .070 in gaps (within 
a factor of 2). 
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Based on results of both permeability and compression testing, it was decided to use the 
Saffil Felt 1300 gsm material for the recuperator side seals, due to its consistent 
permeability results and lack of material degradation under compression testing.  
 
The permeability of an 11 in diameter disc, 1.5 in thick piece AL30-AA material was 
found to be less than a 6 in square, ¾ in thick sample of the same material. The 
permeability of 17 pcf Isofrax bulk material was found to be less than a 10 pcf packing 
density of the same material.  The permeability of a single piece of 8 pcf Durablanket S, 
compressed from 3 in to 2 in was found to be less than that of 2 pieces of 1 in thick 
Durablanket S at 10 pcf density.  The permeability of Saffil T60 was found to be similar 
to that of other Saffil Felt materials of identical size.          
 
Hysteresis behavior of load vs. displacement curve of the intumescent Saffil felt was fully 
characterized. It was found that the material has different loading and unloading paths. 
When load is completely removed, the felt does not spring back to its original thickness 
indicating that such a material mechanical response has clearly a hysteresis behavior. 
 
Chemical Analysis/Composition  
Although data on insulation material properties were obtained during the material 
selection design phase, it was deemed necessary to conduct a comprehensive chemical 
analysis of the insulation materials actually installed in the POCD8R1 test article to 
determine the chemical composition of both ceramic blanket material and bulk fiber 
installed in the peripheral insulation system 
 
In general, the major concern regarding insulation systems is the level of impurities 
present in the raw material and the operating environment. These two factors influence 
corrosion rates of metallic materials, especially carbon steel and austenitic stainless 
steel (SS), in contact with the insulation. 
 
Chloride-induced stress corrosion cracking in carbon and austenitic stainless steel 
generally occurs when a combination of moisture, low levels of oxygen, concentration of 
chloride and temperature is present within the thermal insulation system. 
 
In the POCD8R1 test article, the internal walls of the container are painted with a 
corrosion resistant protective coating and the only austenitic SS internals are the 
peripheral brackets supporting the fuel barrier, which are made of 316L. This SS type 
contains slightly more nickel than the common type 304 and 2-3% molybdenum, giving it 
better resistance to corrosion than type 304, especially in chloride environment that 
tends to cause pitting. 
 
All insulation materials contain chlorides, the leachable level of chloride in may be as low 
as 10 ppm. Despite the low levels of leachable chloride pitting and stress corrosion have 
been observed in austenitic stainless steel components. Regardless of the initial chloride 
levels within the insulation material, the presence of moisture can concentrate chloride in 
localized areas and lead to pitting corrosion at the stainless surface. 
 
Tests were conducted to determine the amount of leachable chloride and fluoride 
present in the peripheral insulation material installed in POCD8R1. The majority of the 
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insulation is Durablanket-S, 8 pcf (128 kg/m3) density, flexible needled blanket made 
from spun alumina-silicate ceramic fibers. Only a small amount, <5 cu.ft., is Fiberfrax 
7000 bulk fiber which was used as a filler above the air inlet and below the fuel barrier, 
Figure 4.92. 
 
Two samples of fibrous insulation material were tested to verify the levels of leachable 
chloride (<20 ppm) and fluoride claimed in the manufacturer’s data sheets. Samples 
identification including lot numbers are shown in Figure 4.93. Chemical analysis was 
conducted using the Inductively Coupled Plasma (ICP) method. 
 
The specific ion electrode test method which is suitable for lower concentrations was 
used for both samples. This method is described in detail in ASTM C871-08a “Standard 
Test Methods for Chemical Analysis of Thermal Insulation Materials for Leachable 
Chloride, Fluoride, Silicate, and Sodium Ions”. Chemical analysis results of both samples 
are shown in Table 4.4. 
 
Chemical analysis results confirmed that the leachable chloride level is 8 ppm for both 
samples, leachable fluoride is 1 ppm for Durablanket-S and 2 ppm for bulk.  Data 
compared favorably with previous testing and was found to be in compliance with 
material specifications. Additional testing may be conducted in the next reporting period 
on samples taken out of the POCD8-R1 module to compare data on leachable chloride 
of fibrous insulations samples exposed to reducing atmosphere in operation. 
 

TASK 4.12 – ISSUE FUEL CELL STACK DEVELOPMENT REPOR TS 

No work planned or performed in Phase II. 
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Offset Seal 
socket  

Test 
Article Test Conditions Test Results 

- 0.4A X˚ 
taper 

Delta8 
Bundle 
Mockup 

No.2 

1 cycle, 10 hrs soak, 
1000˚C 

Difficult to install,  

Seal & cells OK 

- A X˚ 
taper 

Delta8 
Bundle 
Mockup 

No.2 

1 cycle, 10 hrs soak, 
1000˚C 

Difficult to install,  

Seal & cells OK 

0 X˚ 
taper 

Delta8 
Bundle 
Mockup 

No.2 

8 cycles total, 7 cycles 
10hrs soak, 1000˚C 

Easy to install 

Seal & cells OK 

+ A 
No 

taper 

Delta8 
Bundle 
Mockup 

No.1 

8 cycles total, 7 cycles, 
10hrs soak, 1000˚C 

Easy to install, 

Seal OK,  

1 cell closed end 
cracked 

 
Table 4.1 – Summary of Open End Seal Tests and Resu lts 
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PHASE I MINIMUM  REQUIREMENTS 

DELIVERABLE POWER RATING ≥10kW 

5000 hours 
STEADY STATE TEST  (Normal Operating 
Conditions) 

∆ Power < 4.0% degradation/1000 hours 

TEST SEQUENCE 

1) Start-up and conditioning 

2) Peak Power Test (after ~300 hours) 

3) VJ curve 

3) Steady State Test (balance of 5000 hours) 

4) Shut-down 

FUEL TYPE Simulated (subject to DOE concurrence, up 
to 25% CH4, dry basis) 

 
Table 4.2 – POCD8R0 Operational Requirements 
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Table 4.3 – Summary of Permeability Constants for D ifferent Materials 

 
 
 

 

Table 4.4 – Chemical Analysis of Fibrous Insulation  Samples 
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Figure 4.1 – Original Advanced Module Design 
 

 
 

 
Figure 4.2 – Proposed 285 kWe-class Module Design 
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Figure 4.3 – Delta8 Bundle Mockup Final Assembly 
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Figure 4.4 – Test 1197 Cylindrical Cell at Conclusi on of Test 

 

 
Figure 4.5 – Laser Mapping of the Delta8 Bundles in  Horizontal Position 
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Figure 4.6 – Retro-reflective Ball used to Map Cent er of Delta8 Bundle 

 
 
 

 
Figure 4.7 – Scanning of the Delta8 Cell Edge with 1 mm Probe 
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Figure 4.8 – Delta8 Bundle Support Fixture  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.9 – Room Temperature Test of Peripheral In sulation 
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Figure 4.10 – Estimated Container Exterior Temperat ure 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.11 – Fuel Heater Element 
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Figure 4.12 – Fluid Temperature Profile Along the H eated Length 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.13 – Effect of Sheath Eccentricity on the Maximum Sheath Temperature 
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Figure 4.14 - Effect of the Flow Gap Size on the Ma ximum Sheath Temperature and 
the Pressure Drop 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.15 – Temperature Map of the Heater Welded Assembly 
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Figure 4.16 – Stress Field for the Heater Welded As sembly 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 

Figure 4.17 – Temperature Contour of the Initial Ej ector Design 
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Figure 4.18 – Flow Path Velocity Contour of the Ini tial Ejector Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 4.19 – Temperature Contour of the Streamline d Design and Fuel Tube 

Insulation 
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Figure 4.20 – Temperature Contour of Ejector Around  the Bypass Tube 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.21 – Flow Streamlines of Cold Fresh Fuel a nd Hot Recirculated Gas 
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Figure 4.22 – Equivalent Stresses of the Ejector We lded Assembly 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23 – Equivalent Stresses of the Ejector We lded Assembly 
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Figure 4.24 – POCD8R1 Recirculation Feed-through De tail 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.25 – Feed-through Stresses Due to External  Loads and Thermal 
Gradients 
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Figure 4.26 – Feed-through Stresses Due to External  Loads Only 
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Figure 4.27 – Fuel Control and Process Air Cabinet Design 
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Figure 4.28 – POCD8R1 Stack Test Article Enclosure 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.29 – Delta8 Cell Model 
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Figure 4.30 – Temperature and Current Density Field s 

(Baseline Case and Case 4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.31 – Closed End Temperature Fields 
(Baseline Case 1 and Case 4) 
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Figure 4.32 – Comparison of First Principal Stress Fields 
(Baseline Case 1 versus Case 6) 
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Figure 4.33 – Final FEA Model for Thermal and Struc tural Analysis 
 
 
 

 
 

Figure 4.34 – Container Operating Temperature 
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Figure 4.35 – Container Roof Operating Temperature 

 
 
 
 

 
Figure 4.36 – Container Operating Stresses 
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Figure 4.37 – Container Operating Deflections 

 
 
 
 

 
 

Figure 4.38 – Container Operating Heat Losses
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Figure 4.39 – Container Operating Stresses 

 
 

 
Figure 4.40 – Maximum Stress Location 
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Figure 4.41 – Peripheral Guard Heater 

 
 

 
  

Figure 4.42 – Guard Heater Extension Lead 
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Figure 4.43 – Nickel to Kanthal Weld Transition 

 
 

 
Figure 4.44 – Bundle Thermocouple Assembly 
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Figure 4.45 – Side Dielectric Board 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.46 – POCD8R1 Bundle Row Lifter 
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Figure 4.47 – Row Build Station 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4.48 – Stack Build Fixture 
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Figure 4.49 – IBA Assembly 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 4.50 – IBA Transport 
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Figure 4.51 – Two IBAs in Row Assembly Fixture 

 

 
Figure 4.52 – Completed Bundle Row (Three IBAs) 
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Figure 4.53 – Bundle Row Lift 
 
 

Figure 4.54 – Stack Assembly Station 
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Figure 4.55 – Placement of Bundle Rows 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.56 – Stack Lifter Assembly 
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Figure 4.57 – Stack Lifter Proof Load Test 

 
 
 

 
Figure 4.58 –Test Article Being Installed into Cont ainer
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Figure 4.59 – Stack Positioned Inside Container 

 
Figure 4.60 – POCD8R0 Stack Test  

Left – Front/Right Side View Showing BOP Systems 
Right – Left Side View Showing Electrical and Contr ol Circuitries 
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Figure 4.61 – POCD8R0 Module Component Layout 

 
 
 

 
Figure 4.62 – POCD8R0 Stack Test Article Layout 
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Figure 4.63 – POCD8R0 Stack 

 
 

 
Figure 4.64 – POCD8R0 Simplified Flow Schematic 
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Figure 4.65 – POCD8R0 Operating History 
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Figure 4.66 – Partially Completed BOP Cabinet 
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Figure 4.67 – Dissipative Load Bank 

 

 
Figure 4.68 – BOP Cabinet Support Structure 
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Figure 4.69 – POCD8R0 Power Time History 

 
 

 
Figure 4.70 – POCD8R0 Time History of Steady State Stability Test 
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Figure 4.71 – Stiffness Test Rig 

 
 
 
 
 

             

 
Figure 4.72 – POCD8R1 Bundle-to-Bundle Connection T est 
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Figure 4.73 – POCD8R2 Bundle-to-Bundle Connection T est 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.74 – Permeation and Diffusion Test Apparat us 
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Figure 4.75 – Schematic of Permeability Test Chambe r 
 
 

 
 

Figure 4.76 – Laminated AL30-AA Sample 
 
 
 



  139 

 
Figure 4.77 – Permeability of 3D Printed Alumina 

 

 
Figure 4.78 – Permeability of Saffil Felt 600 and 8 00 gsm
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Figure 4.79 – Permeability of TCast 3212 Alumina Bo ard 
 
 
 
 
 

 
 

Figure 4.80 – Permeability of AL30-AA Board 
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Figure 4.81 - Permeability of Saffil Felt 600, 800,  and T60 
 

 
Figure 4.82 – Saffil Felt Permeability at Different  Configurations and Gap Values 
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Figure 4.83 – Permeability of Isofrax 1260C Bulk Fi ber 

 

 
Figure 4.84 – Permeability of Durablanket S
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Figure 4.85 – Test 1, Saffil Felt Sample and Holder  
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Figure 4.86 – Test 1, One Saffil Felt Sample, 0.25”  Thick 

 
 

 
Figure 4.87 – Test 1, Saffil Felt 1300 gsm Compress ion Testing, Ten Cycles 
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Figure 4.88 – Test 2, Modified Sample Holder Fixtur e 

 

 
Figure 4.89 – Test 2, Load vs. Displacement, Cycle 1 
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Figure 4.90 – Test 2, Saffil Felt Compressive Stren gth 

 
Figure 4.91 – Test 3, Multiplot of Load vs. Displac ement 
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Figure 4.92 – Top View of POCD8R1 Peripheral Insula tion 

 
 
 

 
Figure 4.93 – POCD8R1 Peripheral Insulation Samplin g 
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Task 5.0 – Pressurized Cell and Stack Test 

The objective of this task is to perform pressurized cell testing in order to validate the 
performance of the Delta8 cell at elevated pressure.  Testing will use the existing 
pressurized cell test facility and established test article designs where possible.  
Anomalies in test data obtained in Phase I required a redesign of the pressurized test 
article.  Furthermore, to mitigate the confounding effects attributed to fuel bypass 
encountered in Phase I pressurized testing, a cylindrical cell will first be tested in the test 
facility.   

TASK 5.1 – DESIGN TEST ARTICLES 

The primary objective of this test is to determine the effect of pressure on the 
performance of atmospheric plasma sprayed cells with the material-set of the present 
Delta8 cell. The effect of operating pressure on the high temperature leak rate (HTL) of 
the atmospheric plasma-sprayed cells is also of interest. A cylindrical cell, which is 
relatively simpler to seal than a Delta 8 cell, will be tested first to mitigate the 
confounding effects of high temperature leak and fuel-bypass encountered with the 
Delta8 cell tests performed in Phase I. The cell will operate on humidified hydrogen fuel 
and will be tested at pressures ranging from 101 kPa (1 atm) to 3040 kPa (30 atm), at 
various currents, fuel utilizations, air utilizations, and temperatures. The experimental 
data from these tests will not only be compared with previous cell test data to validate 
the test facility but also to discern the effect of elevated pressure operation on the HTL, 
both of which will serve as bases for subsequent pressurized testing of Delta8 cells in 
the same facility.    
 
The design of the test article for the pressurized cell test consists of one cylindrical cell 
with a single fuel feed.  DC power is taken out at the bottom via two feed-throughs.  The 
cylindrical cell will not only represent the material-set but will also reflect the atmospheric 
plasma spray genre of the Delta8 cells. The test number for the Pressurized Cell Test is 
1213.   
 
Heating of the unit during startup is accomplished using four zones of electrical heaters 
that were designed and fabricated by Applied Test Systems, Inc.  Each heater zone can 
produce 6.4 kW of heat with a maximum temperature of 1200°C (2192°F).  Two S-type 
thermocouples are installed at the mid point of each heater zone, one on each side.  
One is used to control the heater, and the other is used to monitor the temperature and 
acts as a spare for control.   

TASK 5.2 – DESIGN TEST FACILITY 

The design of the pressurized test facility was executed during Phase I of this program.   
The facility design was based on a P&ID that was developed and prepared based on the 
program’s requirements.  A pressure vessel was designed to meet ASME Code Section 
VIII, Div. 1 and can accommodate a cell test article up to 1 meter (3.28 feet) in length 
and test up to 3.04 MPa (30 atm or ~441 psia).  
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TASK 5.3 – TEST ARTICLE ANALYSIS 

The pressure vessel was designed during Phase I of the program to meet the program’s 
test requirements in terms of test article size, operating temperature, and operating 
pressure.  The thermal and stress analysis to support pressure vessel licensing were 
performed by the ASME-coded shop.  The pressure vessel was designed to meet ASME 
Code Section VIII, Div. 1 and can accommodate a cell test article up to 1 meter (3.28 
feet) in length and test up to 3.04 MPa (30 atm or ~441 psia).   The pressure vessel was 
designed for operation up to ~4.13 MPa (~40.8 atm or 600 psig) and a wall temperature 
of 343 C (650 F). 
 

TASK 5.4 – TEST FACILITY ANALYSIS 

The piping thermal and mechanical stress analysis to support piping and hanger design 
and selection were completed during Phase I.  An in-house design team experienced in 
the design and installation of high temperature and pressure facilities executed the 
analyses. 
 

TASK 5.5 – BUILD TEST ARTICLE 

Phase I pressurized cell testing involved two pressurized cell test articles.  The first 
article utilized a Delta9 cell whereas the second housed a Delta8 cell.  The move to the 
Delta8 geometry was, in part, based on the results of the Delta9 pressurized testing.  
Confounding results at elevated pressure testing of the Delta8 cell led to the decision to 
test at elevated pressure a cylindrical cell.  Thus a redesign of the original pressurized 
cell test article was necessary.  The rationale to test a cylindrical cell was based on the 
extensive data base of pressurized cell test results obtained under a predecessor 
program (DE-FC26-97FT34139). 
 
The cell was assembled in a ceramic muffle tube and wrapped with a thin layer of fiber 
insulation.  The power leads pass through the bottom of the mounting plate.  This 
assembly was then attached to an adapter plate, as shown in Figure 5.1, to permit 
installation into the Pressurized Cell Test Facility pressure vessel.   Four zones of clam 
shell heaters were then arranged around the outside of the ceramic muffle tube, as 
shown in Figure 5.2.  Several layers of insulation were wrapped around the heaters, as 
shown in Figure 5.3.  An outer covering of aluminum sheet was then placed around the 
outer layer of insulation, as shown in Figure 5.4, to give an outer diameter that permits a 
snug fit into the pressure vessel.  The entire assembly was then lifted into the pressure 
vessel, as shown in Figure 5.5.  Additional insulation was then placed on top of the test 
article assembly, as shown in Figure 5.6, to insulate the instrumentation and heater 
wiring. 
 
Figure 5.7 shows the top flange being installed on the pressure vessel.  The bottom of 
the pressure vessel showing the high pressure electrical pass-throughs for the electrical 
output from the cell is shown in Figure 5.8. 
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The connections for the external control and monitoring systems, power leads, flow 
connections, data acquisition system, etc. were completed.  The mass flow controllers, 
load bank, and thermocouple input cards were calibrated.  The control software was 
revised to accommodate the differences between the previous Delta8 cell test article 
(Cell Test No.1190) and this cylindrical test article (Cell Test No. 1213). 
 

 TASK 5.6 – BUILD TEST FACILITY 

The pressurized test facility was designed, licensed, and built in Phase I.  An extensive 
series of shakedown tests were conducted to ensure operability.  
 
 There was no work planned or performed in Phase II. 
 

TASK 5.7 – CONDUCT TEST 

Cell Test No. 1190 employed a single Delta8 cell.  The assembly of the test article was 
completed and installed into the pressurized test facility in Phase I.  Test operations 
commenced in Phase II. 
 
The test article was heated, loaded, and conditioned.   The time history of current, 
pressure, and Zone 2 heater temperature were recorded.  Voltage-current density (VJ) 
curves were obtained at 101 kPa (1 atm) and 303 kPa (3 atm).  Open circuit voltage 
tests were performed at 1000oC (1832 F) and 950oC (1742 F) nominal temperatures.  It 
was determined that during the time interval between the performances of the two VJ 
tests, three zone 2 heater element failures occurred.  The closed end of the cell is 
located within the elevation of the zone 2 heater.  Thus, temperature control of the 
closed end was not effective.  Failure of the heaters resulted in the closed end 
temperature being substantially lower than nominal.  This will affect the cell voltage 
 
Low closed end temperature will result in high cell resistance making the VJ voltages 
lower than for an isothermal cell.  It might be instructive to perform these tests again to 
see if the voltages are repeatable, but the failure of the closed end heaters will confuse 
the issue. 
 
The unit shutdown automatically and cooled to room temperature due to an extended 
loss of site electric power.  The test article was not restarted.  No further testing of Cell 
Test 1213 was planned due to the damage to the test stand. 

TASK 5.8 – CONDUCT POST-TEST ANALYSIS 

There was no work performed in Phase II. 

TASK 5.9 – ISSUE PRESSURIZED CELL AND STACK TEST RE PORTS 

There was no work performed in Phase II. 
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Figure 5.1 - Cylindrical Cell Pressurized Test Arti cle Mounted to Adapter Plate 
before Heater Installation 
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Figure 5.2 - Cylindrical Cell Pressurized Test Arti cle with Four Clam Shell Heaters 

Installed 
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Figure 5.3 - Cylindrical Cell Pressurized Test Arti cle with Final Insulation Wrap 
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Figure 5.4 - Cylindrical Cell Pressurized Test Arti cle with Aluminum Sheeting 

Around Insulation Wrap 
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Figure 5.5 - Cylindrical Cell Pressurized Test Arti cle being Lowered into Pressure 

Vessel 
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Figure 5.6 - Cylindrical Cell Pressurized Test Arti cle Installed in Pressure Vessel 
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Figure 5.7 – Top Flange being installed on the Pres sure Vessel 
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Figure 5.8 – Bottom of Pressure Vessel 
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Task 6.0 – ADVANCED TEST ARTICLE AND ADVANCED 
MODULE DESIGN 

The objective is to develop an advanced test article and advanced module design based 
on the Delta8 cell and the lessons learned from the Phase I stack test, POCD8R0, and 
to extend the technology demonstrated in the POCD8R1 stack test.  The advanced test 
article was intended to have a capacity of nominally 95 kWe.  The advanced module 
design will extend previous work and further mature the design of a six bundle row 
module producing nominally 285 kWe (atmospheric pressure operation).  The design 
work shall focus on an atmospheric pressure design, with additional emphasis on the 
specific stack components that would be impacted in adapting the design for pressurized 
operation. 
 
Work on this task was initiated early in Phase II and subsequently redirected to a 
companion program, DE-FE0000781.  The activities completed under this task and 
reported herein were limited due to the redirection of scope.  A comprehensive 
discussion on the advanced test article and advanced module, respectively, may be 
found in the final report for the companion program. 
 
  

TASK 6.1 – PRELIMINARY DESIGN OF A 95 KWE-CLASS TES T ARTICLE 

The 285 kWe-class advanced module features an air inlet manifold along with an 
exhaust plenum, which distribute process air and collect exhaust air respectively along 
the bundle row. The distribution and collection of the exhaust along the bundle row leads 
ultimately to a flow mal-distribution and a temperature variation within the bundles in a 
bundle row due to the static pressure variation in the respective manifolds. In addition, 
the variation in bundle air flows along with the side recirculation collection induce stack 
and combustion zone fuel flow variations, which can further aggravate the stack 
temperature distribution thereby limiting its performance.  
 
A flow network analysis of the various airflow and fuel flow paths were carried out to 
optimize bundle row and stack configuration for the 285 kWe advanced module and to 
define the 95 kWe test article to serve effectively in validating the 285 kWe module 
design.  The analysis culminated in the recommendation of a preferred bundle row and 
stack design. 
 
 
 

TASK 6.2 – PRELIMINARY DESIGN OF 285 KWE-CLASS ADVA NCED MODULE 

There was no work performed under this task in Phase II. 
 



  160 

TASK 6.3 – MODULE ANALYSIS 

The system model was developed for the 95 kWe test article and the 285 kWe advanced 
model. Both natural gas and syngas fuel inputs were considered in determining the air 
and fuel flow rates for these units. Results of these preliminary analyses included a 
listing of the fuel and air flow rates and the system electrical performance over the 
operating range of the 95 kWe and the 285 kWe units.  Detailed system temperature 
maps and statepoint listings were also developed for both the units operating on syngas 
as well as natural gas.  

TASK 6.4 – TECHNICAL COORDINATION 

There was no work performed under this task in Phase II. 
 

Task 7.0 – Project Management 

No work planned or performed in Phase II. 
 

Task 8.0 – Technology Transition 

Under a companion program (DE-FC26-97FT34139) Siemens developed a set of tasks 
in response to the Fiscal Year 2005 (FY05) U.S. House of Representatives 
Appropriations Report mandate to transition the tubular SOFC program into its SECA 
Program (DE-FC26-05NT42613).  The work focused on investigating and developing 
technology suitable for the SECA operating regime and resulted in a mature technology 
that was transitioned into this program.  The vast majority of the work was completed 
under the companion program and the results discussed in that program’s final report. 
 
At the conclusion of the companion program, the in-progress activities mandated by the 
Appropriations Report were redirected into this SECA program under this Task 8.0.  
Discussed in this section are the technology transition activities (Task 8.7) that were 
initiated under DE-FC26-97FT34139, directed into this program, and subsequently 
completed.  Funding for these activities was provided by the FY05 Appropriations Report 
and in no instance was funding from DE-FC26-05NT42613 used. 

TASK 8.1 – CELL TESTING & MICROSTRUCTURAL ANALYSIS 

No work planned or performed in Phase II. 
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TASK 8.2 – GENERATOR TESTING 

No work planned or performed in Phase II. 

TASK 8.3 – ANODE REFORMING 

No work planned or performed in Phase II. 

TASK 8.4 – MODULE COMPONENT DESIGN 

No work planned or performed in Phase II. 

TASK 8.5 – DEVELOPMENT OF A MANUFACTURING ROADMAP 

No work planned or performed in Phase II. 

TASK 8.6 – CEMENT DEVELOPMENT 

No work planned or performed in Phase II. 

TASK 8.7 – MONTANA STATE UNIVERISTY R&D ACTIVITIES 

The Siemens Stationary Fuel Cells Division and the Montana State University entered 
into a collaboration with the objective to accelerate the development of the SOFC 
technology.  This collaboration was entered into under a companion program, (DE-
FC26-97FT34139).  When the period of performance of the companion program was 
reached, the ongoing scope of work was directed into this program.  Funding for the 
Siemens- MSU collaboration was received via a Congressionally Directed Program, thus 
no funding from this program was used to support the effort discussed in the following. 
 
Under the companion program Siemens provided to Montana State University a 5 kWe 
SOFC system for testing purposes.  Montana State also conducted a research project 
into the area of silicon transport. 

 

Task 8.7.1 - Study of Silicon Transport in Low Puri ty/Low Cost Insulation Materials 
for Solid Oxide Fuel Cells  

This study was a joint effort between Siemens Stationary Fuel Cells (SFC) and Montana 
State University (MSU).  
 
Stationary solid oxide fuel cells (SOFCs) have been demonstrated to provide clean, 
reliable electricity via electro-chemical conversion of various fuel sources.  To become a 
competitive conversion technology, the costs of SOFCs must be reduced.  The 
replacement of high purity alumina refractory materials (99.8 – 99.9% alumina) with 
aluminum silicate offers promise to significantly drive down system costs.   
 
The objectives of this investigation were to: identify the volatile species (sub-
stoichiometric oxides, hydroxides, and hydrides) that can be released by lower purity 
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alumina insulation under varying oxygen partial pressure and humidity environments 
present in the fuel and oxidant streams of SOFCs; identify the mechanisms of 
volatilization and quantify the rate of release; identify deposition of silicon species on 
SOFC anode components, determine the effects of volatile silicon species on SOFC 
function and potential mechanisms of degradation.   
 
A graphical overview of the silicon diffusion, volatilization, transport and SOFC poisoning 
is provided (Figure 8.1) for which the approach, results, and discussion describe MSUs 
completed research activities.  High temperature insulations with varying silicon content 
yield substantially different transport characteristics based on the phase and morphology 
of the silicon containing compounds.  The primary candidate studied was identified by 
Siemens and is an aluminosilicate freeze cast material developed by Blasch specifically 
for refractory stack components in Siemens’ SOFC systems.  The refractory material 
was selected based on constraints to meet cost reduction and performance targets.  
Chemical analysis performed by Siemens Energy Inc. showed 95.1 wt% Al2O3; 4.6 wt % 
SiO2.  XRD phase analysis results indicate 13.80 wt % 3Al2O3·2SiO2, < 0.2% free silica 
and the balance Al2O3.  
 
The foundation of this study was based on the continuing review of available and 
pertinent literature; theoretical thermodynamic equilibrium calculations utilizing TERRA 
software; experimental thermal research via thermal gravimetric analysis (TGA) and 
dilatometer analysis techniques; quantitative analysis of silicon release rates utilizing 
Rutherford Back Scattering (RBS); evolved gas analysis via mass spectrometry (MS-
EGA); and chemical composition analysis via x-ray diffraction (XRD), scanning electron 
microscope energy dispersive spectroscopy (SEM-EDS), and x-ray photoelectron 
spectroscopy (XPS). 
 
Dilatometer Thermal Analysis 
Dilatometry measurements were completed on the aluminosilicate material to study the 
thermal stability under varying atmospheres and to ascertain dimensional changes due 
to chemical expansion related to oxygen stoichiometry.  The tests were run for 100 
hours at 1000 °C (1832 °F) in air, humidified air, forming gas and humidified forming gas.  
To humidify the forming gas, compressed gas was run through a bubbler at ambient 
temperature to achieve saturation.  Dilatometer baseline measurements were collected 
separately under each atmosphere to compensate for equipment changes.  ASTM 
standard sized specimens from the aluminosilicate material were cut from a large freeze 
cast block with a water cooled slow speed diamond saw. 
 
Thermodynamic Equilibrium Modeling Software Terra 
Thermodynamic equilibrium for multi-component systems containing gases, immiscible 
condensed phases and solid solution components were modeled through maximization 
of the system’s entropy (in turn minimization of Gibb’s free energy), conservation of 
internal energy and mass, and application of the electro neutrality condition.  
Thermodynamic simulations identify equilibrium phases present; however, the rate of 
reaction (kinetics) are not accounted for particularly that of solid state phases where 
transport of atoms is more heavily time and temperature dependent.  The commercial 
TERRA thermodynamic software database based on the JANAF [NIST-1998] and SGTE 
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[1991] was expanded with the thermodynamic properties for relevant aluminum silicates 
(including several mullite species) and Si(OH)2, Si(OH)4, SiO(OH), SiO(OH)2 & H2SiO.   
 
Thermodynamic simulations were utilized to determine the volatile silicon species and 
their relevant vapor pressure to ascertain the most prominent compounds that volatilize 
under SOFC relevant conditions.  This provided the basis for which to evaluate and 
analyze empirical data.  Environments monitored included dry air, humidified air, forming 
gas, humidified forming gas, simulated reformate and syngas.   
 
Rutherford Back Scattering Transport System  
A simple transpiration experiment for evaluating volatile impurities in SOFC systems was 
developed (Figure 8.2) to ascertain the rate of silicon species volatilization.  The 
transpiration apparatus consisted of a 33 cm (12.992126 inches) long tube furnace with 
a 35 mm (1.37795276 inches) diameter heating zone.  This was used to heat 
aluminosilicate and silica tubes as well as aluminosilicate refractory compounds 
(candidate materials used in SOFC systems) to temperatures ranging from 800-1000 °C 
(1472-1832 °F) the furnace’s central heating zone.  Volatility measurements were carried 
out on each tube by fitting a bubbler to one end of the tube, thus providing humidification 
to the incoming gas stream.  On the exiting end of the tube, a 27 mm (1.06299213 
inches) diameter water cooled copper heat-sink, fitting snugly within the tube, 
condensed volatile elements from the outpouring gas stream.  The primary focus of this 
study was to measure Si release rates from tubes and refractory materials by 
temperature induced condensation.     
 
To facilitate Rutherford Backscattering Spectroscopy (RBS) analysis, a thin glassy 
carbon wafer was adhered to the copper heat-sink using carbon tape.  Preliminary tests 
indicated that surface finish of the carbon wafer did not affect the condensation of 
silicon.  Wafers were swapped out with new ones every 48 hours and analyzed to 
measure the amount of Si condensed on their surface.  Typical RBS data obtained from 
one 48 hour measurement indicated a clean silicon peak for analysis (Figure 8.3).  By 
calculating a yield of backscattered ions from Si, the total amount of Si collected could 
be quantified assuming uniform Si collection over the entire area of the condensing 
surface. Flow rates were measured with appropriate flowmeters and humidity levels 
were maintained by controlling the temperature of the inlet gas stream.    
 
Thermal Gravimetric Analysis (TGA)  
TGA detects milligram weight changes associated with material instabilities at elevated 
temperatures under controlled atmospheres.  Long term stability of the aforementioned 
aluminosilicate powder was measured over periods ranging from 100-250 hours at 1000 
°C (1832 °F) in humidified air, dry hydrogen formin g gas (5.2% H2 Balance N2) and 
humidified hydrogen forming gas. 
 
Mass Spectrometry Evolved Gas Techniques (MS-EGA) 
TGA coupled with mass spectrometry was conducted on solid blocks of high purity 
alumina, low purity alumina, and 3:2 mullite in humidified argon (20 wt% H2O) at 850 °C 
(1562 °F).  Mass spectrometry determines the compos ition of volatile gases based on 
variations in compounds’ mass to charge ratio.  The TGA system included a sniffer 
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vacuum hose directly above the sample cup which collects minute quantities of vapors 
released from the sample and transfers them to the mass spectrometer. 
 
X-Ray Photoelectron Spectroscopy (XPS) 
 XPS, also known as electron spectroscopy for chemical analysis (ESCA), was used to 
study the changes in surface (<0.01 µm) chemistry of the aluminosilicate due to 
exposure to humidified air, dry hydrogen forming gas, or humidified forming gas for 100 
hours.  The identification of chemical composition of silicon and aluminum species in the 
aluminosilicate was used to correlate volatility reactions with phases present at the gas-
solid interface.  In addition, XPS was used to identify the chemical composition of 
aluminosilicate vapor deposits on yttria stabilized zirconia (YSZ) and nickel oxide pellets 
after 100 hours at 1000 °C (1832 °F) in humidified air, forming gas, and humidified 
forming gas ( 
Figure 8.4).  XPS spectra were obtained using a PHI MultiTechnique system with MgKα 
monochromator at 54.7° relative to the analyzer axi s.  Charge compensation was 
applied based on the binding energy of adventitious carbon 1s peak of 284.8 eV.  
Variations in surface composition are detected as shifts in the binding energies of 
primary half-orbital spectra.  Since the variations in binding energy are imperfectly 
understood results were compared with critically analyzed and accepted empirical 
findings in the literature.  Surface Si/Al ratio was calculated using the equation below: 

 

 

 

where I and ASF represent the intensity of Si or Al 2p spectra and the atomic sensitivity 
factor based on equipment parameters, respectively. 
 
X-Ray Diffraction (XRD) 
XRD was utilized to detect phase changes in the aluminosilicate material due to varying 
heat treatments.  Aluminosilicate powder samples included untreated (as received from 
Siemens) and thermally treated samples exposed to humidified air, forming gas, and 
humidified forming gas for 100 hours at 1000 °C (18 32 °F).  
 
Energy Dispersive Spectroscopy (EDS) 
EDS elemental mapping was utilized to evaluate the Si concentrations in aluminosilicate 
specimens after 100 hour exposures under dry hydrogen forming gas, humidified 
hydrogen forming gas, and humidified air at 1000 °C  (1832 °F).  Surface scans show the 
atomic concentrations for the top 20 µm (0.8 mil) and cross section scans study the bulk. 
In addition, EDS was used to characterize aluminosilicate agglomerations deposited on 
YSZ and nickel oxide pellets (Figure 8.4) after exposure to humidified air, forming gas, 
and humidified forming gas for 100 hours at 1000 °C  (1832 °F).  EDS was also utilized to 
identify regions of silicon enrichment in post mortem tested fuel cells.   
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Electrochemical Performance Testing  
Electrolyte supported planar SOFCs were tested utilizing a seal-less rig (Figure 8.5).  
Fine mesh aluminum silicate powder, -325 mesh, was utilized to create a flow field at the 
same temperature as the cell to maximize silicon release and poisoning.  Two separate 
experiments were conducted with the aluminosilicate permanently in the flow field at 800 
°C (1472 °F) and introduced in-situ at 1000 °C (183 2 °F). 
 
Aluminosilicate Morphology & Chemistry 
Dilatometer results (Figure 8.6) suggest non-uniformities in the aluminosilicate refractory 
are subject to decomposition, volatization, or phase change. The decline in chemical 
expansion indicates a transport limited process in which an oxygen gradient exists in the 
refractory specimen despite significant open porosity (30% porosity).  Cyclic 
perturbations in the data cannot be readily accounted for and each run was given a 
separate calibration run that showed a smooth curve.  However, the general trend of 
decreasing and increasing chemical expansion was primarily evaluated to ascertain the 
chemical/dimensional stability.  All XRD scans of the aluminosilicate powder untreated or 
thermally treated at 1000 °C (1832 °F) for 100 hour s included the presence of diffraction 
peaks at the same 2θ angles (Figure 8.7), demonstrating no new phases were detected 
within the limits of XRD (~ 2-4%).  There were noteworthy fluctuations in relative peak 
intensities that suggested the chemical composition varied between untreated and 
thermally treated samples.  However, due to the potential of preferential ordering of the 
crystals in the powdered specimens, XRD was not used to draw any quantitative 
conclusions regarding changes in the chemical composition. 
 
EDS conducted on the aluminosilicate (Figure 8.8) bulk and bulk-surface suggests solid 
state diffusion likely occurs along the grain boundaries.  Surface scans by EDS are 
referred to as the bulk-surface given that characteristic x-rays from the sample can be 
generated to a depth of greater than 10 microns due to the highly energetic electron 
stream (10-20 kVolts).  While the chemical distribution from the bulk to the surface was 
nearly identical for the as-received specimens, there was notable temperature driven 
silicon migration across the surface that is accelerated in presence of water vapor.  The 
uniform distribution of the silicon, represented in green can be observed across the 
entire bulk-surface.  The difference between bulk-surface relative concentrations (Figure 
8.9) is not statistically significant above EDS’s margin of error for the as-received 
specimen.  However, higher concentrations of silicon in the surface versus the bulk for 
samples that underwent thermal treatment demonstrate that silicon is diffusing to the 
surface through the bulk refractory faster than it is volatilizing. 
 
EDS identifies the presence of elemental silicon; however, no identification of 
compounds can be ascertained.  XPS was utilized as a complementary chemical 
analysis such that the silicon phases enriching the surface of the refractory can be 
identified.  XPS conducted on the aluminosilicate blocks before and after thermal 
treatments (Figure 8.10) indicated that both oxidizing and reducing atmospheres gave 
rise to unique silicon compounds.  The gray bars represent empirical ranges of binding 
energies ascertained from the literature for the species presented.  The untreated and 
air treated specimens yielded peaks more prominently aligned with aluminum silicate, 
whereas silicon monoxide (SiO) was observed on the aluminosilicate surface after 
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treatment in a reducing environment only.  While SiO was not stable at high 
temperatures in an oxidizing environment, transitioning to SiO2, it will remain stable 
under SOFC anode conditions.  It should be noted that more noise was present in the 
Si(2p) peaks because of the relatively low concentrations when compared with 
aluminum.  Examination of the aluminum 2p provides validation of the formation of 
aluminum silicate indicated a departure from pure Al2O3 upon exposure to SOFC 
atmospheres on both anode and cathode surface.  Migration of silicon from the 
aluminosilicate bulk to the atomic surface was further confirmed with XPS (Figure 8.11), 
which represents the ratio of elemental silicon to aluminum.      
 
Silicon Volatility And Gas Phase Transport 
The formation of volatile silicon hydroxide and oxy hydroxides gases were an expected 
result of the interaction of the silica within aluminosilicates with water vapor according 
the following reactions. 
 

SiO2(s) + 2·H2 O(g) → Si(OH)4(g) 
2·SiO2(s) + H2O(g) → 2·SiO(OH)(g) + ½·O2(g) 
SiO2(s) + H2O(g) → SiO(OH)2(g) 
2·SiO2(s) + 3·H2O(s) → Si2O(OH)6(g) 

 
The formation of volatile silicon monoxide gas was expected as a result of interaction 
between silicon dioxide with hydrogen gas in a reducing environment or free silicon. 
 

SiO2(s) + H2(g) → SiO(g) + H2O(g)     
SiO2(s) + Si → 2·SiO(g)      

 
Previous literature studies focused on higher temperatures and water vapor partial 
pressures applicable to alternative applications (i.e. gas turbines), for which study 
provided critical data to fill the gap for SOFC temperatures.  TERRA modeling results 
conducted under these conditions correlated with previously reported findings to validate 
the TERRA program.  Thermodynamic equilibrium modeling, in accordance with findings 
in the literature, suggested the aluminosilicate remained stable in dry air (Figure 8.12).  
The driving force for Si degradation in dry reduced gas was minimization of the system’s 
free energy by the increase of the oxygen partial pressure.  The high concentration of 
Al2O3 is a significant source of O2 despite its greater stability.  However, the introduction 
of water vapors mimicry of actual SOFC conditions resulted in the formation of silicon 
hydroxides and oxy-hydroxides; which significantly jeopardized the stability of the 
aluminosilicate (Figure 8.13).  The stability of silicon is only affected by the presence of 
alumina in a low oxygen partial pressure atmosphere, where oxygen can be harvested 
from alumina at a significant rate to minimize the system’s free energy despite the 
greater stability of alumina (Figure 8.14).  These results suggest the leading material 
selection factor for SOFCs exposed to moist oxidizing environments should be the total 
quantity of silicon by mass.   
 
TGA results demonstrated the instability of aluminosilicate at 1000 °C (1832 °F) under 
SOFC gases (Figure 8.15).  The initial rapid release of Si was observed after the first 85 
hours prior to reaching steady state conditions, after which the rate was decreased 
indicating the volatilization process is limited by solid state diffusion.  The coupling of 



  167 

mass spectrometry to TGA identified that mullite released SiO (Si2O2) at 850 °C (1562 
°F) under humidified argon at 35 hours time (Figure  8.16).  Low purity alumina released 
Si as Si2O(OH)6 likely due to the following reaction: 
 

2·Si(OH)4 (g)→ Si2O(OH)6(g) + H2O(g) 
 
High purity alumina remained stable throughout 50 hours at 850 °C (1562 °F) in 
humidified argon. 
 
Silicon Volatilization Rates 
Initial measurements compared Si volatizing from a fused quartz tube and a 99.8% pure 
alumina tube.  Surprisingly, more Si was released from the alumina tube than the quartz 
tube.  The most prevalent impurity in high purity alumina was silica which had a 
tendency to migrate to the surface during the high temperature sintering process.  Based 
on the binding energy data from the XPS peaks, the covalently bonded SiO2 was 
significantly more stable than the more ionic aluminosilicates.  The alumina tube was 
subsequently cleaned in a hydrofluoric acid solution and retested.  The amount of Si 
collected was reduced but was still larger than that of the quartz tube.  Zn and Th were 
found to be volatizing from the high purity alumina tube in addition to Si and were found 
to be additional impurities in the selected Blasch composition.  This suggests that even 
high purity alumina might require more extensive HF or thermal pre-treatment to limit 
initial silicon release.     
 
Preliminary results (Figure 8.17) indicated that long term tests on aluminosilicate tubes 
were needed before measurements on insulation materials could begin.  Si release rates 
from these experiments were performed in humid air (9.5 wt% water vapor) in which the 
alumina tube in this figure is 96% pure alumina.  The alumina tube released large 
amounts of Si during the first 100-200 hours of heating but eventually exhibited steady-
state behavior similar to the TGA results discussed previously (Figure 8.15).  Again Ru, 
Zn and Th were found to be volatizing and diminished in amount over time.  Mullite tubes 
had the highest Si release rate and showed significant visible damage in the form of 
pitting after prolonged high temperature exposure.  The fused quartz tubes consistently 
registered the fewest µg of Si collected per 48 hours, and were never seen to volatize 
elements other than Si.  Ironically, quartz was therefore chosen to carry out silicon 
volatility experiments on mullite PS 3730 and Blasch insulation samples.  Results for Si 
release from an empty quartz tube, a quartz tube + mullite PS 3730 and a quartz tube + 
Blasch were directly compared (Figure 8.18).  The figure shows that the mullite sample 
adds to total Si release over extended testing.  Identical experiments performed on 1 
cm3 Blasch samples yielded significant Si release only over the first 48 hours of heating.  
Subsequent measurements indicated no discernable Si coming from Blasch specimens. 
 
Alumina, mullite, and Blasch all revealed volatility from elements other than Si (Figure 
8.19), as indicated in the RBS data from volatility experiments.  In each case, volatizing 
elements clearly matched and were determined to be Zn and Th.  Spectra were fitted 
using SIMNRA software.  Further testing was performed on tubes in humid and dry 
hydrogen forming gas atmospheres.  In all cases Si volatility rates differed minimally 
from experiments done in air with the same moisture content.  Volatility measurements 
done in dry forming gas produced no quantifiable amount of Si (Figure 8.19).  While no 



  168 

data were taken in dry air, measurements made in air at low humidity levels indicated 
greatly reduced Si volatilization. 
 
Silicon Deposition on Fuel Cell Materials 
While evidence of silicon volatilization is apparent, the silicon species will only be 
deleterious to the fuel cell if deposited under high temperature operation, as opposed to 
RBS studies based on forced condensation.  Further, the deposition of solid phases from 
the silicon vapor species may be induced by the active oxygen transport occurring in a 
fuel cell.  Silicon oxy hydroxide, monoxide and silane may be electrochemically reduced 
and deposited when exposed to oxygen ions at the SOFC electrolyte anode interface. 
 

SiO(OH) + O2
- → SiO + H2O + 2e-     

2·SiO(g) + O2
- → 2·SiO2(s) + 2e-    

SiH4(g) + O2
- → SiO2(s) + 2·H2(g) + 2e-  

 
Silicon monoxide can deposit at the SOFC electrolyte/cathode interface when exposed 
to high concentrations of water vapor: 
 

SiO(g) + H2O(g) → SiO2(s) + H2(g) 
 
The deposition of vapors released from aluminosilicate onto YSZ and nickel oxide in the 
absence of electrochemical activity were studied (Figure 8.4) after heat treatment at 
1000 °C (1832 °F) for 100 hours in humidified air, dry forming gas, or humidified forming 
gas.  EDS elemental maps and electron micrographs (Figure 8.20) identified a strong 
interaction between silicon and YSZ indicated by wetting of adsorbate shown in both fuel 
and air atmospheres on samples placed downstream where vapor transport is required.  
The YSZ sample in direct contact with the aluminosilicate powder and under humidified 
air was the only sample in contact to show wetting, suggesting a stronger affinity 
towards silicon vapors.  The aluminosilicate vapor deposits under humidified forming gas 
contained significantly smaller and more evenly dispersed aluminum containing clusters.  
High magnification of the aluminosilicate vapor deposits on YSZ coupled with EDS line 
scans (Figure 8.21) demonstrated grain boundaries correlated with high concentrations 
of silicon, indicating diffusion into the YSZ along grain boundaries.  Extensive grain and 
grain boundary enlargement indicated separation of YSZ grains by insulating glassy 
phase, which can shut off ionic conductivity in the electrolyte.  XPS spectra of the YSZ 
samples with aluminosilicate deposits (Figure 8.22) were obtained using an 800 µm 
diameter spot size to maximize averaging.  No peak broadening or shifting of spectral 
maxima of the, Si(2p), Zr(3d) and Y(3d) revealed no new phases were being formed 
within XPS detection limits suggesting SiO or other silicate is present in the grain 
boundaries with the potential for some solid solubility within the YSZ bulk. 
 
Nickel samples were all free of a wetted amorphous siliceous deposition layer (Figure 
8.23) suggesting silicon vapor species have a higher affinity for YSZ over the metal 
catalytic phase.  Note, the variations in surface morphology of nickel samples are due to 
reduction of nickel oxide to metallic nickel after thermal treatment in a reducing 
atmosphere.  Despite the weaker bonding characteristics of metallic nickel and existence 
of several know stable compounds (NiSi, NiSi2, Ni2Si, Ni3Si, Ni3Si2 and Ni5Si2), chemical 
bonding with the aluminosilicate vapor deposits was not observed.  
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SOFC Silicon Poisoning  
In-situ introduction of aluminosilicate powder (Figure 8.5) into the fuel line flow field after 
24 hours of stable performance resulted in immediate significant cell degradation (Figure 
8.24).  VI curves void of a necking over at high current density (low cell voltage) 
eliminated concerns the aluminosilicate flow field collapsed, restricting fuel flow to the 
cell and causing concentration polarization.  This suggests that indeed the presence of 
silicon vapors is responsible for degradation.   
 
For verification, a second electrochemical performance test sample cell utilized an 
aluminosilicate flow field from start to finish and compared to a reference run, contrary to 
the in-situ introduction test performed previously.   The cell was operated at 800 °C 
(1472 °F) to minimize degradation due to nickel agg lomeration, breakdown of 8 mol% 
YSZ and delamination.  Long term stability of the SOFC was demonstrated for the 
reference cell in accordance with supplier specifications (Figure 8.25).  For the cell with 
the hot aluminosilicate fuel flow field, deviation from performance of the reference cell 
began after only 15 hours.  This occurred during the cell break-in period for which 
performance traditionally improves.  The cell break-in period is attributed to changes in 
the cathode/electrolyte interface, reduction of NiO, and activation of the cathode.  After 
reaching peak power output the sample cell containing aluminosilicate rapidly degraded 
at 0.1% per hour from hours 100-250. 
 
Post mortem cell analysis was conducted on fractured cell interfaces using electron 
microscopy and EDS (Figure 8.26 – 8.27).  Deposited silicon consistently overlaps with 
the spatial distribution of YSZ, and no correlation between Ni and Si was found.  This 
further supports the affinity of the silicon vapor species towards the YSZ phase.  
Increased concentrations of Si were detected at the electrolyte/active anode interface.  
This data suggests that silicon deposition at electrochemical interfaces is due to the 
oxyhydroxide electrochemically reducing from oxygen flux thus depositing on the YSZ 
surface as opposed to the moisture based decomposition of silicon hydroxide which 
would be expected to deposit on both the Ni and YSZ. The proposed mechanism of 
silicon poisoning is due to the formation of a siliceous layer in the YSZ grain boundaries 
which isolates grains, shutting off ionic conductivity and increasing cell resistance 
(Figure 8.28). 
 
Dilatometer results suggest non-uniformities in the aluminosilicate refractory are subject 
to decomposition.  EDS and XPS relative silicon concentrations in aluminosilicate 
indicates silicon is diffusing from the bulk to the surface along grain boundaries.  Shifts in 
Al(2p) binding energies indicate mullite concentrations at the surface are increased after 
thermal treatment.  Shifts in Si(2p) suggest presence of silicon monoxide (SiO) in the 
aluminosilicate after treatment in a reducing environment only. 
 
The volatilization of SiO(g), Si(OH)4(g) and SiO(OH)2(g) is predicted in SOFC fuel 
streams.  The presence of steam significantly increases silicon volatization rates in 
oxidizing equilibrium models.  TGA, dilatometer and RBS demonstrates the instability of 
aluminosilicates at SOFC temperatures.  The rate of volatility decreases after 85-100hrs, 
suggesting an initial period of increased silicon release prior to reaching steady state 
conditions.  
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Silicon vapor species have a higher affinity towards YSZ rather than nickel substrates. 
Insulating glassy phase is formed by penetrating siliceous layer along YSZ grain 
boundaries. The formation of new phases due to reactions between yttria, zirconia and 
silicon are not observed.  
 
Electrochemical tests using in-situ or permanent aluminosilicate fuel flow fields indicate 
degradation associated with silicon poisoning.  Post mortem electrochemical testing 
determined deposition of silicon does not correlate with the nickel metal catalyst, but with 
the YSZ in the electrochemical regions of the cell.  
 
Silicon volatility at temperatures from 800-1000 °C  (1472-1832 °F) is greatly influenced 
by humidity levels in the carrier gas stream.  The two carrier gases used in these 
experiments, air and forming gas, appeared to result in the same amount of Si release.   
 
The listed publications and presentations, which have extensive literature review and 
discussion, have been published based on the work of this project. 
 
 
Conclusions  
It is shown thermodynamically and empirically that silica containing low cost 
aluminosilicate cast refractories remain chemically unstable under SOFC operating 
conditions between 800 °C (1472 °F) and 1000 °C (1832 °F). Vapors released from 
aluminosilicate have a higher infinity for high temperature deposition onto YSZ over 
nickel under SOFC gases.  The instability of aluminosilicate refractory materials rapidly 
degrades SOFCs.  Mullite materials exhibit the worst long-term Si stability.  Higher purity 
alumina compounds volatize less Si over time than mullite but tend to release large 
amounts of Si and other elements during initial exposure to water vapor at high 
temperature.  Steady-state Si release rates from fused quartz tubes are lower than those 
of the aluminosilicate tubes tested in this study.  Blasch has a propensity to release a 
variety of elemental species that tend to burn off after prolonged heating, similar to the 
volatility characteristics of alumina tubes.  The poisoning mechanism from humidified 
fuel exposed to Blasch refractory is identified as the formation of a siliceous glassy 
phase in the YSZ grain boundaries of the electrolyte yielding unacceptable rates of 
degradation of approximately 0.1% per hour.   
 
Recommendations 
SOFC developers investigating the replacement of expensive high purity alumina with 
low purity alumina or aluminosilicates including 3:2 mullites are recommended to 
consider the following mediation strategies due to silicon instability:  
 

• Pre-installation thermal treatment to burn off free silicon on surface. 
• Thermal environmental barrier coatings similar to coatings used to contain 

chromium from SOFC interconnects. 
• Infusion of dopants into the aluminosilicate to lock up silicon in the bulk.  
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TASK 8.7.2 – MSU 5 KWE SYSTEM 

Under a companion program, DE-FC26-97FT34139, Siemens designed, built, and 
delivered to Montana State University a 5 kWe SOFC power system.  MSU operated the 
system for more than 11,600 hrs at its Bozeman, MT campus to better understand the 
effect of load transients on control system response.  The results of this operational test 
were to be used to modify the SOFC power system control scheme to improve system 
response in a distributed generation environment. 
 

TASK 8.8 – CELL TESTING & MICROSTRUCTURAL ANALYSIS 

No work planned or performed in Phase II. 
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Figure 8.1 - Silicon Poisoning in Tubular SOFCs 
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Figure 8.2 - Schematic Representation of Experiment al Setup   
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Figure 8.3 -  RBS Measurements Quantify the Amount of Si Collected on the C 
Wafer 

 

 

 

 

Figure 8.4 - Aluminosilicate Deposition Study Exper imental Setup 
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Figure 8.5 - SOFC Silicon Poisoning Test Setup 
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Figure 8.6 - Dilatometry Results of Aluminosilicate   
[96.3% Alumina (Al 2O3), 3.7% Mullite (3Al 2O3·2SiO2)]  

Freeze cast blocks held at 1000 °C for 100 hrs  
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Figure 8.7 - X-ray Diffraction Pattern of Aluminosi licate Powder 

 

 

Figure 8.8 - Electron Micrographs with Elemental Ma ps Overlayed (Si-green, Al-
red) of Aluminosilicate Samples after being Exposed  to the Stated Gases for 100 

hours at 1000 °C  
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Figure 8.9 - EDS Relative Concentrations of Silicon  in Aluminosilicate after Heat 
Treatment at 1000 °C  for 100 hrs  
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Figure 8.10 - XPS Spectra of the Al(2p) and Si(2p) from Aluminosilicate before or 
after Thermal Treatment for 100 hrs at 1000 °C   

 

 

Figure 8. 11 - Relative Si/Al Ratio Calculated via XPS on Alu minosilicate  Samples 
before or after Thermal Treatment for 100 hours at 1000 °C  
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Figure 8.12 -  Partial Pressure of Volatile Silicon Gases Released  from 
Aluminosilicate 

 [96.3% Alumina (Al 2O3), 3.7% Mullite (3Al 2O3·2SiO2)]  
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Figure 8.13 - Partial Pressure of all Volatile Sili con Gases Released from 
Aluminosilicate [96.3% Alumina (Al 2O3), 3.7% Mullite (3Al 2O3·2SiO2)]  
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Figure 8.14 - Partial Pressure of all Volatile Sili con Gases Released from MSU1 
 [Aluminosilicate (96.3% Alumina (Al 2O3), 3.7% Mullite (3Al 2O3·2SiO2)] 
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Figure 8.15 - TGA Results of Aluminosilicate Powder . 
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Figure 8.16 - TGA-MS Data for Refractory Insulation s in Ar + 20% H 2O up to 50 hrs 
at 850 °°°°C  
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Figure 8.17 - Data from Transpiration Experiments Showing Si Vola tility Rates vs 
Total Heating Time of Aluminosilicate Tubes at 800° C in Humid Air. 
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Figure 8.18 - Si Release Rates for Aluminosilicate Samples Heated  within a 
Quartz Tube Compared to the Quartz Tube Alone 
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Figure 8.19 - RBS Data Showing Similarities in the Elemental Species Volatizing 
from Different Aluminosilicate Sources 
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Figure 8.20 - EDS Elemental Maps and Electron Micro graphs of Aluminosilicate 
Vapor Deposits on YSZ 
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Figure 8.21 - Electron Micrograph and EDS Line Scan  of Aluminosilicate Vapor 
Deposit on YSZ  
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Figure 8.22 - XPS Spectra of YSZ Samples Containing  Aluminosilicate Vapor 
Deposits 

 

 

 

Figure 8.23 - Electron Micrographs and EDS Line Sca ns of Aluminosilicate Vapor 
Deposits on Nickel 
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Figure 8.24 - Electrochemical Performance Testing o f a Planar ESC Exposed in-
situ to Aluminosilicate . 
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Figure 8.25 - Electrochemical Performance Testing o f Planar ESC Permanently 
Exposed to Aluminosilicate 

  (Red circle indicates the break-in period) 
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Figure 8.26 - EDS Line Scan Detecting High Concentr ation of Si at the TPB of the 
Sample Cell with a Permanent Aluminosilicate Flow F ield 

  

Figure 8.27 - EDS Line Scan of the Planar ESC Intro duced to Aluminosilicate in-
situ 
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Figure 8.28 - Proposed Mechanism of Silicon Poisoni ng in SOFCs 

 
 

Task 9.0 – Manufacturing Development 

The objective of this task is to develop and qualify the process and equipment 
specifications necessary for the design and construction of a prototype manufacturing 
facility which will allow for the production of Dealta8 cells and bundles for the Proof-of-
Concept System to be built and tested in a follow-on phase of this program 

TASK 9.1 – CELL MANUFACTURING 

TASK 9.1.1 - AIR ELECTRODE POWDER PRODUCTION  

Work on this task was planned as a continuation of development activities considered 
necessary for scale up to commercial volume manufacturing and improving air electrode 
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(AE) powder manufacturing yield.  The following six parallel subtasks were identified for 
this program at the beginning of the budget period.  These were: 
 

• Qualify AE Precursor Dispenser 
• Identify Commercial AE Raw Material Storage and Dispensing System 
• Qualify On-line Particle Size Analyzer 
• Optimize AE Powder Calcination Process 
• Qualify the Recycling of Rejected AE Substrates, and 
• Waste Minimization (through yield improvements and/or recycle of solid/liquid 

wastes). 
 
However, due to a change in priorities, activities were only pursued for Subtask 1, 
considered the highest priority at the time. 
  
Based on the status of Subtask 1 at the onset of Phase II, the general approach planned 
for completion of this subtask included the following elements: 
 

• Procurement and qualification of scalable prototype equipment or process 
modifications  for selected areas in the current manufacturing facility  

• Commercial manufacturing implementation plan and process design, and 
• Overall process installation qualification. 

 
A prototype precursor dispenser intended to advance the vibratory concept for material 
displacement was ordered, designed, manufactured, and delivered by the preferred 
supplier. The development of the test plan to evaluate the dispenser and its viability for 
commercial manufacturing was prepared.  Due to re-prioritization of activities, no further 
work on this subtask was completed. 
 

TASK 9.1.2 - AIR ELECTRODE MANUFACTURING 

In the air electrode manufacturing area work has focused on: 
 

• Making Delta8 cathode substrates (referred to as “tubes”) for POCD8R1 stack 
test article 

• Making Delta8 cathode tubes for cell development activities 
• Improving tube yield and quality; of particular interest in tube quality was 

reducing cell bow and minimizing tube width variations.   
 
All Delta8 extrusions were performed using the Loomis 75T piston extruder.  The as-
extruded tubes were dried horizontally between layers of open-cell foam.  Temperature 
and humidity were controlled to minimize tube bowing during drying.  The dried tubes 
were bisque fired horizontally to remove binder, and sintered vertically to achieve the 
target porosity level.  Tube quality, especially dimensions, was monitored throughout 
processing.  In addition, a capillary rheometer was used to measure rheological 
properties of the extrusion paste.   
 
A total of 853 Delta8 tubes were extruded for experimental purposes and for cell 
production.  The tubes were manufactured from two powder lots, S6 and S7, both of 
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which were made in-house.  All of these extrusions provided ample data for studying the 
effects of extrusion and drying parameters on tube dimensions, especially bowing.   
 
Tube bowing can occur in three different directions, and each type of bowing has its own 
causes.  These are known as axial bow, side bow and curl.  Axial bow is bow parallel to 
the length of the tube in the plane perpendicular to the tube width. Side bow is or 
curvature in the plane of the tube. Curl is bow or curvature parallel to the width of the 
tube in the plane perpendicular to the tube length.   
 
Axial bow refers to how well or poorly the flat surface of the tube stays in contact with a 
perfectly flat surface in the length dimension, as shown in Figure 9.1 (also schematically 
in Figure 9.25).  Tube drying greatly affects the axial bow of the tube.  One measure of 
this type of tube bowing is called tube “lift.”  “Lift” is measured by placing a dry tube on a 
reference flat surface, and measuring the distance between the bottom of the tube and 
the reference surface at three locations.  Overall “lift” is an average of these three 
measurements.  A perfectly flat tube would have a “lift” value of zero.  Tubes having “lift” 
values above 8 mm are generally incompatible with downstream process steps (in 
particular, layer application by plasma spray and cell bundling) and categorically 
rejected.  The goal for tube manufacturing has been to implement improvements at keep 
axial bow at 3 mm or below.   
 
Figure 9.2, shows that extrusions with the S7 powder saw lift values improve over time. 
Early tube lots (S78A-C) had measured lift values the 4 to 5 mm range, while the later 
lots have trended down to below 3 mm.  In the last extrusion (S78H, 44 tubes) all of the 
tubes had lift values below 2 mm.  The main factor contributing to this improvement has 
been better control of the ambient temperature and relative humidity during tube drying.   
Uncontrolled or lower humidity environments cause variability in drying rate.  The less 
predictable drying rate combined with wall thickness variations inherent in the tube 
cause internal stress within the tube structure and exacerbate bow. Drying larger 
numbers of tubes in the controlled environment also contributes to reduction in lift values 
through elevating the total amount of water to be evaporated and humidity levels in that 
environment.  This resulted in a more stable drying process.  The last two extrusion runs 
(S78G and H) contained twice as many tubes as the previous runs. 
  
Side bow refers to how well or how poorly the long edges of the tube remain parallel 
straight lines. High side bow values also present similar problems with downstream 
process that were identified with axial bow.  Two factors have been identified which 
contribute to side bow.  These are 1) inconsistent handling of the tubes between the as-
extruded and dried state, and 2) non-uniformities in paste flow through the extrusion die.  
Any distortion of the tube in the as-extruded state, even if it is later straightened, may be 
“remembered” by the material and return during drying.  A second major factor is paste 
flow through the die.  Paste flowing out one side of the die faster than the other will tend 
to bow the tube with the faster flow side becoming convex.  Side-to-side flow differences 
as the paste exits the die tends to result in a convex bowed edge on the side where 
paste flow is exiting at a faster rate.  These flow differences may also be manifest 
themselves as wall thickness variations in the tube as well as variations in the spacing 
between the deltas.   
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Tests on extrusion pastes with a capillary rheometer revealed a relationship between the 
extensional viscosity of the extrusion paste and side bow of the Delta8 substrates.  
Tubes made from pastes with lower extensional viscosity tended to have less side bow 
than those made with higher viscosity pastes.  This finding is illustrated in Figure 9.3.  
Changes to the standard paste mix recipe to lower the extensional viscosity were 
implemented with results illustrated in Figures 9.4 and 9.5.  Figure 9.4 shows for tubes 
made from the S6 powder lot, average and median side bow have been reduced from 
8.8 mm and 8.0 mm to 6.3 mm and 5.0 mm respectively. For tubes made with the S7 
powder the effect was greater.  Figure 9.5 shows for these tubes the average and 
median side bow have been reduced from 11.6 mm and 11.0 mm to 6.1 mm and 6.0 mm 
respectively.  Overall, the lower viscosity paste, resulted in an average side bow 
reduction of 33%.  
 
There was no work during this report period evaluate and improve tube curl.  In general, 
there were no significant downstream processing issues related to curl. 
 
Another dimensional issue with the Delta8 tubes was variation in width along the tube 
length.  Because of the vertical sintering process, the open ends of the tubes are 
narrower than the closed ends.  Gravitational creep during sintering results in more 
shrinkage at the top (open end) than at the bottom (closed end).  This explanation was 
thought to apply to all of the variation in width; however, this does not appear to be the 
case.  In an effort to isolate the origins of width variation, a group of tubes was measured 
before and after sintering at 10 cm intervals from closed end to open end.  These results 
are shown in Figures 9.6 and 9.7.  While vertical sintering does indeed impart a distinct 
taper to the tubes, the width variations present in the dried green tubes are still very 
apparent after sintering.  In general, the sintering process imparts about 2.8 mm of taper 
to each tube, but everything else (sometimes 50% of the variation) is originating in either 
extrusion or drying.  This will be an area for more investigation. 
 
 

TASK 9.1.3 – INTERCONNECTION POWDER PRODUCTION 

No work planned or performed in Phase II. 
 

TASK 9.1.4 – INTERCONNECTION PLASMA SPRAY APPLICATION 

No work planned or performed in Phase II. 
 

TASK 9.1.5 - COMPOSITE INTERLAYER APPLICATION 

Dip coating was selected as the preferred process for applying composite interlayer 
(CIL) onto Delta8 cells. The goal of this task was to complete the process and equipment 
specifications scalable to a mass production process.  In order to accomplish this, dip 
coating process data of statistical significance was collected, analyzed and translated 
into material and process specifications representative of the current state of 
development.  The specifications developed in this task will serve as the bases for 
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design and development of process and equipment specifications of a commercial scale 
manufacturing process.  
 
The composite interlayer was successfully applied to over 350 Delta8 cells utilizing the 
in-house designed and fabricated dip coating process equipment.  During the processing 
of these cells, data was collected and analyzed to determine the key process 
parameters and to optimize the operating range for each.  Process variables, including 
but not limited to slurry batch, cell insertion rate, dwell time, withdrawal rate and drying 
conditions, were evaluated and controlled to achieve the interlayer coating weight and 
thickness within the targeted range of acceptability.  Statistical analysis was employed to 
establish correlations between key process control variables and the interlayer weight 
(i.e. thickness) output.   
 
Control charts, such as that shown in Figure 9.8, were used to monitor the interlayer 
weight pickup during the production campaign.  Through analysis of these charts, the 
parameters responsible for the variations in weight pick up were identified and controls 
required to maintain targeted weights implemented.    The analysis showed that the 
weight pick up variations were not correlated with the particular batch of slurry used.  
However, the analysis did show that temperature and dwell time were key process 
parameters. 
 
Overall, composite interlayer weight pickups on Delta8 cells were controlled within the 
targeted range 85% of the time.  Statistical analysis of the application parameters 
revealed a relationship between slurry temperature and final coating weight.  Figure 9.9 
presents the general relationship between slurry temperature and final coating weight 
observed. This data suggests that coating weight is relatively independent of slurry 
temperature up to a certain threshold temperature after which it takes on a direct 
relationship with temperature.  Corrective action to counter the effect of slurry 
temperature beyond the threshold resulted in implementation of a coincidental substrate 
dwell time decrease adjustment that enabled the final coating weight to be adjusted back 
within the required range.  After implementation of the dwell time adjustment, the 
frequency of achieving the targeted interlayer weight pickup range increased to greater 
than 97%. 
 
The relationship between slurry temperature and interlayer weight pickup shows that 
slurry temperature control should be a key design requirement to minimize weight pickup 
variability for a commercial composite interlayer dipping system.   
 
Another consideration for commercial design may be the necessity of environmental 
control in the coating process area.  While not isolated at this time, historical process 
data for the Delta8 process indicates that less variability and less slurry temperature 
dependence on coating weight may be evident during cooler periods of the year 
compared with warmer periods.  The degree of environmental control in the current 
manufacturing space is insufficient to conduct a controlled study with the current system.  
However, incorporation of routine measurement and cataloging of ambient temperature 
and humidity in the manufacturing space for future operations may provide a means to 
determine if a correlation exists. 
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The results of the statistical evaluation of the composite interlayer process allowed for 
completion of material and process specifications representative of the current state of 
development.  Key process parameter relationships were identified that will guide 
advancement from the current state to commercial scale operations.   
 
As additional Delta8 cells are manufactured, data will continue to be collected regarding 
the interlayer dipping process to finalize the key conditions required to control interlayer 
coating weight within a predicable range in a scaled up process.  The data generated will 
be used to finalize the process specifications for the interlayer dipping process.   
 
Efforts completed to date include: 
 

• Statistical analysis was conducted on data collected for over 350 dipping events 
and key correlations were established. 

• A method to compensate for the effect of slurry temperature on coating weight 
has been successfully developed and implemented. 

• Examination of historical data suggested that the effect of environmental 
conditions on coating weight control may be a significant.  

• Process conditions were refined which enabled completion of material and 
process specifications representative of the current state of development 

 
To date it has been determined that: 

• Control of slurry temperature and dwell time are important to ensure interlayer 
coating weights are maintained within a prescribed range. 

• Control of ambient conditions may also be required to ensure interlayer coating 
weights are maintained within a prescribed range. 

   
Efforts will continue to monitor and analyze data as Delta8 cells are manufactured.  
Incorporate ambient temperature and humidity measurements as part of routine 
operations, to determine the significance of environmental conditions on coating weight 
control.  Utilizing the data generated, the current process specification will be revised as 
appropriate.  In addition, modification of the current process to better control slurry 
temperature within a predictable range and determine its effect on coating weight 
variability and control will be evaluated.  
 

TASK 9.1.6 – ELECTROLYTE AND FUEL ELECTRODE APPLICATION 

In order to go to large scale manufacturing, it is necessary to develop a higher 
throughput plasma spray process for both electrolyte and fuel electrode.  To accomplish 
this, the approach taken here has been to work with a thermal spray integrator and 
supplier of our existing HPD plasma spray booths.  Detailed test plans have been 
performed at the vendor to characterize a prototype of a proposed manufacturing scale 
electrolyte and fuel electrode application process. The process utilizes a new high power 
plasma spray gun (100HE) and a carousel type fixture that allows simultaneous coating 
of all surfaces to be sprayed. The coupling of these two systems will allow significant 
increases in projected process throughput, while also potentially improving the coating 
quality.   
 



  197 

Based upon the encouraging results from previously performed testing, three spray trials 
(Trials #5 - #7) consisting of multiple Delta8 cells were performed at the vendor’s facility.  
Plasma spray parameters were constant throughout the spray trials.  The focus of the 
spray trials consisted of evaluating the parameters listed below: 
   

• New delta surface robot motion program 
• New closed end motion program 
• External cooling air delivery system 
• Use of vacuum suction cups to secure the cells. 

 
The robot motion program is critical for this process and must utilize different gun-to-
carousel positions during the spray event.  These positions or offsets control the coating 
coverage, coating uniformity, and coating weight.  While previous spray trials utilized a 
single vertical motion pass per offset position, for Trial #5 the vertical motion pass was 
doubled per offset position.  This double motion was believed to be more efficient by 
taking advantage of the heat distributed along the part from the prior motion, and by 
requiring less offset movements.  The combination of offsets and passes was kept 
constant.   
 
Previous spray trials had not addressed the closed end coating.  For Trial #5, a new 
motion program was developed to apply coating to the closed of the cell at a 45° 
impingement angle.  There was no prior experience at non-90° impingement angles, and 
the 45° angle was chosen due to a restricted robot motion envelope.  This closed end 
motion program was added to the new delta surface motion program and occurred 
between offset positions.  In this way, no extra robot movements were required.  The 
standoff distance (distance between the closed end of the cell and face of the plasma 
gun) remained constant at 12.7 cm, which is the same standoff distance used for the 
delta surface. 
 
A goal of this new process was to eliminate the need for internal cooling air.  The 
existing in-house Delta8 processing requires substantial cooling air to be delivered into 
each of the Delta8’s channels.  This requires significant part handling and preparation 
time.  In Trial #5, the cooling air delivery system was improved by utilizing three external 
cooling rings.  These rings provide a uniform delivery of air and are mounted to a second 
robot which is synchronized to the plasma gun robot; thus, both the gun and cooling air 
rings move together. 
 
Based upon on the positive in-house experience, the two full-length carousel positions 
were modified to use vacuum cups to secure the parts.  This is new relative to previous 
spray trials which used support rods within the Delta8 channels to secure the parts to the 
carousel.  The support rods were believed to cause part cracking during the event due to 
excessive constraint.  The concern regarding the two suction cups was their ability to 
hold the Delta8 part during carousel rotation.  Several rotation tests were performed and 
the two vacuum suction cups were found to securely hold the Delta8 cells. 
 
For Trial #5, a total of eleven Delta8 cells were processed. Five of the substrates were of 
good quality, while six were considered defective.  These six cells exhibited some type 
of substrate defect and were used for fixture setup and coating weight determination.  
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For the five good quality cells, three were found acceptable upon post-spray visual 
inspection.  These three Delta8 cells represented three distinct process parameters, 
each using a different offset and number of passes combination, while the spray 
parameters were held constant.  The remaining two good quality cells were rejected 
during processing: one fell-off the carousel fixture during a spray event and the second 
revealed a closed end crack. 
 
The three acceptable Delta8 cells were densified to determine their leak rate. Following 
densification, these three cells were painted with a polyurethane resin along the 
interconnection-side since no electrolyte coating was applied to this surface during these 
spray events.  This was performed to enable the cell’s leak rate to be measured.  
Unfortunately, none of these three Delta8 cells exhibited an acceptable leak rate.  Snoop 
testing was then performed to determine the location of the leak path.  Snoop testing 
involved pressuring the cell and coating the exterior surface with a soap solution.  Leak 
paths cause the soap to foam or bubble revealing coating defects.  Snoop results 
revealed the closed end coating to be leaky.  In order to determine if the delta surface 
also contributed to the cells’ leak, the closed end region of each cell was painted with the 
polyurethane resin.  For this second round of snoop testing (without the closed end 
region), specific regions (i.e. peak, valley, or slopes) along the cell’s delta surface were 
found to be leaky.  These leak regions were correlated with the processing parameters.   
 
For Trial #6, a total of six full-length Delta8 cells were successfully processed.  This trial 
had two objectives: 
 

• Evaluate a new delta surface robot motion program 
• Evaluate a new closed end motion program 

 
Prior to Trial #6, our “Standard” motion program was used.  For Trial #6, a new motion 
program, known as “Raster”, was developed and tested.  It is known that the offsets 
control the resultant coating coverage, coating uniformity, and coating weight by defining 
the plume-to-part impingement angle.  Offsets are defined as specific gun locations 
relative to a predefined gun-to-carousel position of zero.  This zero position is when the 
gun and the carousel are aligned on the same centerline.  Once the gun is moved to 
either side of this centerline, this position is an offset.  Keep in mind, there is a positive 
and negative offset location depending upon which side of the zero centerline you are 
referring to, as shown in Figure 9.10.  The gun-to-part standoff is always maintained the 
same regardless of offset.  Therefore, offsets follow an arc pattern around the outside 
circumference of the carousel. 
 
For the “Standard” motion program, up to three offsets are selected; each offset is used 
and repeated until the predetermined number of even passes has been executed.  For 
example, using a 25-cm and 12.5-cm offset with four passes results in the motion 
program first moving the gun to the larger positive offset (25-cm).  A vertical pass down 
and a return pass up would be completed (total of two passes at this positive offset), 
then the gun would be moved to the same negative offset and a vertical pass down and 
a return pass up would be completed (total of two passes at the negative offset). This 
completes two of the four passes at the 25-cm offset.  This is repeated until the four 
passes are completed.  Once four passes at the 25-cm offset are completed, the gun is 
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then be moved to the next smaller positive offset and the process repeated until four 
passes are completed.  One variation of this program is the “Reverse Standard”.  Here, 
the logic is the same; however, the smallest offset is used first then the next larger and 
finally the largest offset is the last to be used. 
  
Relative to the “Standard” motion program, the “Raster” motion program uses a starting 
offset along with a combination of step size, number of steps, and a predetermined 
number of even passes to create a typical raster motion.  The combination of step size 
and number of steps determines the ending offset.  For example, using a starting offset 
of 25-cm with eight 2.5 cm steps results in eight vertical passes with a resultant ending 
offset of 7.5 cm.  The motion for this “Raster” program is similar to the “Standard” 
program except all the intermediate steps are included.  Again, using the same motion 
example with a starting offset of 25-cm and eight 2.5-cm steps, the gun starts at the 
positive 25-cm offset with a vertical pass down.  The gun would then be moved 
horizontally 2,5-cm to the 22.5-cm positive offset and a return pass up would be 
completed.  This raster pattern would continue until all remaining 2.5-cm steps would be 
executed.  After the positive offset raster was completed, the gun would then move to 
the negative 25-cm offset and the sequence would be repeated.  Once the positive and 
negative offsets are completed, this pattern would be repeated until the number of 
passes has been satisfied.  One variation of this program is the “Reverse Raster”.  The 
logic is the same; however, the smallest offset is used at the starting offset with the step 
size increasing to the next offset until the number of steps and finally, number of passes 
are completed.   
 
Spray trials have included the “Standard”, “Raster”, and “Reverse” variations to 
understand how different offsets determine coating quality.  While the combination of 
offsets and passes per motion program was altered, a coating weight within the desired 
range was maintained.     
 
Since Trial #5 cells revealed the closed end coating to be a leak path, an extra layer or 
pass was added between offset positions during Trial #6.  The standoff distance 
(distance between the closed end of the cell and face of the plasma gun) was also 
increased from 12.5-cm to 15-cm. 
 
For Trial #6, a total of eleven Delta8 cells were coated and found acceptable for 
continued processing.  Following densification, only six of these eleven cells were 
acceptable upon visual inspection.  The five rejected cells exhibited either closed end 
fractures or portions of missing deltas with fractures along the length of the cell.  The 
remaining six acceptable cells were painted with a polyurethane resin along the IC-side 
to enable the cell’s leak rate to be determined.  Unfortunately, none of these six cells 
exhibited an acceptable leak rate.  Snoop testing was then performed to determine the 
location of the leak path.  Snoop results for all cells revealed the closed end region to be 
leaky.  However, it was not the entire closed end, but only the delta surface adjacent to 
the closed end.  The closed end face was leak tight.  This was a major improvement 
relative to Trial #5.  In order to determine if the remaining delta surface also contributed 
to the cell’s leak, the leaky closed end delta region of each cell was painted with the 
polyurethane resin.  For this second round of Snoop testing, each valley along the cell’s 
delta surface was found to be leaky.  This valley leak appears to correspond with the 
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processing parameters.  Microanalysis was performed on three Delta8 cells to determine 
the coating thickness along the delta surface at the mid-length location.  Coating 
thickness revealed a “thick” coating within the valleys relative to other surface areas.  In 
addition, the microstructure appears porous.  These thick, leaky valleys are believed to 
be due to overspray collected during the event.   
 
For Trial #7, a total of fourteen full-length Delta8 cells were processed.  This trial had 
three objectives: 
 

1) Evaluate a new closed end motion program 
2) Evaluate smaller offsets (less than 12.5-cm) 
3) Evaluate a “Reverse” motion program to target the cell’s valley first. 

 
Based upon previous trials and processing experience, the closed end motion program 
is essential for a successful coating.  Previous trials utilized a motion program which 
included both the delta surface and closed end surface together.  This resulted in both 
surfaces using common parameters such as a pause time, number of cycles, and gun 
speed.  For Trial #7, the closed end motion routine of the program was separated from 
the vertical delta surface program into a new stand-alone program.  This separate closed 
end motion program uses parameters unique to its own motion.  In addition to these 
unique parameters, this new closed end motion program can be executed before or after 
the vertical program.  This difference may offer an improved coating quality relative to a 
fixed motion order.  The closed end program’s 45° i mpingement angle and standoff 
distance of 15-cm was maintained.     
 
All previous 100HE spray trials have used offsets greater than 12.5-cm.  Design layouts 
show smaller impingement angles are preferred for the cell’s valleys.  These smaller 
impingement angles are created by using small offsets during the motion process.  
Offsets of 5-cm and 7.5-cm were included in Trial #7 along with 12.5-cm for comparison.   
 
Results from the previous trials had shown the cells’ valleys to be leaky and exhibit thick 
coatings, which was believed to be a result of coating overspray trapped within the 
valleys during the spray event.  To improve this condition, Trial #7 included events which 
started with a smaller offset position.  This is the opposite or “reverse” of the standard 
motion sequence where the larger offset was executed first following by smaller offsets.  
The “Reverse” motion program targeted the valleys first and hopefully, reduced or 
eliminated the valley’s thick, leaky coating exhibited previously. 
 
For Trial #7, ten Delta8 cells were found acceptable for continued processing.  Following 
densification, all ten cells were acceptable based upon visual inspection.  These cells 
were painted with a polyurethane resin along the IC-side.  Unfortunately, none of these 
cells exhibited an acceptable leak rate.  Snoop testing was performed to determine the 
location of the leak path.  Snoop results of these cells were consistent and revealed the 
“taped” areas to be leaky.  Masking tape had been used to protect the coated area of the 
cell during polyurethane resin application.  In addition to these “taped” areas being leaky, 
most valleys and some peaks were leaky too.  In order to confirm that the tape was the 
cause of these leaks, selected cells from previous spray trials prepared using the same 
method were also examined.  These revealed the taped areas were in fact leaky.  To 
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isolate these taped areas and determine the cells’ true leak rate, a new preparation 
method was developed which included an epoxy resin and a new type of tape.  Similar 
to the polyurethane resin method, an epoxy resin was applied to the cell’s surface along 
the closed end region.  Then the new tape was applied to the cell’s flat surface.  Snoop 
testing revealed the valleys along the cells’ delta surface to be leaky.  After applying 
additional epoxy only along the valleys, these cells were again snooped and leak tested.  
This time, one cell exhibited an acceptable leak rate of below the specified limit of 200 
mm Hg/min limit.  Although this cell was partially coated with epoxy, it does prove the 
100HE gun and carousel process is capable of providing an acceptable EL coating.   
 
A delay in purchasing a prototype multi-cell carousel and high power gun delayed 
development.  Testing at the vendor, while constructive, has resulted in a slower 
development than desired.  The acquisition of a system will allow more rapid 
development and implementation of this approach.   
 
Processing of full-length Delta8 samples without blistering, crazing, and cracking defects 
has been accomplished with the higher power gun in the carousel system and testing 
demonstrated that a dense electrolyte coating can be achieved with the high power gun 
and carousel system.  Both the external cooling air delivery system and vacuum suction 
cups showed positive results. 
 
The double vertical motion program did not exhibit the expected benefits.  Additional 
development of the motion program is required.  The separate closed end application 
program did generate acceptable leak results along the closed end face, but not on the 
delta surface adjacent to the closed end.  A benefit between the “standard” or the 
“raster” motion programs could not be  
 

TASK 9.1.7 - PLATING APPLICATION 

The vertical constant-current dip plating process has been chosen as the most effective 
method to apply a thin nickel film onto the interconnection of Delta8 cells.  The vertical 
process requires immersion of the entire active portion of a cell into a nickel sulfamate 
solution.   The key parameters for controlling the process were to be identified and 
optimized in order to advance the currently employed manual process to an automated 
system.  Methods to simplify or eliminate labor-intensive pre/post-plating steps were to 
be identified and/or implemented to make the dip plating cost-effective.   The goal of this 
task was to produce process specifications that were considered scalable to large scale 
manufacturing.  In order to accomplish this, data of statistical significance was collected 
through plating operations and analyzed.  This data will serve as the basis for process 
specifications at the current state of development and guide eventual process and 
equipment specifications for a robust future commercial manufacturing system.   
 
Over 285 Delta8 cells were plated using the vertical process during this period.   The 
nickel plating conditions utilized on the cells produced an acceptable, well attached 
nickel layer on the interconnection.  While rare, the cause of poorly attached plating was 
isolated to inadequate plating surface preparation in virtually all of the unacceptable 
cells.  These results demonstrate the need for satisfactory surface preparation for both 
current and commercial scale plating operations. to achieve a high manufacturing yield 
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through this step.  Interconnection porosity, surface roughness and cleanliness must 
satisfactorily be controlled to achieve a high yield.  To improve the current process, the 
pre-plating treatment of the interconnection was modified and implemented.  This 
modification virtually eliminated all plating attachment issues from its implementation to 
date.   
 
Work was conducted to optimize the number and location of the anodes inserted into the 
Delta8 cell channels during plating.  Initial results indicated that symmetrically spaced 
anodes in 50% of the cell channels would be sufficient for the plating process.  Current 
state of development requires an anode be inserted in all eight Delta8 channels.  
Reduction in the number of anodes results in more efficient use of resources which will 
be desirable in larger volume manufacturing..  Reduction in the number of anodes also 
presents less risk to the cell from a mechanical standpoint   Additional work is required 
to qualify this process improvement. 
 
Testing was also conducted to determine if multiple cells could be plated with a single 
power supply.  Initial scoping tests were conducted which evaluated two cell systems in 
both electrical series and parallel arrangements.  The ability to plate multiple cells per 
power supply is desirable from a capital investment standpoint when considering scale 
up to a mass manufacturing process.  The results of the initial tests indicated that plating 
two cells at constant current in an electrical series arrangement has promise.  Additional 
testing is now required to qualify this for manufacturing. 
 
Based on the analyses and progress to date, a process specification for nickel plating 
Delta8 cells for the current state of development has been prepared.  This specification 
will serve as the basis and primary guidance for future larger scale manufacturing 
process design.   
 
Monitoring of the plating process will continue during Delta8 cell manufacturing.  Process 
specifications will be revised as necessary, based on the analysis of the data.  
 
Over 285 Delta8 cells were successfully plated with the constant-current vertical dip 
process.  Pre-plating surface preparation method was refined to improve plating quality.   
Groundwork was established for both anode optimization and multiple cell plating with a 
single power supply. 
 
The constant-current vertical dip plating process reproducibly generates acceptable 
nickel plating on the 100 cm active length Delta 8 cells.    
 

TASK 9.1.8 - HEAT CYCLE PROCESSING & BUNDLE SINTERING 

The majority of the work in this area was focused on the production of cells and bundles 
for the POCD8R1 test article.  In parallel to this activity, additional development and 
optimization of process conditions for the heat cycling and bundle sintering of 100 cm 
active length Delta8 cells were also conducted. 
 
Fifty-five process cycles (forty-two heat cycles and thirteen bundle sintering runs) were 
completed.  The majority of the process cycles (38) were completed in support of the 
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POCD8R1 production campaign.  The balance of the cycles were performed for 
experimental purposes. 
 
Figure 9.11 shows a typical eight cell batch prepared for a heat cycle run.   The largest 
source of production rejects following the heat cycle process was the cracking at the 
closed end of the cell in the valleys between the deltas.  Two approaches were 
employed in an attempt to alleviate this closed end cracking problem.  The first approach 
consisted of adjustments to the temperature profile intended to minimize the thermal 
stress on the cells.  Specifically, the cool down phase of the heat cycle was extended to 
significantly reduce the cooling rate.  The second approach consisted of adjustments to 
the atmosphere on the fuel side, specifically a significant reduction in the hydrogen 
concentration, which was intended to minimize stresses on the cell resulting from the 
oxygen partial pressure gradient across the cell wall during the process.  Only marginal 
reduction in CE cracks was achieved with these modifications. 
 
The bundle sintering process successfully produced the six bundles required for 
POCD8R1.  Only one bundle processed was unacceptable for the POCD8R1 test article 
due to closed end cracking.  This was due to thermal stresses introduced during the 
unloading process.  Precautionary measures have been implemented to eliminate any 
reoccurrence of this situation.  Figure 9.12 depicts a typical sintered production bundle. 
 
Other work completed was intended to improve the efficiency of the existing batch 
processes by maximizing capacity.  An entirely new, high capacity air plenum was 
designed, fabricated, and put into service.  The new plenum has 128 outlets, or enough 
capacity to process sixteen Delta8 cells simultaneously (two 1 by 8 heat cycle stacks, or 
two 1 by 8 bundles for sintering).  Additionally, a double-width platen and radiation shield 
assembly capable of supporting two bundles side by side during the sintering process 
was designed and fabricated.   
 
The heat cycle runs required for the production of cells for POCD8R1 were completed.  
The bundle sintering runs required for the production of bundles for POCD8R1 were 
completed and the heat cycle and bundle sintering process conditions were developed, 
demonstrated, and partially optimized. 
  
It was determined that closed end cracking represents the most significant yield issue 
which was not resolved by the adjustment of heat cycle conditions. 
 

TASK 9.1.9 - MATERIAL, PROCESS, AND PRODUCT QUALITY CONTROL 

The development of cost-effective and reliable techniques which verify that each cell and 
bundle meet the required specifications are essential to help ensure that they will 
perform successfully in a generator.  The quality checks on a cell need to occur after 
each process step to determine that as the cathode substrate is made and as the layers 
are applied the cell meets key quality requirements for that step.  In a like manner, as 
the bundle is assembled and sintered, quality checks need to be performed to ensure 
that the integrity of the cells is maintained, that connections between the cells is well 
established, and that dimensional tolerances are being  achieved. 
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One quality check required is a technique to measure the critical dimensions of Delta8 
cells and bundles to verify that all the dimensional requirements are being met.   During 
the manufacturing of a cell, this information not only determines the impact on 
dimensions of each stage of the manufacturing process, but also provides useful 
information for the subsequent processing steps.  That is, for example, having detailed 
dimensional information on a cell allows for more targeted application of the electrolyte 
and fuel electrode. 
 
A CMM (Coordinate Measurement Machine) equipped with a “contact” measuring probe 
is currently used for measuring cathode and cell dimensions.  At this time, a total of 60 to 
80 minutes of labor time is spent to measure the physical dimensions of each cell during 
the course of manufacturing.  Clearly, a significant reduction in the measurement time is 
required to meet both cost and production rate targets for Delta8 manufacturing.   
Methods for reducing the time required with the existing CMM, as well as alternate 
techniques need to be explored.   Preliminary feasibility assessments suggest that non-
contact laser scanning CMM systems can efficiently measure the critical dimensions of 
Delta8 cathodes and cells at throughput rates required for high volume manufacturing.  
Additional testing is necessary to determine the specific requirements of the system that 
best meets the throughput rates and cost targets as well as the measurement accuracy 
and repeatability requirements.  To this end, potential vendors will be identified for 
conducting the evaluation trials.  In addition, optimization studies will be conducted with 
the present technique with the goal of significantly reducing the time required to perform 
the necessary dimensional measurements. 
   
Qualification of powders used in the manufacturing of cells is key to ensuring that the 
product will meet specifications.   For the cathode, testing needed to be conducted to 
identify viable approaches for qualifying cathode powders for Delta8 tube production.  
Qualification of the cathode powder requires, not only that it meets the chemical 
specifications, but also that it can be utilized to produce a cathode substrate that has the 
specified diffusivity/diffusion conductance and strength.  Standardized methods for 
measuring these critical parameters had to be developed and implemented.   
   
A procedure for qualifying the powders used to apply layers to the Delta8 cell will also be 
developed.  To date, powder qualification techniques have been developed for 
cylindrical substrates.  These techniques must now be modified for qualification utilizing 
Delta8 substrates.  The qualification of interconnection powder qualification requires a 
stability test at 1200°C (in air) of densified inte rconnections as a means to ensure the 
cell interconnections will not degrade during typical generator operation.  The phasing 
out of cylindrical cell manufacturing capability necessitates that testing apparatus and 
protocol compatible with Delta8 substrates be developed and implemented.  To 
accomplish this, leak check and thermal treatment apparatus’ compatible with the Delta8 
geometry had to be identified and/or developed.  The basic principles governing the 
1200°C stability test for the cylindrical cells wer e applicable to the Delta8 cells. 
 
To ensure the integrity and leak tightness of the interconnection and electrolyte layers, a 
quantitative and repeatable measurement technique needs to be implemented for the 
Delta8 cells and bundles produced..  Additionally, a pressure-based system technique to 
identify the actual location of the defects on the surface of the cell is needed to help 
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understand the root cause of defect formation.  Based on the experience of qualifying 
cylindrical cells, similar techniques need to be developed for the Delta8 cells. 
 
Key to successful extrusion of the Delta8 substrate is determining the characteristics of 
the cathode paste which make it amenable to extrusion.  The usefulness of capillary 
rheometer data for predicting paste behavior during extrusion was examined.  Prior 
testing was done on a variety of cathode powder lots, binder levels, and binder lots.  
However, the opportunity to conduct testing on a large number of pastes fabricated from 
the same powder lot has not yet been possible prior to the current production campaign.  
Capillary rheometer tests (constant shear rate and variable shear rate) will be conducted 
on each paste batch used for the POCD8R1 cathode production campaign.  Extrusion 
results for each paste batch will also be rigorously tracked and analyzed to determine if 
capillary rheology is useful as a screening tool to predict paste behavior.  If deemed 
useful, a QAT document will then be drafted which will detail the testing protocol.   
 
To evaluate a laser scanning dimensional characterization system for measurement of 
the Delta8 cell, two vendors were identified and brought in for an in-house 
demonstration.  Both systems showed promising results and provided different options 
for consideration.  In order to have a direct comparison between these two systems, a 
test plan was written and test articles prepared.   However, no further work was 
performed in this area due to cost, its longer term impact, and the need to focus on 
higher priority development issues.  If warranted, this work will be pursued further in the 
future. 
 
The emphasis was shifted to optimize the use of the existing Coordinate Measuring 
Machine (CMM) to provide dimensional data as the cell and bundle are manufactured. 
Initially, comprehensive CMM data was collected at each step.  The significant amount 
of data generated from the CMM during the processing of cells was evaluated to 
determine what information was of value and being utilized.  Based on this analysis, the 
dimensional data collected before and/or after each step was adjusted such that only the 
pertinent information for that step was collected.  The reduction in the measurements 
taken at selected steps significantly reduced the CMM measurement time.   
 
For the cathode, it is desirable to have high oxygen diffusivity for better electrical 
performance and high mechanical strength to ensure structural integrity.  While both 
properties are porosity dependent, an increase in porosity will increase the former but 
decrease the latter.   In addition, for vertically sintered cathodes, porosity is smallest at 
the closed-end and increases with location approaching the open-end of the cathode.  
Thus, the open end strength typically dictates the minimum sintering time, while the 
closed end diffusivity dictates the maximum sintering time. Conventionally, the 
acceptable operating range was found by varying the sintering time of cylindrical tubes, 
and measuring diffusivity and strength at three locations: open end, mid section, and 
closed end.  Similar methods were successfully developed for the Delta8 tubes to 
measure diffusivity and strength.  With these methods, the sintering conditions can now 
be defined using Delta8 substrates to optimize both diffusivity and strength for a given 
cathode powder batch. 
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The qualification of the interconnection powder requires demonstrating the stability at 
high temperature of the interconnection produced with this powder.  Degradation of this 
layer can result due to chromium migration from the interconnection which occurs as the 
temperature is increased. To ensure its stability at the operating temperatures of the 
generator (~1000oC), a 1200°C-in-air test has been used on interconn ections produced 
with all new powders.  This test relies on the ability to measure the leak rate of a 
localized section of the interconnection.  This localized section is referred to as the 
window.  The window leak system relies on an o-ring/gasket perimeter seal to enable a 
vacuum to be drawn within the window so that pressure rise is isolated to that area. To 
accommodate the Delta8, a window seal fixture amenable to a relatively flat surface was 
designed, fabricated, tested, and determined to reliably model the cylindrical system.  
This fixture contrasts with the cylindrical one that was designed to accommodate the 
curved surface of a cylinder.  Figure 9.13 shows the difference between the leak check 
fixtures for the cylindrical and Delta8 systems.  The Delta8 leak check window covers 
approximately 25 times the surface as its cylindrical counterpart.  Figure 9.14 shows the 
Delta8 window leak check as it is utilized on a Delta8 substrate. 
 
To evaluate its chemical stability at 1200°C, the d ensified AE/IC assembly needs to be 
heat treated in a furnace with flowing air.  The original apparatus for heat treating the 
cylindrical substrate sections consisted of a clamshell furnace surrounding a cylindrical 
alumina muffle. During the test, reactant air was introduced from one end of the muffle, 
was flown across the samples, and discharged at the opposite end.  The size of this 
apparatus was too small to accommodate the larger Delta8 section and there was no 
similar equipment readily available to scale an identical system.  Therefore, an 
atmospheric periodic kiln of significantly larger heated volume with proportional make up 
air change was identified as a sufficient approximation of the flowing air system and 
employed for the stability test.  As a bonus, the size of this kiln also allowed for a factor 
of ten more samples to be treated in comparison with the smaller system. 
 
Test samples made from four new and five inventory interconnection powder lots were 
heat treated together for three 100-hour thermal cycles at 1200°C.  Window leak rates 
were measured as-densified and after each 100-hour cycle.  All nine interconnections 
show little or no change in leak rate over the 300 hour test, indicating they were 
acceptable for production use from a stability standpoint. Figure 9.15 presents a typical 
plot of window leak rate as a function of time at 1200°C.   
 
In addition to developing the new interconnection qualification procedure for the Delta8 
cell, the material specification for the interconnection powder was revised to incorporate 
data generated during the manufacturing of cells.  During the previous cell production 
campaigns, it was revealed that interconnection powder with out-of-specification particle 
size could still produce acceptable cells.  To this end, existing interconnection powder 
property and cell manufacturing data for a large number of interconnection powder lots 
were critically reviewed.  In addition, a test plan was developed and conducted to 
generate the necessary data to revise the existing material specification for 
interconnection powder.   In particular, the powder specification was revised in terms of 
the particle size distribution, and how the particle size distribution is to be measured. 
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The ability to quickly and accurately evaluate the integrity of the interconnection and 
electrolyte layers of the Delta8 cells for both the qualification of these powders and as a 
quality check during production was considered a vital component of quality control.   A 
cell (Figure 9.16) and bundle (Figure 9.17) leak check systems were developed and 
used successfully in the production of Delta8 cells and bundles.  The leak check system 
is based on a compressive face seal at the open end of the cells.  A vacuum pump is 
used to evacuate the cell down to the ultimate pressure, then the cell is isolated from the 
vacuum system and the rate of pressure rise over a prescribed period of time is 
measured to determine the vacuum leak rate of the cell.   
 
In addition to determining the vacuum leak rate, the leak check system described above 
can also be used to accurately pinpoint the source or location of leakage.  For this test, 
commonly described as the snoop test (Figure 9.18), the cell is pressurized with helium 
to a prescribed pressure, then the surface of the cell or bundle to be evaluated is coated 
with a thin layer of a soapy detergent which creates highly visible bubbles at the location 
of a leak or crack in the interconnect or electrolyte.  This test was proven to be a 
valuable tool for evaluating the integrity of the interconnection and electrolyte layers of 
the Delta8 cells and bundles. 
 
In the hope of evaluating the quality of the paste for extrusion, capillary rheological data 
was collected under both constant and variable shear rate conditions.  While the use of 
extensional viscosity did help improve side bow issues, data analysis for pastes 
produced as part of the cell production campaign suggest that the current testing 
parameters do not adequately differentiate between pastes that extrude best and those 
that do not extrude as well.  The technique was very helpful in comparing pastes with 
significantly different recipes; however, the test parameters utilized for characterizing 
paste rheology for pastes of the same recipe did not predict the relative extrusion 
behavior.  Although the technique and current test parameters are adequate for 
characterizing paste rheology and providing useful information concerning the impact of 
paste recipe on rheology, additional  testing and evaluation must be conducted to 
determine if this approach can be modified to make it useful as a routine quality 
assurance tool.   
 
Significant progress was been made in developing and implementing the techniques 
needed to evaluate the cell stability (leak rate, defect detection by snooping, and high 
temperature interconnection testing) utilizing Delta8 cells.  The time required to collect 
the dimensional data during cell processing utilizing the CMM has been significantly 
reduced.  This was achieved by evaluating the value-added of the measurement 
information being collected at each processing step, and then limiting the measurements 
taken to those that provide benefit.  Quality procedures have been developed and 
implemented to determine the diffusivity/diffusion conductance and strength of the 
Delta8 cell.  A revised material specification for interconnection powder was 
implemented.  The document more clearly defines the powder specifications needed to 
ensure that it can be successfully plasma sprayed to produce the required 
interconnection.  In particular, the particle size distribution required, and the methods to 
be used to measure the particle size have been re-specified. 
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A method for conducting 1200°C stability-in-air tes t for interconnections on Delta8 
substrates has been developed and implemented.  Inaddition. a reliable window leak 
check system for the Delta8 geometry has also been successfully implemented.  As a 
result, multiple interconnection powders were successfully tested and determined to be 
stable for production use. 
 
A quantitative and repeatable technique for the evaluation of the integrity and leak 
tightness of the interconnection and electrolyte layers of the Delta8 cells and bundles 
produced for the POCD8R1 generator has been developed.  In parallel, a method for 
locating flaws in the interconnection and electrolyte has also been developed and 
implemented. 
 

TASK 9.1.10 – CELL MANUFACTURING 

The focus of this task was to produce Delta8 cells for use in the POCD8R1 and the next 
generation test articles.  All cells were manufactured utilizing the most advanced 
manufacturing processes and materials generated to that point in time.   The original 
goal was to produce four regular bundles (32 cells) for POCD8R1; however due to a 
design change, a total of six regular bundles (48 cells) were required. During production 
of these cells and bundles, data was generated and analyzed to better understand and 
optimize each process step.   In addition, testing was conducted to improve the 
production yield.  As yield issues occurred, an analysis of potential causes was 
performed, and where appropriate process improvements implemented. 
 
The cell and bundle production for POCD8R1 was completed.  The production occurred 
in essentially three campaigns; the summary of each is given in Table 9.1.  In each 
campaign, the yield was tracked for each process step.  The initial campaign (R1P1) 
was the first production of 100 cm active length Delta8 cells, and the processing 
conditions evolved over the campaign in response to the lessons learned during 
processing.  The next two campaigns utilized 50 qualified air electrodes in each and had 
fixed process conditions which incorporated all lessons learned from the previous 
campaign.  The goal was to improve yield with each subsequent campaign. 
 

Table 9.1 – Summary of Delta8 Cell Production Campa igns 
 

• R1P1 (First production for 100 cm Delta8 cells) 
� Duration: 10/6/2008 to 2/27/2009 
� Starting with: 259 extruded tubes 
� Processing Conditions: evolved during campaign 

 
� 50.1 Second Campaign 

� Duration: 5/14/2009 to 6/15/2009 
� Starting with: 50 qualified tubes 
� Processing Condition: frozen during campaign 

 
� 50.2 Third Campaign 

� Duration: 6/10/2009 to 7/31/2009 
� Starting with: 50 qualified tubes 
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� Processing Condition: frozen (with lessons learned from 
50.1) during campaign 

 
 
Key results and lessons learned in each of the manufacturing steps are discussed in the 
following: 
 
Air Electrode Manufacturing 
To increase the number of air electrode substrates manufactured in each paste mix, the 
batch size was increased from the traditional batch size of 75 kilograms of air electrode 
powder  to 88 kilograms of air electrode powder.   However, when the batch size was 
increased, more heat was generated during the mixing process, causing the paste 
temperature to increase.  The existing chiller was undersized and not capable of 
removing the heat that is generated during this process in order to maintain a 
satisfactory paste temperature.  The increased paste temperature caused water to 
evaporate from the paste, resulting in an non-homogeneous product.  This phenomenon 
was quickly observed and corrected, short term, by decreasing the jacket (chiller) 
temperature which, in turn, reduced the paste temperature to the level observed while 
preparing 75 kilograms of air electrode paste.  As a long term solution, a new chiller with 
greater cooling capacity as well as a larger coolant supply pump was purchased and 
installed to effectively remove the additional heat that was generated.             
 
The rate and uniformity of drying was determined to be key to minimizing the formation 
of drying cracks.  Successful drying of the extruded air electrodes was accomplished by 
drying under humidity controlled conditions for several days using foam setters and foam 
caps.   
 
The closed end of the cells were applied manually.  A study was conducted to determine 
the optimum torque that should be applied at each of three pressure points during the 
closed end application.  Based on the results of that study, the closed ends were then 
applied to a specified torque rating using a torque wrench, thus minimizing the variable 
impact of the operator.  In addition, a preventive maintenance technique was 
implemented during the campaign.  This new technique included more frequent 
inspection and sand blasting of the application hardware to remove cathode material that 
slowly accumulates on the surface the hardware.   If not removed, the residue can cause 
surface defects on the closed end of a Delta8 tube. 
 
All of the cathode tubes, were vertically sintered.  During the latter stages of the 
campaign, the alumina style hanging pins that have been used for several years were 
replaced with a solid silicon carbide rod.  The silicon carbide rod was also fitted with an 
Alumina sleeve to prevent a reaction between the Delta8 substrate and the silicon 
carbide hanging strips.  The purpose of this modification was to improve the strength of 
the hanging pin thereby eliminating the sagging associated with the weaker Alumina pin.  
A sagging alumina pin often caused the Delta8 substrate to not hang straight, resulting 
in the tube contacting the furnace muffle creating a potentially defective tube.  Also, the 
weaker Alumina pins broke, although infrequently, causing the substrate to fall into the 
furnace rendering it useless.  Since the implementation of this change, no hanging pin 
deformation/failure was observed. 



  210 

 
Plasma Spray Interconnection 
The manufacturing campaigns conducted were the first for production of cells with 
interconnections of 100 cm in length.  This represents a 33% increase in coverage area, 
coincidental with the substrate having a proportional length increase.   To accommodate 
the 100 cm cell design, two plasma spray masks were manufactured, tested and 
employed.  The design modification was straight forward, simply increasing both the 
mask and window length by 25 cm while maintaining all other dimensions and position of 
mounting pins.  In addition to the mask, longer cooling air tubes were incorporated to 
accommodate the cell length increase.  By the same token, cooling air flows to the part 
were increased by 33% to achieve the same flow per unit spray length as the 75 cm 
cells.  Meanwhile, robot teach-points were extended by 25 cm to ensure plasma spray 
would sufficiently cover the additional surface area. 
  
Prior to the third production campaign, the plasma spray conditions were optimized to 
improve the leak tightness of the layer.  The optimization involved adjusting the plasma 
spray parameters to new conditions to achieve the target conditions.  The conditions 
have resulted in excellent results, and these new parameter ranges will be reflected in 
the process specifications. 
 
A study was conducted to examine the impact of interconnection thickness on yield.  
Modeling has shown that the thermal expansion differential between the air electrode 
and the interconnection may be contributing to certain defects in the cell.  While the 
sample size was relatively small, the data showed that reducing the interconnection 
weight (and thus thickness) by 50% eliminated this defect.  However, the thinner 
interconnection was not leak tight, and thus not acceptable without further testing to 
verify electrical performance and stability.   
 
Interlayer Application 
A dip coating process equipment, which was designed and fabricated in-house, was 
employed for the applying the composition interlayer to the production cells.  In order to 
dip coat 100 cm active length cells, this system was modified and qualified prior to the 
start of cell production.  Except for lengthening the dip tank to accommodate the 100 cm 
active length Delta8 cells, all other aspects were similar to that for the 75 cm design.  For 
instance, the same drying cabinet and calcination kiln as well as their respective 
processing parameters used for the 75 cm Delta8 cell trials were employed for the 
longer cell.  Process parameters used to achieve the composite interlayer weight pickup, 
uniform coating coverage, thickness and coating surface texture uniformity were also the 
same.  The process is readily adaptable to geometric changes to the cell.   
 
The yield rate for the interlayer was nearly 100%, with the only rejects occurring due to 
handling issues.    A few number of cells did exhibit texturing characteristics at the 
closed end portion of the cell.  Excessive closed end texturing could lead to delamination 
of the electrolyte layer application following composite interlayer dip coating.  It was 
determined that the composite interlayer slurry had not dried completely before removal 
of the pre-applied interconnection masking tape and that the texturing occurred during 
handling of the still wetted portion of the closed end of the cell.  To solve this problem, 
removal of the interconnection masking tape was delayed for fifteen minutes after the 
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cell was withdrawn from the dip coating tank, allowing the composite interlayer slurry to 
become dried to the touch.  This practice has successfully eliminated the unwanted 
closed end texture. 
 
Plasma Spray Electrolyte 
To accommodate the 100 cm Delta8 cell length, the following modifications to the 
hardware and process of the electrolyte plasma spray were made and tested: 
 

• Increased cooling air flows to the part by 20% 
• Robot teach-points were extended by 25 cm to ensure that the plasma spray 

would sufficiently cover the additional surface area 
• Robot programming was advanced from a two-point to three-point method along 

the substrate length to allow  the plasma gun to track more closely to the actual 
shape of the substrate. This input was generated from pre-spray dimensional 
analysis measured by the CMM. 

• Increased pause intervals at the closed end surfaces by a factor of 4. 
 
The acceptability of the modifications was validated by successful electrolyte application 
in 17 events prior to the start of the first production campaign. 
 
Nickel Plating Application 
The tank used to electroplate nickel onto the interconnection was lengthened to 
accommodate the increased IC length of the 100 cm active length cell.  In addition, a 
longer nickel anode was installed.  The cross sectional characteristics of the plating tank 
and the IC to anode distance remains unchanged.  While the same electric current, 
voltage values, and plating solution pH ranges were used, some process parameters 
were modified to replicate the plating thickness and adhesion qualities established for 75 
cm active length cells.  For instance, plating dwell time was increased by 25% so as to 
ensure consistent plating thickness across the increased area of the 100 cm active 
length interconnection.  One preventive action was to install a foam layer at the bottom 
of the plating tank to cushion the cell’s closed end and thus avoid breakage due to 
human error.   This process is very amenable to variations in cell geometry. 
 
During production, the cells showed no shorting, contamination or adhesion issues and 
exhibited uniform plating thickness.   Yield was nearly 100% for this step with only 
handling issues being the cause of rejects. 
 
Plasma Spray Fuel Electrode 
Hardware and process modifications similar to those employed for the electrolyte were 
made in this campaign but produced mixed results.  The primary issue was cell cracking 
at the closed end of the cell, with the cracks manifesting themselves either immediately 
after the fuel electrode plasma spray event or after subsequent dual-atmosphere heat 
cycle.   
 
Pre-production testing to isolate the cause of the closed end cracking indicated that 
disproportional increase (100%) in cooling air flow (relative to substrate surface area) 
coupled with a pause (20-30 seconds) between closed end application layers in the 
plasma spray event at standard plume temperature would be required to minimize the 
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occurrence of the closed end cracking phenomena. These conditions were employed at 
the start of the initial campaign.  However, the first four cells of the campaign exhibited 
closed end cracks at the aforementioned conditions.  These results provided sufficient 
evidence that the root cause of the cracking phenomena had not been isolated and 
triggered additional testing.  
 
Follow on testing consisted of a matrix of tests that focused on further reducing stress to 
the closed end sections of the cell during the fuel electrode application without 
compromising chemical composition of the layer or it conductivity.  Activities focused on 
assessing the effects of lower plasma plume temperature in the process step and the 
impact of the air electrode lot.  The results of the testing led to the adoption of a two-step 
plasma spray fuel electrode application procedure in which the inactive, closed end 
surfaces of the cell were applied at a lower (i.e. ~150 to 200°C cooler) plume 
temperature than the active areas of the cell.   
 
The increase (100%) in cooling air flow coupled with an increased pause (20 to 30 
seconds) between closed end application layers in the plasma spray event were retained 
with the two step spray procedure.  Initial results using the modified procedure appeared 
to significantly reduce the occurrence of the closed end cracking phenomena.  However, 
as more experience was gained with the new procedure, the frequency of the closed end 
cracking actually remained relatively the same as the original procedure.  Of those 
exhibiting cracks, 35% manifested themselves immediately after the plasma spray step, 
and the remaining 65% after the subsequent dual-atmosphere heat cycle.  As a result, it 
is concluded that the root cause of the cracking phenomena has not yet been isolated 
and additional testing is needed. 
  
Heat Cycle 
In the heat cycle process, the vast majority of the rejects were attributed to the tight 
cracking at the extreme closed ends of the cells on the IC side opposite the bottom of 
the delta valley.  As noted in the preceding section, the closed end cracks were 
discovered following application of the plasma spray fuel electrode, while for other 
substrates the cracks did not appear until after the heat cycle process.  
  
The high frequency of cracking after the heat cycle suggests the issue may not be 
related to the plasma plume temperature during fuel electrode application.  Instead, it 
may be more related to differences in thermal expansion properties between the cell 
layers in connection with the Delta8 cell geometry.  Additional testing will be required to 
solve this cracking problem. 
 
Final Inspection 
One cause of rejects at final inspection during the initial production campaign were due 
to electrical shorts that were identified near the closed end.  Further investigation 
revealed that these shorts were associated with thin electrolyte in that area, facilitating 
nickel penetration to occur during the subsequent plating or the plasma spray fuel 
electrode process and thus forming electrical shorts.  The origin of the thin electrolyte 
was attributed to the non-optimized plasma spraying path which tended to create a 
thinner electrolyte layer on the last channel sprayed.  This issue was identified and 
corrected in the middle of the first campaign and no rejects due to electrical shorts were 
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produced after the corrective actions were taken.  The root cause for the electrical shorts 
was successfully addressed.  
 
Overall Production Evaluation 
A comparison of the yields achieved in the first two campaigns is shown in Figure 9.19.  
The data shows that the post AE cumulative yield was improved from 16% to 24%,  a 
50% improvement.  In addition to improving the overall yield, the second campaign also 
identified defects earlier in the process, thus reducing non-value added processing 
costs.  That is, in the second campaign, many of the defects were identified at the 
plasma spray electrolyte/densification step, as compared to the first campaign where a 
majority of the defects were identified in last two processing steps (plasma spray fuel 
electrode and heat cycle). 
 
As noted previously, the major defect in all campaigns was closed end cracking.   The 
closed end cracks, which are shown in Figure 9.20, accounted for 55% of the total 
rejects in the second campaign.  These cracks are extremely tight, and typically do not 
show excessive molecular leak rates.  They can only be revealed by slightly pressuring 
the cell and applying a soap solution over the surface of the cell (snoop test).  Slight 
bubbling occurs over the region where the crack is present. 
 
A comparison of the yields achieved in the third campaign to that in the second 
campaign is shown in Figure 9.21.  In general, a yield improvement was observed in 
most processing steps.  In particular, there was a significant improvement in the plasma 
interconnection step yield due to optimization of plasma conditions.  However, closed 
end cracks still accounted for 54% of the total rejects in the third campaign.  As the 
major cause of rejects, elimination of this defect would result in a post air electrode yield 
of almost 70%.  At an air electrode yield of 80%, the total yield would be 56%. 
 
Also examined during production were the dimensions of the cell.  Three dimensional 
areas were evaluated: taper, bow, and curl.  Each of these areas can pose processing 
and/or module assembly issues if not controlled and/or minimized. 
 
The measurement of cell taper is shown schematically in Figure 9.22.  Due in large part 
to the vertical sintering of the air electrode, cell width at the closed end is larger that at 
the open end.  The location of the narrowest cross-section varies but typically occurs 
between the mid-length and the open end.  The distributions of the open end and closed 
end widths are shown in Figure 9.23.  The distribution of the differences in the open end 
and closed end widths (defined as cell taper) is shown in Figure 9.24.  The average 
taper is 3.9 mm over a measurement span of 106.5 cm and the maximum taper is over 7 
mm. 
 
Cell bow occurs in both the side and axial direction.  Their measurement is shown 
schematically in Figure 9.25.   Both bow measurements are made at the mid-span of 
106.5 cm.  The side bow distribution as measured from each side (Triangle 1 and 
Triangle 8) of the cell is shown in Figure 9.26.  The average side bow is between 1 and 2 
mm, while the maximum side bow is 4 mm.  The axial bow distribution is shown in Figure 
9.27.   A negative axial bow means the center of curvature is above the reference plan.  
The axial bow clearly shows a bi-modal distribution with one group of cells has little or no 
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axial bow.  On-going analysis indicates that improving drying conditions can contribute 
significantly to achieving the desired flat cell. 
 
The other dimensional measurement of interest is cell curl, which is shown schematically 
in Figure 9.28.  Cell curl is the distance between the reference line, defined by the 
corners of the outmost Deltas, and the lowest point of the cell.  The curl measurements 
are shown for the closed ends and open ends in Figure 29 and Figure 30, respectively.  
Typically, the curl at the closed is worse than that at the open end.  The maximum curl at 
the closed end was over 2 mm while that at open end was less than 1.5 mm.   In terms 
of average curl, that at the closed end was about 1 mm, compared to a value of less 
than 0.5 mm at the open end. 
 
Upgrades and improvements were successfully implemented to enable the processing of 
the increased active cell length of 100 cm.  This 33% increase in cell length not only 
caused some scale-up challenges but also generated processing issues.  
 
In the air electrode manufacturing area, a high capacity chiller was installed to maintain 
the desirable paste temperature, a preventative maintenance procedure was added to 
eliminate the closed end surface defects, and a more controllable, reproducible method 
to apply the closed end was implemented. 
 
The interconnection plasma spray parameters were optimization to achieve the targeted 
conditions resulting in an improved leak tight layer and higher step yield. 
 
The interlayer dipping and nickel plating processes were successfully implemented for 
the Delta8 cell resulting in high yields. 
 
The 48 cells and the six bundles required for the POCD8R1 test article and were 
successfully completed. 
 
The process for dip coating the six bundles to allow for on-cell reformation was 
implemented, and the bundles successfully dip coated.   
 
The overall yield in the second production campaign was improved by 50% compared to 
the first campaign.  The overall yield in the third production campaign was improved by 
25% compared to the second campaign. 
 
Detailed dimensional data was generated on the cells during production. 
 
Closed end cracking accounts for over 50% of the total post-air electrode rejects.  Its 
occurrence appears to be independent of cell length or air electrode powder or tube lot.  
It can manifest itself at different stages of processing (e.g., after interconnection plasma 
spray, electrolyte plasma spray, fuel electrode plasma spray, or heat cycle).  Test plans 
were implemented to examine a variety of process changes to eliminate this cracking 
with only minimal success.  This cracking may be an inherent problem to the Delta cell 
geometry.  Yield efforts will require focusing on cell design and materials. 
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The dimensional measurements show that the cells produced have a range of taper, 
bow and curl which can have an adverse effect on processing (in particular plasma 
spray), bundling and module assembly.  Cell taper is clearly to a large extent a result of 
vertical sintering.  It will be greatly minimized when one-step horizontal sintering is 
implemented.  It can also be minimized by shortening the vertical sintering time, which 
can be achieved by adjustment of the air electrode powder properties.  Cell bow, curl, 
and, to a degree, taper are likely the results of uneven extrusion flow, unbalanced drying 
conditions, and/or stresses induced by the processing and handling conditions. 
 

TASK 9.2 – MODULE MANUFACTURING 

No work planned or performed in Phase II. 
 

TASK 9.3 – FACTORY PLANNING 

No work planned or performed in Phase II. 
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Figure 9.1 – Dried Delta8 Cathode Tube with a Large  Axial Bow 
 
 

 
Figure 9.2 – Probability Plot Showing Tube “Lift” R esults for the First Eight 

Extrusions of Delta8 Cathode Tubes using the Lot S7  Material 
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Figure 9.3 – Side Bow vs Extensional Viscosity for Several Extrusions with the S5 
and S6 Cathode Powders 

 
 

Figure 9.4 - Probability Plot of Side Bow After Dry ing for Tubes Made From the S6 
Powder Lot 
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Figure 9.5 - Probability Plot of Side Bow after Dry ing for Tubes Made From the S7 

Powder Lot 
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Figure 9.6 - Plots of Tube Width versus Position in  the Green and Sintered States 
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Figure 9.7 - Additional Plots of Tube Width versus Position in the Green and 

Sintered States 
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Figure 9.8 – Control Chart for Interlayer Weight Pi ckup 

 
 
 

 
Figure 9.9 – Interlayer Weight as a Function of Slu rry Temperature 
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Figure 9.10 – Carousel Plan View Showing Offset Loc ations Relative to Common 

Centerline 
 
 
 

 
Figure 9.11 – POCD8R1 Production Heat Cycle 
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Figure 9.12 – POCD8R1 Production Bundle 

 
 
 

 
Figure 9.13 - Comparison of Delta8 and Cylindrical Cell Window Leak Check 

Fixture 
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Figure 9.14 - Delta8 Window Leak Check Fixture in U se 

 

 
Figure 9.15 - Example of Window Leak Rate Change Ov er 300 hours at 1200°C 

Delta 8 
Substrate 
Sections Delta 8 

Fixture 

To Vacuum/Leak 
Check System 



  225 

 
Figure 9.16 - Delta8 Single Cell Leak Check System 

 

 
Figure 9.17 - Delta8 Bundle Leak Check System 
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Figure 9.18 - Delta8 Leak Identification System (Sn oop Test) 

 
 

 
Figure 9.19 - Yield Comparison between the First (R 1P1) and Second (50.1) Delta8 

Production Campaigns 
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Figure 9.20 - Close End Cracks in Delta8 Cells whic h Represent the Major 

Processing Defect 
 
 
 
 
 

 
Figure 9.21 - Yield Comparison between the Second ( 50.1) and Third (50.2) Delta8 

Production Campaigns 
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Figure 9.22 – Schematic of Cell Taper Measurement 
 
 

 
Figure 9.23 - Width Variations from Closed End (CE)  to Open End (OE) 
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Figure 9.24 - Distribution of Delta8 Cell Taper 

 
 
 
 

 
Figure 9.25 - Schematic of Axial and Side Bow Measu rements 
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Figure 9.26 - Delta8 Cell Side Bow 

 
 

 
Figure 9.27 – Delta8 Cell Axial Bow 
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Figure 9.28 – Schematic of Delta8 Cell Curl Measure ment 
 
 
 

 
Figure 9.29 – Delta8 Cell Closed End Curl Measureme nts 
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Figure 9.30 – Delta8 Cell Open End Curl Measurement s 
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Task 10.0 – Alternate Manufacturing Process 

This task was removed from the Statement of Program Objectives for Phase II. 
 
 

Task 11.0 – POCD8R1 Stack Test 

The objectives of this task are to design and build the 25 kWe-class stack test article 
comprised of state-of-the-art Delta8 cells and incorporating design enhancements and 
cost reductions features relative to the POCD8R0 stack test article which was 
successfully tested in Phase I of this program.  The stack concept will be validated 
through a comprehensive testing program.  Based on initial test results, any needed 
modifications to the test article will be performed and the testing completed for the 
specified performance period. 
 
The conceptual and preliminary design of the stack test article, POCD8R1 was 
completed under this program.  The final design of the stack test article and the 
assembly of the POCD8R1 module were subsequently redirected and funded by a 
companion program, DE-NT0004396.  The companion program was a collaborative 
effort between Siemens Stationary Fuel Cells and The Pennsylvania State University in 
which Siemens acted as a subcontractor to Penn State.  A complete discussion on the 
companion may be found in its final report.  Although a significant portion of the 
POCD8R1 stack test article design and assembly were executed under the  companion 
program, a discussion of those respective activities is included herein for the sake of 
completeness. 

TASK 11.1 – DESIGN & ANALYSIS OF THE POCD8R1 STACK TEST ARTICLE 

For discussion purposes, the POCD8R1 stack test article can be separated into two 
categories, the module (which includes the Delta8 stack) and the balance-of-plant.  The 
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design of the SOFC module was completed under Task 4.6.4 and is discussed in detail 
in the corresponding section of this report. 
 
The objective of the task is the design and analysis of the systems, equipment, and 
components within the module, exclusive of the Delta8 stack itself.  Specifically: 
 

• Modify the design (if required) for the air/exhaust collection system required to 
duct the oxidant to and from each row and through the module inlet/outlet 
nozzles and main header 

• Modify the design (if required) of the fuel distribution and recirculation manifolds 
to include dimensional sizing, materials selection, and appropriate analyses 

• Modify the design (if required) of the container and peripheral insulation system 
to form an effective thermal barrier between the stack operating temperature and 
the module external surface exposed to ambient conditions 

• Modify the design (if required) for the external recirculation loop.  Perform 
thermodynamic and thermal hydraulic analysis to determine the recirculation rate 
needed to avoid carbon deposition over the range of operating conditions and the 
resulting fuel gas composition to the fuel cell stack. 

• Perform functional and cost optimizations by incorporating component, 
subassembly, and smaller scale test article data into the above tasks as needed.  
Interface with vendors and internal manufacturing to optimize design for costs, 
assembly, and manufacturability.  Qualify materials and components for the test 
article as required. 

• Modify the design (if required) of the associated jigs, fixtures, and tooling for test 
article assembly 

• Verify needed test article design changes through the use of computational 
analysis for both design point and critical transient conditions via finite element 
analysis, thermal, and CFD analyses to evaluate mechanical strength, pressure 
drops, flows, and temperature distributions. 

• Prepare the detailed component and subassembly drawings in addition to the 
associated cost estimates and defined fabrication methodology. 

 

Task 11.1.1 – Define Optimum Module Configuration 

The module optimization analysis for the POCD8R1 module was completed under Task 
4.6 and discussed in the corresponding section of this report. 
 

Task 11.1.2 – Design Air Distribution and Exhaust S ystem 

The design of the spent fuel recirculator was deemed adequate and thus no design work 
was required. 
 

Task 11.1.3 - Fuel Distribution & Recirculation Sys tem 

The design of the Fuel Distribution and Recirculation System was thoroughly analyzed to 
confirm there was adequate fuel distribution and fuel recirculation within the test article.  
The primary components evaluated included the fuel barrier, stack liner, and 
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recirculation system.   Upon analytical verification of component and system 
performance, the components were successfully fabricated and assembled into the 
stack test article.   
 
Significant effort was expended to successfully fabricate the dies to form the thermal 
reliefs for fuel distribution components.  The geometry of these thermal reliefs for these 
components was modified to reduce the cost from previous designs. 
 
In addition to defining forming methods, specific tooling and procedures required for 
assembly into the test article were defined and executed.  This tooling permitted 
assembly options which reduced cost from prior fabrication and assembly methods.  
 
Fuel Barrier 
Cost reduction in the fuel barrier was achieved by reducing the depth of the fuel barrier 
relief and the spacing between the reliefs.  Reductions in the amount of machining, size, 
and weight of the attachment components to the container for the foil were achieved.  A 
forming die shape design was developed that minimized ‘springback’ from the relief, 
maintained the required flatness of the fuel barrier foil while allowing sufficient flexibility 
to limit the thermal expansion loads.  The net results was a design of the fuel barrier foil 
that was able to be fabricated from single commercially available width of foil material to 
essentially any practical length.  Figure 11.1 shows the die used to form the fuel barrier 
assembly.  The fuel barrier assembly is shown in Figure 11.2. 
 
Stack Liner 
The stack liner was fabricated by first seam welding commercially available foil material 
widths into larger single flat sheets of foil.  The foil was then fed into a die to form a 
single thermal relief in the foil.  The die employed in this process was designed as part of 
this activity and greatly simplified fabrication of the stack liner.  This die and fabrication 
process permits stack liners to be fabricated using the same die for modules of different 
sizes.  Previously, stack liners were fabricated by welding narrow panels bent on the 
edges to form the thermal relief.  This approach was problematic due to the limited 
supply of material to form individual panels prior to welding.  The newly developed 
forming process for the liner is significantly less expensive than the prior process in 
which each thermal relief was created by a weld seam due to less welding and less 
material waste.  Simple methods to transport the large, thin foil sheets were defined.  A 
portion of the fabricated stack liner is presented in Figure 11.3.  A test piece used to 
establish and confirm the pleat spacing prior to liner fabrication is shown in Figure 11.4.  
The stack liner installed around the module can be seen in Figure 11.5. 
 
In addition to the forming methods, specific tooling and procedures required for 
assembly into the stack test article were defined, validated, and subsequently employed 
in the assembly of the POCD8R1 stack test article.  The assembly of the fuel barrier 
required a special fixture to assure proper assembly into the module container.  The fuel 
barrier was lowered into the container from the top after partial installation of the 
peripheral insulation located beneath the fuel barrier.  Figure 11.6 shows the fuel barrier 
attached to the lifting fixture prior to installation into the module.  Alignment of the 
attaching bolts and proper mating with the mounting to the inner wall of the container 
was critical.  The assembly fixture successfully installed and located the fuel barrier 
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within the required tolerances.  Prior units were assembled with an intermediate flange 
located at approximately mid-elevation of the container module.   The lift fixture and 
assembly process developed for POCD8R1 eliminated the intermediate flange resulting 
in a substantial cost savings and establishes an assembly process that is applicable to 
larger units.  Figure 11.7 shows the fuel barrier in the installed position. 
 
Final installation of the remaining components of the Fuel Distribution and recirculation 
system was uneventful.  Slight modifications to the stack liner were necessary to avoid 
interference with heater and instrumentation leads.  Figure 11.8 shows the 
instrumentation leads crossing over the stack liner. 
 
In addition, the closed end bundle support plate which forms the top of the inlet fuel 
plenum was modified.  The modification was necessary because the alignment of the 
closed end castings were out of position enough to prevent assembly of the top of the 
fuel plenum.  Excessive force between the support pins and the closed end castings 
could apply unwanted axial load to the cells.  
 
Figure 11.9 shows the test fit of the pins engaging the closed end castings on the ends 
of the fuel bundles.  Ultimately, these pins were removed after the test fit.  These pins 
are not necessary to react side loads on the bundles for a small stack that will not be 
transported and has limited horizontal thermal expansion.  Modifications for larger stacks 
and those that will experience shipping loads will be necessary.  There are several 
options available.  The position of the closed end castings could be better controlled with 
a more precise fixture during stack assembly.  The engagement of the support pin to the 
casting could be changed to permit more rotational freedom.  The welded end of the 
support pin to the plate could be changed to a mechanical connection which would allow 
more movement to accommodate misalignment.  Most likely a combination of these 
changes will be used in the design of larger units.  Other approaches could be used 
depending on evaluation of function, ease of assembly, and cost. 
 
Figure 11.10 shows the top of the fuel plenum in position prior to welding the container 
cover in place.   
 

Task 11.1.4 – I&C System 

The design of the POCD8R1 stack test article was a scaled version of the atmospheric 
pressure advanced SOFC module (i.e a 250 kWe-class module).  However this stack 
test article had significantly more instrumentation than would typically be found in a 
commercial module.  Additional instrumentation was identified to verify analytical 
predictions for numerous critical components and various aspects of system 
performance. 
 
Detailed designs, shown in Figure 11.11 that specified solder, flux, and shrink tubing 
were developed for the thermocouple lead terminations.  Each termination was designed 
to accommodate the local maximum temperature and potentially moist environment. 
 
A significant effort was directed towards the finalization of the instrumentation routing 
that included the voltage taps, various thermocouple types, and gas sample tubes, as 
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shown in Figure 11.12.  The voltage taps and thermocouples required individualized 
implementation of various ceramic insulators including fish spine beads and various 
tubing types.  The sensitivity of the terminations (shrink tubing and solder) to high 
temperatures required the terminations to be maintained at close proximity to the 
container wall.  An expanded metal termination mount was developed to facilitate the 
anchoring of the terminations via the use of high temperature wire-ties, Figure 11.13. 
 
The finalization of the module instrumentation routing required that the appropriate feed-
through type be specified for the voltage taps, various thermocouple types, and gas 
sample tubes.  A schematic documenting the feed-through routing locations was 
created, Figure 11.14. 
 
Final hookup of all cell stack and balance-of-plant was successfully completed.  Figure 
11.15 shows the instrumentation feed-throughs and external wiring on the outside of the 
stack container. 
 
 

Task 11.1.5 – Container and Thermal Insulation 

The purpose of this task was to design and procure the POCD8R1 container and internal 
insulation.  
 
Module Container 
The module container was fabricated, leak tested, and delivered.  Execution of the low 
cost, light gage carbon steel design was successful.  Minor difficulties were encountered 
maintaining the desired cavity tolerance at the top of the container, but this was resolved 
by addition of a stiffening rib.  Although attachment of pipe couplings to the thin wall was 
no problem, welds attaching solid threaded bosses (used to attach internal support 
structures) were prone to cracking, or porosity.  This could be reduced in future designs 
by adding weld material to both the inside and outside surfaces of the container wall.  
Figure 11.16 shows the module container after installation in the ventilation hood.   
 
Thermal Insulation 
The POCD8R1 test article incorporated a thermal insulation package, installed between 
the inner walls of the rectangular container and the outer boundary of the cell stack liner. 
The insulation package was split into two regions: a high purity, in contact with the fuel 
inlet at the top and a low purity region around the stack and below the fuel barrier in the 
stagnant area surrounding the air inlet and exhaust outlet. 
 
Specifically, the insulation package utilized a combination of 1) ceramic blankets, 2) bulk 
fibers as loose fill, and 3) special cast components (Bottom Exhaust Manifold, laminated 
boards, etc.). In addition, Nickel foils were placed at four elevations between blanket 
layers to create a high impedance path to fuel bypass and to limit free convection within 
the porous insulation. Finally, the whole insulation package rested on floor grating and 
screens to prevent direct contact with the wet container floor and prevent insulation 
damage from condensation. 
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Originally, the plan was to fill the container lower cavity, below the fuel barrier, with bulk 
fibers and to tamp down uniformly the loose fill to a nominal density of 8 pounds per 
cubic foot (pcf). However, once the stack was lowered in place, it become apparent that 
access for tamping was problematic from the top platform. Also, there was a risk of 
creating the conditions for excessive airborne fiber contamination as a result of tamping. 
Therefore it was decided to use only pre-cut blankets with the exception of a small 
volume above the air inlet which was filled with bulk fibers. The lower cavity was first 
insulated with one vertical layer of blankets installed against the container wall and then 
with a stack of horizontal blankets to restrict the flow of hot gas through gaps and 
minimize heat loss. 
 
The first component to be installed after the stack was lowered in place within the 
container was the bottom exhaust manifold, Figure 11.18. This was a Foamfrax HD cast 
insulation material, approximately 30 pcf dry density, which fit between the stack and the 
exhaust outlet, Figure 11.19. A thermocouple was installed inside the transition channel 
to measure exhaust temperature. On the opposite side, the air inlet manifold shown in 
Figure 11.20, was covered with a metallic canopy and then the whole volume was filled 
with blankets up to the air inlet flange elevation. The remaining volume was then filled 
with bulk fibers. 
 
After the fuel barrier was installed, work continued with installation of a multilayer 
assembly of fibrous ceramic blankets, 8 pcf density, cut oversized to account for fiber 
shrinkage in proximity of the hot face and to compensate for natural settlement. The 
thickness of each Durablanket-S layer is approximately 50 mm (~2 inches) and each 
layer extends over the two opposite sides of the previous layer. This staggered pattern 
arrangement, as shown in Figure 11.21 at mid elevation, allows effective overlapping of 
multiple layers preventing interstitial cracks between layers which may lead to radiation 
heat losses through the peripheral insulation package. 
 
Particular care was taken to ensure that the blanket layers were installed snug against 
the stack liner pleats. Additional pieces of blanket material were installed in close 
proximity of the liner were the blanket edge was cut to clear the pleats. 
 
After installation of the top Nickel foil and instrumentation wiring, shown in Figure 11.22, 
multiple layers of Saffil HD high purity alumina blankets were installed, Figure 11.23. The 
uppermost layer in contact with the container cover lid was a layer of compliant Saffil LD 
mat. 
 
The POCD8R1 Stack Test operated for approximately 400 hours during which time the 
container external walls were monitored to gather data to validate the analysis data.  
Thermocouples on the external container wall and surveys with infrared pyrometers 
indicated that the wall temperatures were lower than expected.  Upon disassembly the 
insulation and container had considerable condensation, but no gaps were apparent in 
the insulation.  Corrosion of the container wall was minimal.  Fuel bypass through the 
insulation was slightly higher than expected. 
 

Task 11.1.6 – Spent Fuel Recirculator 
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The existing design of the spent fuel recirculator was determined to be satisfactory and 
thus no design work was required.  
 

Task 11.1.7 – External Recirculation Loop 

The purpose of this task was to design and procure the POCD8R1 external recirculation 
loop piping, insulation, and instrumentation. 
 
The design of the External Recirculation Loop was successfully executed.  Individual 
components were fabricated and/or procured and tested.  The recirculation loop and 
instrumentation were installed, insulated, and leak checked prior to the start of the 
POCD8R1 stack test. 
 
Figure 11.24 shows the ejector/prereformer assembly, on a temporary stand, prior to 
installation.  Fuel heater no. 1 and the connecting pipe spool on the actual loop support 
stand are shown in Figure 11.25 just prior to installation.  A typical weld joint, in this case 
between fuel heater no. 2 and the container inlet feed-through, is shown in Figure 11.26.   
The recirculation loop piping was insulated with five layers of 2.5 cm (one inch) thick 
Durablanket S.  Figure 11.27 shows the recirculation loop piping insulation in progress.  
The finished piping was then wrapped in an alumina jacket, Figure 11.28. 
 

Task 11.1.8 – Tooling & Fixtures 

The purpose of this task was to design, fabricate, and qualify tooling, fixtures, jigs, etc. 
that were needed to assemble and/or install the POCD8R1 test article. 
 
The POCD8R1 stack test article consisted of 48 Delta8 cells, arrayed into six bundles 
(stacks), each containing eight cells.  Individual bundles were configured into an 
integrated bundle assembly (IBA).  Each of the six IBAs was comprised of the eight cell 
stack, recuperator, air delivery and distribution components, exhaust components, and 
air feed tubes.  Three IBAs were then assembled in to a bundle row.  Thus the stack test 
article contained two bundle rows with three IBAs per row. 
 
The tooling required to assemble the IBA was redesigned to optimize the assembly 
process and address issues identified during the assembly of the first generation Delta8 
stack test article (POCD8R0).  Utilizing lessons learned from the POCD8R0 stack test 
article assembly and installation, new and improved tooling was successfully 
redesigned, built, and tested. 
 
The IIBA tooling fixture allowed horizontal assembly of the IBA. 
After assembly in the horizontal position, the fixture allowed vertical rotation for 
transportation to the next stage of assembly.  Bundle rows (consisting of three IBAs and 
associated components) were assembled in the row assembly tooling fixture.  This 
fixture facilitated the assembly of an entire bundle. The fixture provided alignment and 
support of each IBA, permitted access for welding, inspection, and assembly of IBA 
instrumentation.  The row assembly fixture was designed so that it could also to lift the 
entire row and transport and install it into the stack assembly station in preparation for 
the stack assembly.  The stack assembly station, Figure 11.33, was designed and 
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assembled to support the two bundle rows during assembly of the remaining stack 
components. 
 
A major effort was placed on the design, construction, and qualification of the Stack 
Lifting Fixture, considered to be the most critical tooling/assembly.  This apparatus was 
designed to lift, transport, and position the assembled stack test article inside the 
container.  Qualification included load proof testing prior to the actual lifting of the 
POCD8R1 stack test article and positioning it inside the container to ensure the fixture 
was functional, safe, and compliant with applicable standards. 
 
The design basis of the Stack Lifting Fixture design was a combination of two Row 
Lifters joined together to form the lifting structure for the POCD8R1 stack test article.  
The combined load of stack and lifting fixture was lifted using a commercial 3-ton (2722 
kg) Strongbac® beam. 
  
Four vertical channels were connected on the bottom to the row strongbacks, and at the 
top to a hanger assembly to form a rigid frame, shown schematically in Figure 11.34. 
The hanger assembly was made of three plates, spaced apart by two solid blocks, the 
whole assembly connected with four high strength bolts loaded in double shear. 
 
All of the Stack Lifter critical components proved to have stresses that were below the 
allowable design loads.  
 
The overall structure was designed to lift a completely assembled stack test article 
comprising two rows of three bundles each, weighing approximately 2700 lb (rated load).  
Including the Stack Lifting fixture which weighs approximately 730 lb; thus the total 
capacity of the lifting rig was 3,430 lb (1556 kg). 
 
In compliance with OSHA 1926.251(a)(4) and ASME B30.20 standard requirements, the 
Stack Lifter was tested using a proof load that was 125% of the rated load capacity. 
The Stack Lifter proof test was conducted by loading the fixture, with a 3,379 lb (1533 
kg) dead weight.  The dead weights were uniformly distributed as follows: 
 

• Two base I-beams, 80 lb each, tot. 160 lb (73 kg) 
• Three plates (30”x60”x1” thick), each 520 lb, tot. 1560 lb (707 kg) 
• Twenty-one plates, each 79 lb, tot. 1659 lb (753 kg) for a total of 3,379 lb (1533 

kg), equivalent to 125% of the POCD8R1 stack rated load. 
 
The total combined weight of the Strongbac beam (180 lb) and Stack Lifter (731 lb) was 
911 lb (413 kg).  The estimated reading on the scale was therefore 4290 lb.  The actual 
reading on the scale was 4290 lb (1946 kg). The lifting fixture was hoisted as high as the 
hook capacity allowed and the total clearance from ground was measured, Figure 11.35.  
The recorded height was 137” (11ft-5in) (3.48 m), which provided sufficient clearance 
between the bottom of the fixture and the container top edge at 133.5” (3.39 m). 
 
At the completion of the test, a visual inspection of all fixture welds and structural 
members was conducted.  No deformation, cracks, or other defects were found. 
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The fully assembled stack test article was subsequently lifted from the Stack Assembly 
Station and was positioned smoothly inside the container.  The total weight reading on 
the scale, including Strongbac beam, Stack Lifting Fixture was 3020 lb (1370 kg).  By 
subtracting the combined weight of Strongbac beam and Stack Lifting Fixture (911 lb), it 
was calculated that the as-built stack weight was 2109 lb (957 kg). 
 
The POCD8R1 stack test article was successfully assembled, transported, and 
positioned inside the module container, as shown in Figures 11.36 and 11.37. 
 

TASK 11.2 – POCD8R1 MODULE ASSEMBLY 

The design of the POCD8R1 fuel cell module was the scope of Task 4.6.  A description 
of the module is included herein as background for the module assembly procedure.  
The POCD8R1 stack test article contained 48 scandia-stabilized Delta8 cells with an 
active length of 100 cm, arranged in an array of six bundles, with each bundle containing 
eight cells.  The design of the test article was intended to be a scaled version of the 
conceptual advanced module design, with the advanced module being one of the final 
deliveries in the SECA program.  The stack test article featured numerous components 
and subassemblies identical to those intended for use in the advanced module.  Design 
innovations and cost reduction features relative to the previous stack design (POCD8R0) 
were incorporated herein and their performance to be validated.  Among the cost 
reduction features was the use of cast ceramic parts to replace machined ceramic 
boards and metallic parts.  Significant key design feature included the installation of the 
cells with the open end down and the elimination of in-stack reformer boards. 
 
A key design element was the modular subassembly element, the integrated bundle 
assembly (IBA).  The IBA contained a number of net-shape, high purity alumina castings 
and an eight-cell Delta8 bundle.  In addition to the eight cells, the IBA contained an 
integral cast ceramic recuperator, an air box with air feed tubes, a ceramic exhaust/base 
casting, a ceramic seal casting, and a closed-end casting.    The fuel-to-air seal was 
accomplished using custom machined alumina boards held in the seal casting. 
  
A carbon steel container housed the six IBAs.  The IBAs are arranged in two rows of 
three bundles each.  Electric guard heaters were located around the periphery of the 
cells to facilitate heatup and to reduce lateral thermal temperature gradients on the cells.  
The stack was surrounded by a nickel metal liner to prevent fuel bypass. 
 
The stack was thermally insulated by a low purity ceramic blanket insulation (peripheral 
insulation) located outside of the stack liner.  A fuel barrier, located at the elevation of 
the open end seal, was intended to limit fuel bypass through the peripheral insulation.  
The module was then enclosed in a carbon steel outer container. 
 

Task 11.2.1 – Fabricate and Assemble Tooling & Fixt ures 

The objective of this task was to design, fabricate, assemble, and qualify specialized 
tooling, jigs, fixtures, etc. that were necessary to assemble the module.  The effort under 
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this task was synergistic with that of Task 11.1.8; thus, please refer to Section 11.1.8 for 
a detailed discussion of the work completed under this task. 
 

Task 11.2.2 – Cell and Bundle Manufacturing 

The objective of this task was to manufacture the Delta8 cells and bundles for use in the 
POCD8R1 stack test.  The test article contained 48 scandia-stabilized zirconia Delta8 
cells with an active length of 100 cm.  The Delta8 cell geometry and materials are shown 
in Figure 11.41. 
 
All cells were manufactured utilizing the most advanced manufacturing processing and 
materials at that point in time.  During production of these cells and bundles, data was 
generated and analyzed to better understand and optimize each process step.  In 
addition, testing was conducted to improve yield.  As yield issues occurred, analyses of 
potential causes were performed and, where appropriate, process improvements 
implemented.  Cell production occurred in three manufacturing campaigns, with the goal 
being to improve yield with each subsequent campaign utilizing lessons learned from the 
previous campaign.  Overall, cell manufacturing yield improved by more than 80% in the 
third campaign compared to the first campaign. 
 
All cells and bundles for the POCD8R1 stack test were successfully manufactured and 
assembled.  A single Delta8 cell is shown in Figures 11.42 and 11.43 and an eight-cell 
bundle in Figure 11.44. 
 

Task 11.2.3 – Develop Module Assembly Drawings 

This task supported the preparation of the documentation to fabricate and assemble the 
stack and module components supporting the activities discussed in Task 11.2.4. 
 
Drawings and procedures were generated to determine the sequence of assembly, to 
identify tooling needs during assembly, and for verification of component design and fit-
up.  Several higher level assembly drawings were created to support the activities 
described in the module assembly task.  Drawings were released as needed to support 
the stack and module assembly.  The documentation was subsequently revised to reflect 
as-built information and design improvements that were made during the assembly. 
 

Task 11.2.4 - Module Assembly 

The objective of this task was to assemble the module and prepare it for integration with 
the balance-of-plant.  The integration of the module with the balance-of-plant and 
installation of the fully integrated (module and BOP) test article into the test facility is the 
scope of Task 11.4. 
 
Fabrication of the modular subassembly, the IBA, was initiated upon the availability of 
the first (of six) completed bundle.  Due to manufacturing tolerances of the cells and 
bundles, the open end of each bundle was mapped to insure proper interfacing with the 
open end seal.  The mapped data was processed and used to machine the open end 
seal.  After the open end seal was machined, the fit-up of the seal with the bundle was 
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verified.  At this point in the assembly process proceeds with the placement of the open 
end/casting subassembly and closed end seal casting assembly onto the respective 
ends of the bundle.  Figure 11.45 shows the open-end of the IBA. 
 
Each of the six IBAs contained an eight cell bundle, an integral cast ceramic recuperator, 
an air box with air feed tubes, a ceramic exhaust/base casting, a ceramic seal casting, 
and a closed-end casting.  The fuel-to-air seal was accomplished using custom 
machined alumina boards held in the seal casting.  The IBA was shown previously in 
Figure 11.38. 
 
The IBAs  were assembled in the horizontal position, rotated to vertical, transported, and 
placed in to the bundle row assembly fixture (see Figures 11.29 through 11.31).  A 
bundle row consisted of three IBAs, a common row base weldment, air inlet manifold, 
and one bus bar.  The module thus contained two bundle rows of three IBAs per row. 
 
The bundle row assembly fixture provided alignment and support of each IBA, permitted 
access for welding and inspection of the bundle-to-bundle electrical connectors, welding 
the bus bar to the bundle, and assembly of the IBA instrumentation.  As discussed 
earlier in this report (Task 11.1.8), the bundle row assembly fixture was also used to lift 
the entire bundle row in to the stack assembly station. 
 
Each bundle row was then lifted and placed onto the stack tray which is positioned on 
the floor within the stack assembly station, Figure 11.46.  The stack assembly station 
(shown previously in Figure 11.33), an open frame structure, was designed to 
temporarily support the two bundle rows during assembly of the remaining stack 
components. 
 
Module assembly then continued with the installation of the SRZs, recirculation castings, 
and liner seal castings.  Here, also, the power leads were welded to the bus bars and 
the row-to-row connections were welded to the complete the circuit.  The dielectric 
board/instrumentation subassembly was completed and installed in to the stack.  All of 
the instrumentation along the outside surfaces of the boards, shown in Figure 11.47, 
was cemented into place within machined slots. 
 
The guard heaters subassemblies were completed and installed adjacent to the 
dielectric boards.  The recirculation collection box was installed at the end of the stack 
and banded for support, Figure 11.48.  The stack liner was then installed around the 
stack and welded into place, Figure 11.49.    
 
The outer container (Figure 11.50) was leak tested and prepared to accept the stack test 
article.  The stack lifting fixture (Figures 11.35 and 11.36) was used to place the stack 
test article into the container.  After the stack was placed into the outer container (see 
Figure 11.51), module assembly continued with installation of the water barrier, process 
air piping, lower insulation, lateral shipping restraints, and fuel barrier around the stack.  
Upper insulation was then installed above the fuel barrier followed by installation of the 
recirculation feed-throughs.  Installation of the upper insulation continued above the 
feed-throughs.  The upper module is shown in Figure 11.52. 
 



  244 

The stack instrumentation (Figure 11.53) was routed from the stack to the container wall 
(Figure 11.54).  Each instrumentation lead was fastened to a screen, to anchor the 
connection in a cold region (Figure 11.55). 
 
The upper insulation plug that resides above the stack was then assembled and installed 
into the container (Figure 11.56).  The plate supporting the insulation rested on brackets 
that attach to the container wall.  A blanket of insulation was placed in the area from the 
upper insulation plug to the container wall, as shown in Figure 11.57.  The blanket was 
layered up to the elevation of the upper insulation plug support plate, Figure 11.58. 
 
The container lid was then lowered down and set in place on top of the mounting 
brackets, as shown in Figure 11.59.  Once the lid was in place, it was clamped to the 
container in preparation for welding.  Using studs that were part of the upper insulation 
support plate, the plug was then drawn up to insure the upper insulation support plate 
was in contact with the container lid.  The lid was then welded to the outer container. 
 
The power lead bellows flange, Figure 11.60, was seal welded to the container lid.  
Assembly continued outside of the container with the power lead assembly and cables 
as shown in Figure 11.61. 
 
The next items to be assembled were the ejector and upper fuel heater, Figure 11.62.  
These components were lowered into place and supported from framework bolted onto 
the container.  The circulator was then placed under the ejector and bolted to the floor.  
The lower heater was then installed and all pipe flanges were clamped in preparation for 
welding. 
 
The recirculation feed-throughs were welded to the container then the heater and ejector 
were welded to their respective feed-throughs (Figure 11.63).  The external piping, upper 
and lower fuel heaters, and the ejector were all insulated.  The piping and insulation was 
then wrapped with metal cladding to help protect it from damage (Figures 11.64 through 
11.66, respectively). 
 
Figure 11.67 shows the completely assembled stack test article installed with in the test 
facility. 
 

TASK 11.3 – POCD8R1 BOP DESIGN, MANUFACTURING AND S HAKEDOWN 

The focus of this task is the final design, manufacture and shakedown a Balance of Plant 
(BOP) system to support testing of the POCD8R1 stack test.  Conceptual and 
preliminary designs for the POCD8R1 stack test balance-of-plant were completed under 
Task 4.6, detailed discussions on that work may be found  
 
The approach is broken up into Mechanical Systems, Electrical Systems, Controls, and 
Facility: 
 

• Mechanical Systems: The BOP mechanical system is designed to supply and 
control the fuel to the POCD8R1 stack.  This fuel can be either natural gas, or a 
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mixture of natural gas, NHMIX gas and H2 gas for coal gas simulation.  The BOP 
also provides purge gas to protect the fuel cell stack during start up and 
shutdown operations.   

 
A Piping & Instrumentation Diagram (P&ID) was created to provide guidance in 
sizing the piping lines, selecting equipment and identifying instrumentation for the 
stack test.  Detailed pipe sizing calculations and system performance 
calculations were performed to ensure that the BOP can support the stack test 
during startup, normal operation and shutdown.  

 
• Electrical Systems:  The BOP electrical systems includes all hardware for the 

electrical distribution of power and the instrumentation and control needed for all 
operating modes including system startup, operation, planned shutdown and safe 
unplanned shutdown.   

 
The electrical distribution system is designed to provide uninterrupted power to 
critical loads during a grid disturbance.  When feasible, the system may provide 
for additional operational loads fed from the site emergency distribution system to 
allow for continued operation during longer grid disturbances. 
 
The instrumentation and control system provides for automatic and manual 
control of the monitoring, data collection/logging and diagnostics of the fuel cell 
stack and auxiliary systems.  
 
The pilot control system provides for a safe and orderly shutdown of the system 
in the event of a safety stop of the overall system.  The pilot control safety stop 
function is implemented by a safety-grade master control relay and is 
independent from the instrumentation and control system programmable logic 
controller.   
 
Power generated by the SOFC stack is dissipated via a water cooled electronic 
load selected to provide a finely controlled current demand from the fuel cell 
stack. 

 
• Controls:  The approach in the control area was to identify a new control system 

platform that will reduce development time and support costs and which can be 
easily expanded for additional input/output modules. These requirements can be 
achieved by selecting a control system which conforms to industry standards for 
hardware, software and communications. 

 
• Facility:  An enclosure is needed to house the POCD8R1 test article.  This 

enclosure will provide a negatively pressurized environment that is capable of 
maintaining a safe environment in the unlikely event of a fuel or carbon monoxide 
leak.  The enclosure also provides a controlled and isolated area to conduct the 
test that minimizes disruption to the test and to other areas in the facility. 

 
Desulfurization System 
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The desulfurization system consists of two tanks and associated pipes and valves.  The 
large tank (60 gallons) is the primary tank, and the small tank is the secondary tank.  
Pipe line natural gas is directed to the primary tank where the sulfur content is removed.  
The desulfurized natural gas is then directed to the natural gas line of the fuel control 
system inside the fuel control cabinet.  When the sulfur removal agent in the primary 
tank is exhausted, the pipe line natural gas is re-directed to the secondary tank for sulfur 
removal.  This arrangement allows for the continuous supply of desulfurized natural gas 
to the POCD8R1 stack while the primary tank is being recharged.  
 
The desulfurization system is equipped with a pressure relief valve and a rupture disc; 
both are ASME certified.  The pressure relief valve provides the first line of protection to 
the system.  It is located at the entrance of the system, and its set-point pressure is 
lower than that of the rupture disc.  The rupture disc is located at the primary tank and is 
the second line of protection to the system.  The piping downstream of the pressure 
relief valve and the rupture disc are routed directly to the atmosphere outside the 
building.  In addition, the entire system is located inside the test article hood which is 
negatively ventilated.  Any leakage from the piping is vented outside of the building 
directly.  Fabrication of the desulfurization system was completed and all lines passed 
pressure and leak tests.  Figure 11.68 shows a picture of the system. 
 
Control Cabinet 
Figure 11.69 shows a picture of the cabinet and the systems within.  The lines are 
arranged such that all gas lines come in at the back and upper right hand corner of the 
cabinet and exit at the top of the cabinet.  Each air blower takes suction at the lower 
back side of the cabinet.  Air comes into the blower directly from the outside of the 
cabinet and into the blower inlet.  Each blower discharges the air directly upward to join 
with other air lines to form a common line which exits at the top of the cabinet.  All lines 
inside the cabinet passed the pressure and leak tests. 
 
There are four lines exiting the fuel control cabinet.  They must be connected to the 
stack at various locations.  These lines are: 
 

• Fuel line connecting to the fuel nozzle at the stack 
• Fuel line connecting to the fuel nozzle bypass at the stack 
• NHMIX line connecting to the fuel nozzle bypass at the stack 
• Process air line connecting to the air side of the stack 

 
Each line is routed into the test article housing. 
 
I&C System 
The control software was completed, thoroughly tested, and verified prior to testing.  
 
Several display screens were developed to run on a HMI touch panel located in the 
control cabinets at the unit.  This panel will display system parameters and alarms and 
permit state transitions.  It will also serve as a backup to the operator interface computer 
in case of a failure.  Additional HMI software was developed run the on the system 
controller and provide local displays for a large screen television mounted on the test 
facility. 
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Remote alarm notifications to email, telephones and pagers were configured and tested.  
Operators will receive alarm notifications on their pagers and cell phones.    Priority 
levels are assigned to the individual alarms so that alarms can be selected for remote 
notification. The daily alarm logs will be sent via email. 
 
The PLC database was checked against the I/O tag list, P&ID diagram and cable to 
cable spreadsheet.   
 
The Fluke DAS system was revised to the most recent information.  This included 
additional signals and signal types.   
 
The control and DAS systems OPC servers were configured and tested.  Data from both 
systems will be integrated together at the operator computer.  They will appear to the 
operator as a single system.  Configuration of trends, alarms and data logging was 
completed, tested, and verified. 
 
The network equipment [routers, switches and software] were configured and tested.  
The computers can be accessed from the Internet for viewing data and alarms.  An 
additional computer has been added to the control network.  This will be used for 
debugging and troubleshooting. 
 
Figure 11.70 shows the completed control cabinet suite located outside the test 
enclosure and mechanically integrated with the test enclosure.   A functional 
Input/Output test was conducted to verify operation of each of the system channels.  A 
test of the pilot control system was also completed.  The I&CS bays were mechanically 
connected to the fuel control system cabinet, and interconnecting cabling was installed.  
This allowed testing of the fuel control cabinet components through the programmable 
logic controller. 
 
To facilitate the timely completion of the POCD8R1 test article, the BOP cables were all 
pre-cut to length and ends finished prior to installation.  Normally for a test article, such 
as POCD8R1, the cables for instrumentation and power to the test article are done after 
all the mechanical components are installed.  This results in a considerable amount of 
time spent cutting cables to length and dressing the cable ends.  There are in excess of 
one hundred cables from the test article to portions of the BOP.  This installation time 
can be reduced by expending more design time defining a very specific routing for each 
cable in the overall mechanical layout which permits early cable fabrication in parallel to 
other activities.  The layout and definition of these cables was completed and sent to an 
outside supplier for fabrication.  The cables running from the cabinet suite were 
delivered with the cabinet suite readied for attachment to the test article.    Figure 11.71 
shows the primary network routing for the cables in the engineering model used to 
define the individual cable lengths. 
 
Inside the test enclosure, a cable rack provides the physical interface and support for the 
cables internal to the enclosure.  Figure 11.72 shows the engineering model used to 
fabricate the cable rack. 
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Electrical Distribution System 
The electrical distribution system is designed to provide uninterrupted power to critical 
loads during a grid disturbance.  When feasible, the system may provide for additional 
operational loads fed from the site emergency distribution system to allow for continued 
operation during longer grid disturbances.  Figure 11.73 shows the completed electrical 
distribution system with the cable and conduit routing. 
 
Air Supply System 
Four identical centrifugal air blowers (Figure 11.69) provide air flow to the module during 
operation.  The flow is measured by orifice flow meters in series with each blower.  
Blower speed is controlled by an external voltage signal.  The maximum range of the 
control voltage is 2.2 – 10 volts DC.  Each blower was functionally tested and adjusted 
for maximum control range. 
 
Fuel Control System 
The fuel to the test article is supplied and controlled by three main lines; the NHMix line, 
the natural gas line, and the hydrogen line.  Each line uses a pressure regulator to 
control line pressure and a mass flow controller to control; the gas flow.  These lines 
merge together into a common mixing line, which then branches into two lines, each of 
which interfaces with the test article.  Each line was flow and pressure tested with its 
respective gas. 
 
Ventilation System 
Figure 11.74 shows the test enclosure in a partially closed position around the test 
article prior to testing.  The ventilation of the enclosure required modification to the 
existing building ventilation system.  Ducting in the building was changed to permit two 
existing blowers to ventilate the test enclosure.  Either blower by itself can provide 
adequate ventilation to the test article without disrupting other ventilation needs in the 
building.  This blower redundancy prevents the need to shutdown the test in the event of 
a single blower failure. 
 

TASK 11.4 – POCD8R1 STACK TEST 

The objective of this task is to: 
 

• Develop the test plan for the Phase II POCD8R1 stack test in accordance with 
the Minimum Requirements 

• Exercise the POCD8R1 test article according to the approved test plan 
• Conduct post-test analysis of the test article. 

 

Task 11.4.1 – Develop Stack Test Plan 

Te test plan for the Phase II POCD8R1 stack test was prepared and approved. A high-
level discussion of the plan is presented here. 
 
The Phase II Minimum Requirements are: 
 



  249 

PHASE 2 MINIMUM  REQUIREMENTS 
SECA Coal-Based Systems 

DELIVERABLE POWER RATING ≥25kW 

1500 hours STEADY STATE TEST  (Normal Operating 
Conditions) ∆ Power < 2.0% degradation/1000 hours 

TEST SEQUENCE 

1) Start-up and conditioning 
2) Peak Power Test (after ~300 hours) 
3) Steady State Test (1500 hours) 
4) Shut-down 

FUEL TYPE 
Simulated (subject to DOE concurrence, up 
to 25% CH4, dry basis) 

 
The test sequence will consist of the following elements: 
 

• System start-up  
• Stack conditioning 
• Peak power test 
• VJ curve at normal operating conditions (NOC)  
• Steady-state test at NOC (1500 hours total operation) 
• System shut-down  

 
The planned test is to operate for a minimum of 1,500 hrs beginning with heat-up.  The 
period of operation will be defined to end when the net system power drops below 50% 
of NOC power during the shut-down process. 
 
The peak power measurement and the corresponding operating parameters (fuel 
utilization, fuel composition, stack temperature, air flow, stack voltage, and current) will 
be used as input to the performance calculations and cost evaluation of the Baseline 
System.  The performance tests are to be conducted following stack conditioning.  The 
peak power condition is to be maintained for a minimum of one hour without adjustment 
of the operating parameters. 
 
The steady state operation test will demonstrate the long-term DC power stability of the 
cells at normal operating conditions.  The test will operate in unattended mode, without 
operator intervention.  System operating data will be logged at one minute intervals 
throughout the steady state period of operation.  Operator intervention will be permitted 
in the event of forced system outages, changes in the fuel supply, or component 
malfunctions.  The operator will take steps to return the system operating parameters as 
nearly as possible (within +/-2% of their mean values) to the normal operating 
conditions.  The intent will be to produce an accurate assessment of the system current 
and voltage stability.  Any changes to the control variable setpoints and operating 
conditions will be identified to DOE, along with an explanation.  Degradation (%/1000 
hours) will be calculated using linear regression analysis.  The first degradation 
measurement will occur following the peak power test. 
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As a verification of the system performance model, the stack efficiency will be measured 
and compared with the system model prediction.  There are no required efficiency 
targets for the POCD8R1 test. 
 
A comprehensive discussion is available in the POCD8R1 Stack Test Plan, issued as a 
stand-alone report as a contract deliverable under this program. 
 

Task 11.4.2 – Execute Stack Test 

The POCD8R1 test article heat-up was initiated on March 1, 2010 using electric fuel side 
heaters, anode gas recirculation, and electric peripheral guard heaters built into the walls 
of the stack.  The primary means of heating was with the fuel side heaters, using the 
guard heaters to maintain a low temperature difference laterally across the Delta8 cells.  
A reducing gas was maintained on the fuel side to avoid any oxidation of the nickel stack 
components.  Stack heating was continued until the generator temperatures were at or 
near 800°C at which time current was gradually extr acted from the stack.  This point was 
approximately 230 hours into the heat up process.  Initial current loading was a 
conservative 1 amp/hr which was later increased to 2 amps/hr as the stack temperature 
increased to near its target of 940°C median temper ature.  The stack achieved a steady 
state median control temperature of 938°C at approx imately 280 hours. 
 
During the course of this startup, it was observed that stack bundle voltages were 
extremely uniform, and desired temperature distributions within the stack were 
maintainable with a combination of guard heating, fuel side heating, and airflow control.  
In this regard, the performance of this unit was as good as could be expected.  Initial 
indications were that the new design features of the stack which include the open end 
seal, the inverted stack architecture, the fuel side heating, anode gas recirculator, and 
cast recuperators were functioning as designed. 
 
At approximately 410 hours into the startup, with the unit producing over 300 amps, 11 
kW of power, and continuing to load, the operator noticed a sudden decrease in voltage 
in one of the stack bundles accompanied by a rapid increase in several measured 
temperatures in the affected bundle.  This combination of data is characteristic of a fuel 
cell failure and measures were immediately taken to unload the current from the stack 
and initiate a cool down (i.e. shutdown) of the unit.  This step was taken to avoid further 
damage to surrounding cells or bundles that could be caused by uncontrolled burning of 
the fuel with the air that was flowing into the fuel side gas stream.  The unit cool-down 
continued with air being supplied to the cell cathodes, and a reducing atmosphere being 
maintained on the fuel side to avoid oxidation. 
 
The stack median control temperature was at a steady 938°C.  Stack current and power 
were steadily increasing as more fuel was added and additional current was drawn from 
the unit.  The stack voltage was gradually declining, as it should, with the increase in 
stack current.  Fuel utilization, which is a measure of the fraction of the fuel being 
consumed electrochemically, was approaching 75% as desired. 
 
The POCD8R1 stack test was terminated at this point.  Following shutdown, the test 
article was disassembled and an extensive root cause analysis exercise initiated.  
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TASK 11.5 – POCD8R1 POST-TEST ANALYSIS AND REBUILD   

Following shutdown of the POCD8R1 stack test, the test article was removed from the 
test facility and disassembled.  In general, no significant defects or errors in assembly 
were found.  Nothing was broken or out of position.  The only significant anomaly was 
the detachment of some of the bundle-to-bundle connectors that occurred during 
disassembly. 
 
Stack Disassembly 
To begin disassembly, the external instrumentation leads, guard heater power leads, 
and sample tubes were disconnected at the container fittings.  All of these components 
were in excellent condition with no signs of temperature or distress.  The stack DC 
power lead screen enclosure and the power lead Superbolt jam nut were removed.  The 
power lead feedthrough weldment was removed by grinding the attachment weld.  The 
power lead seals were removed and found to be in excellent condition. 
 
The container lid attachment weld was cut using a grinding wheel and the lid was 
removed using an overhead crane.  The closed end positioning assembly and lid were 
removed as an assembly as shown in Figure 11.78.  The top layer of the stack insulation 
inside the container is shown in Figure 11.79.  The lower layers of insulation blanket that 
were gray in color was believed to be from decomposition of organics contained in nickel 
epoxy used in the electrical connectors, binders in the insulation, and spray adhesive 
used to temporarily attach Saffil felt bumpers within the stack.  The region of insulation 
outlined in black in the lower part of Figure 11.79 was caused by welding of a patch to 
the lid (which was necessary to repair a power lead short prior to startup) and was not 
part of the failure. 
 
Figure 11.80 shows a photo looking down on the top of the stack.  A portion of the upper 
insulation blanket has been removed down to the instrumentation elevation.  The power 
leads are to the left in the picture.  The photo displays the closed end castings which rest 
on the closed end of the cells.  Two closed end plates have been removed as part of the 
disassembly.  The blanket insulation was gray in color and the instrumentation was 
intact.  The gray coloring was thought to be caused by carbon in the insulation blanket.  
There was no shorting or melting of the Teflon shrink tubing covering the solder joints of 
the instrumentation wires. 
 
Figure 11.81 shows the exhaust castings and air feed manifold at the bottom of the stack 
after the surrounding blanket insulation had been removed.  Some brown discoloration 
was observed on the castings.  All of the castings in the IBA were in good condition with 
no visible cracks, or damage.   
 
Figure 11.82 shows the bottom side of the fuel barrier and the lateral support boards and 
wall brackets.  The bottom surface of the nickel foil can be seen at the upper left with 
large droplets of water adhering.  Discoloration of the wall brackets is consistent with the 
expected lateral temperature gradient in this region. 
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Figures 11.83 and 11.84 show the top of the stack with the peripheral insulation 
removed to the elevation of the recirculation and inlet feedthroughs (visible at upper left 
and lower right of the Figure 11.83).  Figure 11.85 shows the fuel barrier and stack liner 
on the power lead end of the stack.  Figure 11.86 shows the bottom of the liner and the 
support/seal castings after the stack was removed from the container.  Heat marks were 
visible on the liner at the stack liner support casting elevation.  The liner and fuel barrier 
were in excellent condition.  No burn marks, melting, or tearing were visible.  
Discoloration of the fuel barrier and the bottom of the liner were symmetrical and 
consistent with the expected temperature gradients.  The blanket insulation outside the 
liner was white in color, but contained moisture.  The fuel distribution box and the gasket 
to the inlet feedthrough were gray/black in color.  The feedthrough bellows, pipes, and 
gaskets were intact. 
 
Figure 11.87 shows the bundle-bundle seals between the recuperator castings at the 
combustion zone elevation.  The Saffil felt seals expanded as required and were found 
to be intact. 
 
Figures 11.88 and 11.89 show the Saffil felt on the outside of the guard heaters (just 
inside the stack liner).  Most of the material was gray/black in color, probably indicating 
the presence of carbon from the binder.  The regions with white color may be due to 
higher temperatures.  It was confirmed in furnace tests in air that as the Saffil felt was 
heated it became grey/black in color, smoked, and eventually turned white. 
 
Figure 11.90 shows the stack with the guard heaters removed.  The stack recirculation 
zones (SRZ’s) were intact, with no sign of leakage, although some dark discoloration 
was observed.  This is residual carbon from a spray adhesive which was used during 
assembly.   
 
The positive bundle row is shown in Figure 11.91.  The interconnection side of the 
Delta8 cell is to the right  
 
Figure 11.92 shows the Saffil felt in a typical top end casting.  The felts in all six castings 
were dark in color and showed ridges corresponding to the cell edges and the anode 
delta peaks.  Once again it is believed that the dark coloration is carbon and that this 
represents a possible shorting path.  All of the top end castings were in excellent 
condition and showed only slight amounts of discoloration. 
 
Figure 11.93 shows the bundle row closed ends.  The negative row is at the top (power 
lead to the right) and the positive row is at the bottom (power lead to the left).  The white 
structures in Bundles 2 and 5 are the hanging thermocouple assemblies.  It can be seen 
that all of the closed ends are intact, but close examination revealed a number of 
cracked cells with cracks in the valleys between the peaks.  Light and dark coloration of 
the closed ends is not believed to be carbon and is common in tubular cells which have 
operated in a generator.   
 
Figures 11.94 and 11.95 show the top and bottom surfaces of a typical recuperator 
casting.   Figure 11.94 shows slight discolorations on the upper (combustion zone side).  
Figure 11.95 shows brown discolorations on the bottom (exhaust side).  The deposits 
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are believed to be carbon.  They are heavier on the bottom surface because it is colder 
during operation and would take longer to burn off.  The source of the carbon is believed 
to be adhesive from duct tape which was used to wrap the castings for shipping. 
 
Cell and Stack Inspection 
POCD8R1 post-test visual inspections of the stack and cells were conducted at three 
different levels of detail.  The first inspection was conducted immediately after the stack 
was removed from the unit.  Since the individual bundles were still connected together, 
inspection could only be performed visually on the closed ends of the cells.  The second 
was conducted after each bundle was mechanically separated.  Although the individual 
cells within each bundle were still connected at this stage, the outer surfaces (both on 
the interconnection and delta sides) were inspected with the aid of a boroscope.  The 
third was conducted after each cell was mechanically separated.  Due to the concern of 
cell damage during separation, this separation and inspection was only performed on 
Bundle 5 which showed damage beyond repair during the previous two inspections. 
 
The first visual inspection (Level One) revealed a number of cells with closed end 
cracks.  Several important observations were made as follows: 
 

• Bundle 5 showed the most severe damage and was deemed to be non-
repairable. 

• Based on the damage to the cells in Bundle 5, it is likely that the initial failure 
started from one center cell and spread to the adjacent cells. 

• Cracked cells in the bundles next to Bundle  were in the closest proximity to the 
major damage.  Therefore, it is likely that they were the results of collateral 
damage from Bundle 5. 

• In contrast, the cell failures in Bundles 2 and 3 are believed to be independent of 
that in Bundle 5.  This is because they were farther away and no surrounding cell 
damage was found. 

 
The separation of individual bundles (Level Two inspection) enabled closer evaluation of 
the damage extent.  Several features were noted, as follows: 

• Consistent with Level One observation, the most severe damage occurred near 
the middle of the bundle. 

• For each cell, the most severe damage occurred near the middle part of the cell 
(center of the width). 

• Closed end cracks predominantly initiated from the valley and propagated toward 
the interconnection. 

 
Although the extent of damage is much greater in Bundle 5, this type of closed end 
cracks is reminiscent of that found during cell processing.  In fact, the cell failures found 
in Bundles 2 and 3 were exactly the same as that found during processing.  Typically, 
the closed end crack can manifest itself at various processing stages with common 
features similar to those observed.  As a result, the middle valleys at the closed end are 
clearly the inherent weakest spots and thus are susceptible to cracking under stress.  In 
this case, it is very likely that subcritical damage was introduced during processing and 
subsequently activated during operation. 
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Based on the observations discussed herein, the following conclusions can be drawn: 
• Solid carbon from organic binders in the stack insulation “bumper” Saffil felts 

caused a short in Bundle 5 early in the heatup, which resulted in the formation of 
a tight crack in a cell closed end.  In addition: 

− Fuel side heating caused the cell closed ends to be hotter than the 
remainder of the cell causing current concentration at the closed end of 
the cell during the short. 

− The “bumper” pads forced fuel to the inner delta channels further 
concentrating the current at the center of the closed end. 

• The crack progressively worsened as the stack was loaded, although the bundle 
voltage was not diminished. 

• The crack propagated catastrophically during an air flow transient which occurred 
when the system was transitioning from two air blowers to three air blowers. 

• Local burning from the crack propagation resulted in collateral damage to all the 
remaining cells in Bundle 5 and to 4 cells in the neighboring Bundles 4 and 6. 

• Cracks in cells in Bundles 2, 3, and 4 were unrelated to the shorting event and 
fire.  

− The cracks were similar to those experienced during cell manufacturing. 
− Lateral temperature gradients between the edges of the cells and the 

center channels caused thermal stresses between the deltas at the center 
of the cell width. 

− Although the stresses “creep out” at high temperature, the stresses are 
reestablished as residual stress during cool down, causing cracks in the 
cells as the stack cools. 

• Although the stack failed, many of the advanced features performed well: 
− Fuel side heaters were able to heat the stack. 
− The high temperature circulator performed satisfactorily. 
− The cast ceramic components performed satisfactorily. 
− Nickel wire voltage leads performed satisfactorily. 

 
Should there be an effort to rebuild the POCD8R1 test article the following 
recommendations should be considered and thoroughly evaluated. 
 
Design:  

• Minimize all carbon containing material. 
• Evaluate removal of hanging thermocouples:  prevention of local fuel starvation 

vs risk of not knowing edge to center delta T. 
• Review/Revise CFD analysis of fuel distribution and recirculation system 

(distribution within a cell, front to back in module, bypass near Bundles 4 & 5). 
• Review bundle bumper location to ensure they are in correct positions to provide 

equal fuel flow to all cell channels. 
• Measure recirculation plenum gap in bundles to ensure they are 3mm. 
• Remove closed end castings (thermal sink, fuel distribution). 
• Install individual fuel boards made of ZAL for each bundle (thermal break, 

umbrella, fuel orifice). 
• Install tubelets in the open end seal to prevent flow holes from being clogged by 

debris. 
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• Pull the air feed tubes back from closed end to reduce thermal stresses from 
heat flux through the cell wall (need CFD and stress analysis). 

• Locate a thermocouple closer to the oxygen sensors. 
• Review the foam/felt cell-to-cell connector design to ensure the connector cannot 

short between the IC and anode. 
• Consider using nickel wire for all voltage taps and weld them to the bundle weld 

plates. 
• Develop a new process for z-plate felt attachment to reduce the carbon in the 

stack. 
• An inverted combustion zone test may be needed to verify ignition 

characteristics. 
 
Operation: 

• Improve airflow control (when moving from one blower to two blowers). 
• Run a richer fuel profile during loading (shift current from closed end to mid); 

single cell test goal is 75% FU at 250ma/cm2. 
• Run the fuel heaters at maximum permissible exit temperature until the closed 

ends heat up above 875oC. 
• Improve fuel heater power control on turn down. 
• Review the guard heater setpoint control settings to reduce cell lateral gradients. 
• Run the closed ends hotter: 

 
A complete discussion on the test operations, data analysis, root cause analysis, and 
recommendations may be found the POCD8R1 Stack Test Report, a contract 
deliverable under this program. 
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Figure 11.1 – Fuel Barrier Thermal Relief Forming D ie 

 

 

 

 
Figure 11.2 – Fuel Barrier Assembly 
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Figure 11.3 - Stack Liner Fabrication 

 

 

Figure 11.4 - Liner Test Bends to Verify Pleat Spac ing 
 



  258 

 
Figure 11.5 – Stack Liner Installed Around the Fuel  Cell Module 

 

 
Figure 11.6 – Fuel Barrier and Lift Fixture 
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Figure 11.7 - Fuel Barrier in the Installed Positio n 

 

 

Figure 11.8 – Instrumentation Leads Crossing over t he Stack Liner 
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Figure 11.9 – Test Fit of Upper Positioning Plate 

 

Figure 11.10 - Upper Positioning Plate Installed Pr ior to Welding Container Lid 
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Figure 11.11 – Thermocouple Lead Terminations 
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Figure 11.12 – Completed Instrumentation 

 

 

 

Figure 11.13 – Termination Mount 
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Figure 11.14 – Instrumentation Feed-through Schemat ic 
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Figure 11.15 – Instrumentation Feed-throughs and Ex ternal Wiring 

 
 
 

 
Figure 11.16 – POCD8R1 Module Container in the Vent ilation Hood 
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Figure 11.17 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11.18 - Exhaust Manifold on Bottom of Contai ner 
 

FIGURE OMITTED 
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Figure 11.19 - Exhaust Manifold and Outlet Insulati on Packing 

 

 

Figure 11.20 -  Air inlet Manifold (as viewed throu gh the container hatch) 
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Figure 11.21 – Peripheral Insulation Blankets at Mi d-elevation (fuel inlet side) 

 
 
 

 
Figure 11.22 – Top of Low Purity Insulation and Nic kel Foil Barrier 
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Figure 11.23 –High Purity Insulation Top Layers 
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Figure 11.24 – Ejector/Prereformer Assembly 
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Figure 11.25 – Heater No. 1 and Recirculation Loop Pipe Spool 

 
 
 

 
Figure 11.26 – Weld Joint between Fuel Heater 2 and  Container Inlet Feed-through 



  271 

 
Figure 11.27 – Recirculation Loop Piping Insulation  in Progress 

 
 
 

 
Figure 11.28 – Finished Recirculation Loop Pipe bet ween Circulator and Fuel 

Heater No. 1
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Figure 11.29 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

Figure 11.30 

FIGURE OMITTED 

FIGURE OMITTED 



  273 

     
 

 
Figure 11.31 

 
         

 
 

Figure 11.32 
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Figure 11.33 – Stack Assembly Station 

 
 
 

 
Figure 11.34 – POCD8R1 Stack Lifter Assembly with D etail of Structural Hanger 



  275 

 
Figure 11.35 – Stack Lifting Fixture - Proof Load T est 

 
 
 

 
Figure 11.36 – Stack Test Article Being Installed i nto Container 



  276 

 
Figure 11.37 –Stack Test Article and Lifter Positio ned Inside the Container 

       
 

 
 

Figure 11.38 
    

 
 

Figure 11.39 
 
    

 
 

Figure 11.40 

FIGURE OMITTED 
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FIGURE OMITTED 
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Figure 11.41 – Delta8 Cell Geometry 
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Figure 11.42 – Photograph of Delta8 Cell (open end ) 

 
 
 
 
 
 

 
Figure 11.43 – Photograph of Delta8 Cell (open end at left) 
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Figure 11.44 – Photograph of Eight-cell Bundle 

 
 
 

 
Figure 11.45 – Bundle Assembly Showing Open-end Sea l, Casting and 

Instrumentation 
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Figure 11.46 - Placement of Bundle Rows onto the St ack Tray 

 
 
 

 
 

Figure 11.47 – Stack Assembly: Dielectric Boards, S RZs, and Recirculation 
Castings 
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Figure 11.48 – Stack Assembly:  Recirculation Colle ction Box 

 
 
 

 
Figure 11.49 – Stack Liner 

 
 



  282 

 
Figure 11.50 – Outer Container 

 
 
 

 
Figure 11.51 - Stack Inside Container 
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Figure 11.52 – Upper Module 

 
 
 

 
Figure 11.53 – Stack Instrumentation 
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Figure 11.54 – Instrumentation from Stack to Contai ner Wall 

 
 

 
Figure 11.55 – Container Wall Instrumentation Ancho ring 
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Figure 11.56 – Upper Insulation Plug 

 
 
 

 
Figure 11.57 – Blanket Insulation around Plug 
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Figure 11.58 – Upper Insulation 

 
 
 

 
Figure 11.59 – Outer Container Lid 
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Figure 11.60 – Power Lead Assembly 

 
 
 

 
Figure 11.61 – Power Lead Cables 



  288 

 
Figure 11.62 – Ejector, Prereformer, Circulator 

 
 
 

 
Figure 11.63 – Recirculation Feed-through (ejector side) 
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Figure 11.64 – External Loop Piping Insulation 

 
 
 

 
Figure 11.65 – Insulated Lower Fuel Heater 
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Figure 11.66 – External Loop with Metal Cladding 

 
 

 

 
Figure 11.67 – POCD8R1 Stack Test Article Installed  in the Test Facility 
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Figure 11.68 – Desulfurization System  

 
 
 

 
Figure 11.69 – Fuel Control Cabinet 
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Figure 11.70 – Instrumentation & Control System Sui te 

 
 
 

 
Figure 11.71 – Network Routing 
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Figure 11.72 – Cable Rack 

 
 
 

 
Figure 11.73 – Electrical Distribution System Panel  
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Figure 11.74 – Test Enclosure (pre-test) 

        
 

 
Figure 11.75 

 
    

 
Figure 11.76 

     
 

 
Figure 11.77 

 

FIGURE OMITTED 

FIGURE OMITTED 

FIGURE OMITTED 
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Figure 11.78 – Lid and Closed End Positioning Board  

 
 
 

 
Figure 11.79 – Top Layer of Insulation inside the C ontainer 
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Figure 11.80 – View Looking Down on Top of the Stac k 

 
 
 

 
Figure 11.81 – Exhaust Castings and Air Feed Manifo ld at the Bottom of the Stack 
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Figure 11.82 – Bottom Side of Fuel Barrier 

 
 
 

 
Figure 11.83 – Stack Liner and Insulation Above the  Recirculation and Inlet 

Feedthroughs 
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Figure 11.84 – Recirculation Feedthrough 

 
 
 

 
Figure 11.85 – Fuel Barrier and Liner 
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Figure 11.86 – Bottom of the Liner and Liner Suppor t/Seal Castings 

 
 
 

 
Figure 11.87 – Bundle-to-Bundle Seals 
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Figure 11.88 – Saffil Felt Outside of Guard Heaters  

(fuel inlet side)  
 
 

 
Figure 11.89 - Saffil Felt Outside of Guard Heaters  

(power lead inlet side)  
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Figure 11.90 – Stack with Guard Heaters Removed 

 
 
 

 
Figure 11.91 – Positive Bundle Row 
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Figure 11.92 – Saffil Felt in Top End Casting 

 
 
 

 
Figure 11.93 – Closed End of Delta8 Cells 
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Figure 11.94 – Recuperator Casting Upper Side 

(combustion zone side) 
 
 

 
Figure 11.95 - Recuperator Casting Bottom Side 

(exhaust side) 
 



  304 

 

 

Task 12.0 – Design of MW-Class System 

No planned or performed in Phase II. 



  305 

Task 13.0 – Design and Analysis of the POCD8R2 Stac k 
Test Article 

The objective of this task is to design a second 25 kWe-class stack test article based on 
the POCD8R1 stack test article incorporating additional design and cost reduction 
enhancements.  Feedback from the POCD8R1stack test shall be incorporated as 
available. 
 
The scope of this activity was redirected to a companion program, DE-FE0000781.  Due 
to the abbreviated POCD8R1 stack test, there was minimal work performed on this task.  
A discussion maybe found in the companion program’s final report.  
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LIST OF ACRONYMS AND ABBREVIATIONS 

 
AE Air Electrode 
APS Atmospheric Plasma Spray 
BOP Balance of Plant 
CE Closed end of air electrode 
CFD Computational fluid dynamics 
CMM Coordinate-Measuring Machine 
CTE Coefficient of Thermal Expansion 
EDS Energy Dispersive Spectroscopy 
EGA Evolved Gas Analysis 
EL Electrolyte 
EVD Electrochemical vapor deposition 
FE Fuel Electrode 
FEA Finite element analysis 
H2 Hydrogen 
I&C Instrumentation and Control 
I/O Input/Output  
IBA Integral Bundle Assembly 
IC Interconnection 
mSOFC Metal-Supported SOFC 
MSU Montana State University 
NHMIX 95% Nitrogen/ 5% Hydrogen  
OCV Open circuit voltage 
OE (Cell) open end 
OLE Object Linking and Embedding 
OPC OLE for Process Control 
P&ID Process and Instrumentation Diagram 
PLC Programmable Logic Controller 
POC Proof-Of-Concept 
PTI Progressive Technologies Incorporated (PS vendor) 
RBS Rutherford Back Scattering 
SCG Slow Crack Growth 
SCR Silicon Controlled Rectifier 
SEM Scanning Electron Microscope 
SOFC Solid Oxide Fuel Cell 
SOW Statement of Work 
TA Test Article 
TGA Thermal Gravimetric Analyzer 
TGA-MS Thermal Gravimetric Analysis – Mass Spectroscopy 
UPS Uninterruptable Power Supply 
VJ Voltage vs. current density 
XPS X-ray Photoelectron Spectroscopy  
XRD X-Ray Diffraction  
 
 


