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1.0 EXECUTIVE SUMMARY

The general objective of the work done under United States Air Force (USAF)
Contract No. F 33615-80-C-2038 has been to investigate and analyze the applica-
tion of phosphoric acid fuel cell (PAFC) technology to several of the USAF
generic requirements for ground electric power and heat. Specific objectives
of this program included: (a) performing fuel cell application analyses for
six USAF specified applications, (b) providing preliminary conceptual designs
and technical risk assessments of fuel cell power units (FCPU) for each appli-
cation and, (c) providing final conceptual designs for each application. The
USAF specified the applications to be examined in both generic terms and by
specific example.

The technical approach to the work was: (1) construct a generic FCPU design
specification for each application, (2) perform a preliminary conceptual design
of a FCPU for each generic application, (3) apply the FCPU design, iteratively,
to the specific example applications, and (4) revise and complete the design
specifications and FCPU's conceptual designs.

1.1 APPLICATIONS

The generic and example applications are illustrated in Table 1-1. There are
five generic applications, including three prime power applications and two
tactical mobile applications. The specific example for the small unattended
remote units is that of providing shelter power for the proposed MX missile
system (based on the concept of 4600 shelters and 200 mobile MX missiles). Two
Fuel Cell Power Unit (FCPU) designs were developed for this application, one
utilizing methanol (wood alcohol) fuel and one utilizing ethanol (grain alco-
hol) fuel. The difference between fhe two alcohol fuels is not trivial since
the overall FCPU design is highly sensitive to the type of fuel selected and
the method of fuel processing. This provides another way of looking at the
example applications - there are two alcohol fuel applications and four USAF

1-1
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logistic fuel applications. The logistic fuels (jet fuels and diesel fuels)
are more difficult to process into an acceptable fuel processing system than
the alcohol fuels.

In practice, the logistic fuel FCPU's must be capable of utilizing any of the
several logistic fuels available. This requires designing these systems for
the most refractory of the prime and secondary fuels, which is grade DF-2 die-
sel fuel. The effect of using jet fuel instead of diesel fuel is small in FCPU
terms. The heat to electrical conversion efficiency increases a couple of
tenths of a percentage point using jet fuel, and because jet fuel (on the aver-
age) contains less sulfur than diesel fuels, FCPU maintenance will be reduced.
Fuel consumption using jet fuel will be higher by about ten percent because the
energy content of jet fuel per gallon is less than that of diesel fuels.

Conversion of the application information into generic specifications and
application models was, relatively, straightforward for the first five applica-
tions of Table 1-1. Such was not the case for the second tactical mobile
application. As may be noted, the specific application is tactical aircraft
ground support. There are three power requirements under this category. They
are:

Requirement Approximate Power
Provide Aircraft Engine Starting Air 190-210 kW
Provide Cooling Air During Aircraft Maintenance 7-8 kW

Provide Electrical Power During Aircraft Maintenance 50-60 kW

Currently, all of the power requirements are covered by the use of the
A/M32A-60/60A gas turbine. No doubt it is operationally desirable to use a
single power unit for all three power needs. It is, however, less fuel effi-
cient. Most of the operating time is spent providing power for maintenance.
Very little of the time is spent providing aircraft engine starting power. The
A/M 32A-60/60A has poor part load performance so that a straight FCPU substitu-
tion for the A/M 32A-60/60A would save substantial amounts of fuel and fuel

1-3
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expense. However, overall life cycle cost savings would be marginal, at best.
The most cost effective approach is to retain the gas turbine for engine start- s
ing duty only and then use a FCPU to provide the cooling and maintenance

power. This latter approach is used herein.

1.2 PHOSPHORIC ACID FUEL CELL TECHNOLOGY

o The generic system for FCPU's using PAFC technology is well established. A
{ block diagram illustrating the major subsystem of which a PAFC power system is
| composed is given in Figure 1-1.

As indicated in Figure 1-1, steam (and sometimes air) and fuel are heated,
mixed and converted in the fuel processing subsystem to a hydrogen rich gas.
This gas, along with air, is introduced into the fuel cells where the hydrogen
is electrochemically oxidized to water, producing DC electric power and heat.
This power is controlled and conditioned into a form suitable for using appara-
tus consumption. In this study, the unattended remote site units produce 120V
. DC power. The attended remote site units produce 60 Hz AC power and the tacti-
: cal mobile units produce 400 Hz AC power. Standard voltages in the 110V-416V o
range are available from the AC units. h

LAl 0 S A

Lun 4 v
08

If the application has a requirement for heat as well as electric power, the
waste heat from the FCPU can be recovered for futher use. This heat can be
recovered as hot air, hot water or steam. The maximum temperature at which
meaningful quantities of waste heat are available from PAFC systems is about
350°F.

A11 of the designs of this study use steam to reform the fuels into a hydrogen
rich gas suitable for PAFC's consumption. To make the FCPU's water self-
sufficient, a portion of the water vapor in the FCPU's exhausts is condensed
for reuse in the fuel processing step. No additional make-up is required.

The major non-commercial items in the FCPU's are the fuel processing subsystem
and the fuel cells and power conditioner of the power generation subsystem.
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1.2.1 FUEL CELL CONCEPT

The basic phosphoric acid (PAFC) fuel cell concept used throughout this study
is that of the air cooled cell. This is a concept developed by the Energy
Research Corporation (ERC) for use in small (1.5 kW-5 kW) units for U. S. Army
Mobile Electric Power. This ERC concept has been adopted and adapted by
Westinghouse for its on-site integrated energy and utility fuel cell programs.

Other cooling schemes that could have been used include water cooling and lig-
uid cooling using a dielectric fluid. The liquid-cooled designs require the

use of numerous tubes tc convey and contain the liquid. As a result, there are

a large number of tube connections that present potential leakage problems.
Since reliability is a most important design requirement for all the FCPU's
conceived under this program, the air-cooled design appears preferable. It is
felt that overall study results will not be affected significantly by the
choice of fuel cell cooling method.

Two detail fuel cell design configurations were used. The first of these is
the original ERC developed DIGAS* MARK I cell. .This first configuration was
used in the 23 kW unattended remote site FCPU's (MX individual shelter power
example). The unattended remote site units are direct derivatives of the pre-
viously mentioned 1.5 kW-5 kW units which incorporate the MARK I cells. The
other four FCPU designs utilize a MARK II cell design. The MARK II fuel cell
configuration was developed under a DOE/NASA sponsored on-site integrated
energy system program, Contract DEN3-161.

The details of a MARK II configuration are illustrated in Figure 1-2. The
individual fuel cell is comprised of bipolar plates, two gas diffusion elec-
trodes and an acid matrix. The "Z" patterned channels in the bipolar plates

direct the flow of the reactant hydrogen rich gas and air in a counterflow mode

and in channels of equal length.

*. S. Patent 4192906

1-6

0




v/

SLL3) Langd palo0) Jiy Jdvd I1 MWW

*2-1 d4nby 4

#Y ONNOOD
Ra g, o IS ONIFO
/h// 2 //u N
e B
2 u 0
S
7 > ©
& ~
~ 0
@ ®
—3 0
©
°ll ®
0
v
$SDOM

PR 4 4 g 4 o

1-7

el e o




Heat is removed from the cell stacks by air which is directed through cooling
plates located at approximately every fifth cell. The cooling channels are

configured in a “tree" shape to achieve a flat temperature profile across the
stack, and to keep the peak to average temperature ratio as low as possible.

In the predecessor MARK I configuration the reactant flows are directed in a
crossflow pattern. The hydrogen rich gas flows lengthwise of the cell and the
air crosswise in the same direction as the cooling air flow. The cooling air
and reactant air are mixed together in the MARK I cell configuration rather
than separated as in the MARK II configuration. The MARK I arrangement is sim-
pier than the MARK II, but suffers from some dilution of the oxygen content of
the reactant air. '

1.2.2 POWER CONDITIONING CONCEPTS

The 23 kW methanol/ethanol FCPU's deliver 120V + 5 percent DC power. As these
units operate at atmospheric pressure, there is a wide swing in cell voltage
output with Toad. DC to DC power conditioning is required to maintain output
voltage within acceptable limits. The power conditioners conceived for the DC
to DC units of this study are scaled up versions of those of the ERC 3kW 5 kW
portable units.

The four logistic fuel units of the study deliver AC power. Obviously, since
the fuel cells deliver DC power, considerable power conditioning is required.
Westinghouse is in the process of developing a family of multikilowatt DC to AC
converters to be used with solar photovoltaic arrays. These solar photovoltaic

DC to AC converters have the basic characteristics required for logistic fuel

FCPU use, such as;
e They produce high quality (less than five percent harmonic dis-
tortion) three-phase AC efficiently;
e They are self-starting, self-controlling and self-protecting.

@ They can be used either "stand-alone" or in multiunit parallel-
ing.
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Unfortunately, these units cannot be used “off-the-shelf" with the logistic
fuel FCPU's. This is partly because the control logic for use with a solar
array is different from that required for fuel cells and partly because the
power conditioning units are designed to meet commercial environmental stan-
dards and size and weight. Hence, develapment effort will be required to mod-
ify the solar array units to logistic FCPU's needs; but the solar array units
represent an advanced starting point.

An example of the Westinghouse power conditioning unit for photovoltaic appli-
cations is the AVl 503-A. A picture of the unit with control cabinet covering -
stripped away is shown in Figure 1-3. Some of the parameters of the AVl 503-A
are as follows:

® KVA 50 Continuous, 100 for 5 Seconds

o Output 60 Hz, 3-Phase, 4-Wire, 120/208 Volts

e Harmonic Distortion Less than 5 Percent

e Efficiency At 0.9 Power Factor and 100% Load, 91%

o Input 200-300 Volts DC (up to 350 volts DC
with slight deviations to specifica-
tions)

e Environment Ambient Temperature: -10° to +45°

Celsius
Relative Humidity: 96% (non-
condensing)

Barometric Pressure: 790-520mm Hg

1.2.3 FUEL PROCESSING CONCEPTS

As indicated earlier, the fuel processing subsystem converts the process fuel,
in this case liquid hydrocarbons, into a hydrogen-rich fuel gas stream that can
be used in the PAFC. In addition, the fuel processing subsystem must remove
any fuel contaminants, such as sulfur, to acceptable levels. The choice of
fuel processing systems for a particular FCPU is highly dependent on the type
of raw fuel and overall FCPU requirements.
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Westinghouse AV1 503-A Power Conditioner

Figure 1-3.
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Renewable Energy Source (Alcohol) Fuels

The unattended remote site units of this study use methanol and ethanol. Sub-
stantial development work has been done by the Energy Research Corporation
(ERC) on methano! reformers. This work has been done in connection with their
development of 1.5 kW-5 kW portable FCPU's.

ERC has been successful in catalytic steam reforming of methanol using a copper
catalyst. The reforming temperature is low (400°F to 600°F). At these low
temperatures, sufficient CO shift conversion (CO + HZO - CO2 + H2) occurs to
eliminate the need for the separate shift converter required with most other
fuels.

Less work has been done on ethanol, by ERC, than methanol. However, laboratory
work on ethanol reforming, using a modified methanol reformer, has been most
encouraging. Compared to methanol fuel processing, more steam, higher tempera-
tures (600°F-800°F), and a separate shift converter are required. Further, the
modified methanol reformer can still process methanol. The reverse is not
true. The straight methanol reformer cannot satisfactorily process ethanol.

These foregoing ERC developed RES fuel processing systems were the natural
choices for the two unattended remote site FCPU's of this program.

Aviation and Diesel Fuels

The potential applications of the two attended remote site and two tactical
mobile unit designs of this study require the use of USAF logistic fuels; avia-
tion fuel, JP-4, and diesel fuels, DF-A and DF-2. Furthér, there is the
requirement that USAF logistic fuel FCPU's be able to operate using either avi-
ation or diesel fuels.

Steam reforming is used extensively in the oil refining and chemical industries
to produce hydrogen from natural gas and naphtha. The commercial processes are
sulfur sensitive and not suitable for use with diesel fuels. They might be
stretched to handle JP-4.
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- Two developmental processes were identified as being suitable for incorporation ,}
35 into the logistic fuel FCPU's designs of this study. They are:

® High Temperature Steam Reforming (HTSR)
e Autothermal Reforming (ATR)

. Both of these processes have undergone successful laboratory type developments

on U. S. Government and Electric Power Research Institute (EPRI) sponsored pro-

grams. The processes operate at temperatures at which reforming catalysts are

]l less susceptable to sulfur poisoning. Both processes have shown a good poten-
tial in the laboratory to handle high sulfur fuels. '

Eo HTSR
E HTSR differs from commercial steam reforming, primarily in the operating tem-
perature and desulfurization step, The reformer operates at 1600-1800°F where

sulfur poisoning is limited and pretreatment fuel desulfurization is not
needed. Desulfurization occurs at the reformer outlet in a single bed of Zn0Q, iij
where removal to <10 ppm HZS is needed to protect the shift catalyst.

The process operates on similar steam/carbon ratios to the conventional steam
reformer, and produces similar gas quantities and concentrations at the fuel
cell inlet. Hydrogen yield, however, is lower because more fuel is consumed in
%.i the reformer burner to maintain proper temperature for heat transfer into the
reactor bed.. Hydrogen yield is about 0.28 1bs H/1b fuel used.

The key component in this process is the high temperature reformer, which may
be subject to carbon deposition at these high operating temperatures. The most
promising catalysts for high temperature steam reforming have been developed by
Toyo Engineering and Tokyo Gas of Japan. Carbon deposition is minimized by
using a nickel-free calcium oxide Toyo (T-12) catalyst at the reformer inlet,
followed by a nickel Toyo catalyst (T-48) at the outlet. Although high cata-
lyst volumes are needed in this process, this is the only reported HTSR process
capable of handling high sulfur fuels without carbon deposition. This process
has reportedly been tested in pilot plant runs on No. 2 fuel oil for up to 4,000




hours without catalyst deterioration or pluggage. Shorter term testing was
performed by Kinetic Technology International Corporation in California with
! reported similar carbon free performance. Additional testing is being per-
formed.

If the Toyo catalysts prove durable, the high temperature steam reformer will
offer multiple high sulfur fuel capability, with performance efficiency similar
to a conventional steam reformer.

vy v~y
TI., T‘rlj,j. "‘
S AR

ATR

ATR processes operate at temperatures similar to a HTSR (1600-1800°F) with post
desulfurization. Reforming heat is provided within the catalyst bed by insitu
combustion of fuel and oxygen. Approximately 25-35 percent of the fuel is con-
sumed in providing reaction heat. This results in a hydrogen yield after CO
shifting of 0.28 1bs H/1b fuel used. Sufficient energy is available in the

- product gases and combustion of spent fuel cell gas to heat reactants to incom-
': . ing temperatures. Therefore, this process does not require additional heat

p LY ) from outside sources and is sometimes called adiabatic reforming.
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|- Developmental work on this process is being carried out by United Technologies
A Corporation (UTC), Engelhard Industries (EI), and the Jet Propulsion Laborato-
ries (JPL). Based on their work, this process appears capable of operating at

steam/carbon ratios of 3.0 and air/carbon ratios of 1.8 using commercial high
temperature catalysts. Because of the reactor temperature profile, complete
hydrocarbon conversion (methane slip) appears to be a potential problem with
this process. However, it is anticipated that proper reactor design and cata-

lyst quantities can reduce this problem.

The key advantages of using an ATR are:

e Good transient response capability
e Low starting times

e Simpler reactor design
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Compared to a HTSR, the disadvantage of using anvATR ifs the dilution of the
fuel cell fuel gas feed because of the nitrogen added during the insitu combus-
tion process. Because hydrogen concentrations are lower in the fuel cell feed,
cell voltage is lower compared to STR and HTSR systems. In addition, since the
ATR does not require external combustion, the heating value of the unreacted
hydrogen exiting the fuel cell cannot be effectively utilized. To obtain simi-
lar power ratings, a system using an ATR will probably consume 25 percent more
fuel than one using an HTSR.

Process Selection

Wivv

Process selection, as stated previously, depends on general FCPU requirements
as well as on the raw fuel to be used. For the attended remote site FCPU's,
the primary emphasis is on efficiency and low fuel consumption, as long as min-
imal requirements for such characteristics as size, weight, starting time and
responsiveness can be met. The HTSR fuel processing system, when incorporated
into a FCPU, results in lower fuel consumption than an ATR. Other requirements
can also be satisfied for attended remote site units. Therefore, the HTSR is
the fuel processing system of choice for attended remote site FCPU's.

The preliminary conceptual designs for the attended remote site FCPU's were
created before starting on the tactical mobile unit designs. From this prior

- experience, it was evident that [at the present state-of-art] FCPU's incorpo-

rating a HTSR fuel processing subsystem could not be designed to meet certain
tactical mobile unit requirements on size, weight, and startup time. There-
fore, an ATR fuel processing subsystem was selected for incorporation into the
tactical mobile FCPU's.

1.3 FUEL CELL POWER UNITS CONCEPTUAL DESIGNS

Commonalities of all the FCPU's designs are:

® Microprocessor controlled
® Self-contained modular packaging

® Air cooled fuel cells
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: B e Lower fuel consumption than alternate gas turbine or diesel
m : power systems

s

e Higher calculated reliability than alternate gas turbine or
diesel power systems

. e Lower maintenance requirements than alternate gas turbine or
b diesel power systems

® Unattended or virtually unattended operation except for startup
and shutdown (and refueling on the tactical mobile units)

e Environmentally benign

The six conceptual designs can be conveniently presented in pairs as: two
remote unattended site units, two remote attended site units, and two tactical
mobile units. As might be expected, the paired units have identical features
and generalities in common. A major design requirement of all the concepts was
low fuel consumption compared to alternate power systems.

1.3.1 REMOTE UNATTENDED SITE FCPU'S

v The two units designed for remote unattended site application are identical
except for the fuel processing system. One fuel processing system is designed
to handle methanol fuel only. The other fuel processing system is designed to
handle ethanol as the primary fuel with methanol as an alternate fuel.

Aside from high efficiency, the most important design consideration was the

need for exceptionally high unattended operational reliability. This need was

satisfied by selecting unpressurized (atmospheric operation) systems using air
j‘ cooled fuel cells. .

An artist concept of the 23 kW methanol FCPU is shown in Figure 1-4.
] The 23 kW ethanol FCPU appears identical except for a small increase in size.

As seen, these units are conceived as a single all weather module for outside
installation with minimum effort. In concept it would be installed on a con-

crete pad alongside of the MX missile shelter resident operational support
¢ , equipment enclosure.
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Some of the key parameters of these units are supplied in Table 1-2.

1.3.2 REMOTE ATTENDED SITE UNITS

The two FCPU's designed for remote attended site operation are similar but not
identical. One unit has a 60 kW rating. The other unit has a 100 kW rating.
The individual fuel cells and the fuel cell assemblies (stacks) are identical.
The 60 kW unit has two stacks of 320 cells each. The 100 kW unit has three
stacks of 320 cells each.

The primary fuel for both units is a diesel fuel (DF-A and DF-2, respec-
tively). The secondary fuel is aviation turbine fuel (JP-4).

The USAF generic applications for these units are those currently serviced by
diesel-electric generators such as DEWline PIN-1 and the Menorca, Spain commu-
nications site. The FCPU's would replace the diesel-electrics in such existing
installations with minimal disturbance to the existing installation. The
FCPU's should be able to use the existing fuel storage and handling facilities
and ?it within the confines of existing engine rooms.

A major design consideration, then, was to maximize FCPU efficiency* within a
size that will fit, reasonably, within existing engine rooms. This size param-
eter has two aspects: (1) the power required by the site and (2) the avail-
ability of power required by the site. For the two sites examined, availabil-
ity of power of 99.9 percent or better is required.

The availability of power requirement can be met, using less than perfectly
reliable units, by the well known practice of installing multiple units with a
total rated capacity in excess of maximum power demands. The more reliable the
units, the less the excess capacity required. Also, maintenance costs and
operating labor costs are reduced with high reliability units.

*Minimization of fuel consumption. Fuel cost is a large life cycle cost factor
for these units.
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TABLE 1-2
REMOTE UNATTENDED FCPU PARAMETERS
Methanol FCPU Ethanol FCPU
Operational mode Continuous Continuous
Physical Parameters
Type of Fuel 194 Proof Methanol 192 Proof Ethanol
Rated Power Fuel Consumption, Gal/Hr. 3.3 2.4
Volume, ft3 97 105
Footprint, ft 17 19
Weight, lbs. 1,430 1,500
Performance Parameters
Mean Time Between Failures, Hr. 3,770 3,690 ‘
Availability in Example Application, % 99.9 99.9 F&J
Minor Maintenance Period, Mo. ' 6 6
Major Overhaul Period, Yr. 5 5
Electrical Output Rating
Power, kW . 23 23
Potential, Volts 120 120
Frequency, Hz DC DC
Startup Time, Hr 1
Cold Shutdown Time, Hr. 2 2 |
i‘ Thermal Energy
- Provided to Application, Btu/Hr. 0 0
B ' Nominal Available above 200°F, Btu/Hr. 54,000 50,000
o Electrical Generation Efficiency
. Based on HHV Fuel, % 38.3 40.4
Based on LHV Fuel, % 43.7 45.1
B
1-18
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Because reliability is increased by simplicity of design and reduced component
: loadings, both size and fuel consumption of a given design are increased. The
!E principle “drivers® for these designs, then, were fuel consumption, size and
reliability and affecting an acceptable compromise among them.

The major system operating variable affecting all three foregoing “drivers” is
!l pressure level. The projected operating pressure levels of PAFC systems are
. from one to ten atmospheres. An intermediate operating pressure level of four
atmospheres was selected for these remote attended site units as effecting a
reasonable compromise among the design "drivers".

0L An artist's concept of the 100 kW unit is shown in Figure 1-5. With the excep-
tion of being smaller, the 60 kW unit appears the same. As shown, the FCPU is
packaged as three pieces: a condenser, a power station, and power condi-
tioner. The condenser would be installed outside the engine room, perhaps on
the roof. Under hot weather conditions, relatively large amounts of condenser
cooling air are required. This would be inconvenient to duct to and from an
engine room. Further, it allows for placement of the fuel units in the same
space now occupied by existing diesel-electric units.

In the two example applications, use of multiple FCPU's is required to obtain
necessary power availability. The FCPU power stations would be spaced through-
out the bulk of the engine room. The power conditioner elements would be
grouped together in one location for convenient overall power "takeoff" and

L
t control.
o
: The number of FCPU's required in both applications is fewer than the number of
' presently installed diesel-electrics. At PIN-1 four FCPU's will suffice
against five diesels. At Menorca the ratio is three FCPU's to four diesel-
¥ electrics.
Some of the key parameters of these units are supplied in Table 1-3.
_i
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TABLE 1-3

REMOTE ATTENDED FCPU PARAMETERS

Operational Mode

60 kW

Continuous Continuous

100 kW

DF-2
7.1
388
63
10,300

2,680

99.99
6
2.5

100
120/208
60

1 to 2
2

233,000

34.9
37.1

:. Physical Parameters
: Type of Fuel DF-A
E Rated Power Fuel Consumption, Gal/Hr. 5.0
Volume, Ft3 273
‘Q’ Footprint, ft2 52
Ei Weight, Lbs. 6,200
g Performance Parameters
Mean Time Between Failures, Hr. 3,000
n o Availability in Example Appli-
E cation, % 99.9
3 Minor Maintenance Period, Mo. 6
E; Major Overhaul Period, Yr. 2.5
i! Electrical Output Rating
p Power, kW 60
- Potential, Volts 120/208
f Frequency, Hz 60
;‘ Startup Time, Hr. 1to2
[ Cold Shutdown Time, Hr. 2
4 Thermal Energy
& Provided to Application, Btu/Hr. 238,000
{. Nominal Available above 200°F,
f Btu/Hr. 208,000
Electrical Generation Efficiency

Based on HHV fuel, % 30.5
*. Based on LHV fuel, % 32.5
:

¢
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In the foregoing Table 1-3 it will be noted that the electrical generation
efficiency of the 100 kW unit is substantially greater than that of the 60 kW
unit. For the PIN-1 application it was cost effective to sacrifice some gener-
ation efficiency in the interest of supplying a greater total of electrical
plus thermal energy to the site.

1.3.3 TACTICAL MOBILE FCPU'S

The two FCPU's designed for tactical mobile use are nearly identical except for
arrangement and packaging of components. Systemwise they are identical except

that the ground maintenance power cart has an added steam generator to provide

steam to a companion, but undesigned, absorption air conditioner cart.

The primary fuel for both units is JP-4 aviation turhine fuel. The secondary
fuel is diesel fuel (DF-2 or DF-A).

The USAF generic applications for these units are those currently serviced by
gas turbine E]ectric units. These applications are represented by the examples
used here for foreward air controller radar power and power for tactical air-
craft ground support. The gas turbines used in these applications are fuel
"hoggish" but light-weight and responsive to the demands of intermittant opera-
tion because of fast startup and shutdown capabilities. The thermal to elec-
trical efficiencies of the gas turbine units is in the range of 4 to 8 percent,
depending upon application.

The design effort was to preserve a substantial amount of the high efficiency
and high reliability characteristics of FCPU's but at sizes, weights, and with
startup and shutdown times acceptable, if not desirable, for tactical mobile
use. The approach used was: (1) to select the system operating pressure at
the maximum ten atmospheres currently projected for PAFC systems and (2) incor-
porate an autothermal reformer to reduce startup times well below those pro-
jected for the previously discussed attended remote site units which use the
more efficient high temperature steam reformer process.

1-22
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An artist's conception of the FCPU, as mounted on a self-propelled cart, for
tactical aircraft ‘ground support is shown in Figure 1-5. The unit for use as a
forward air controller radar power (not shown) appears quite differently. It
has been envisioned as a much more compact skid mounted unit. As has been said
previously, except for the packaging the FCPU's proper are practically identi-
cal.

T e T ]

Some of the key parameters of these units are supplied in Table 1-4,

—r Ty

' As was the case with attended remote site units, the unit providing thermal and
electrical energy to its specific application has the lower electrical genera-
tion efficiency.

1.4 COST ESTIMATES

The elements used in preparing lTife cycle cost estimates for each of the six
FCPU's were: capital costs, operating and maintenance costs, and fuel costs.
The costs do not include "cost-of-money".

f( Y3

The capital cost elements were: the research and development (R&D) costs to
arrive at a p >totype fuel cell power unit of a particular type, the cost of a
production unit and initial spares, technical data operating and repair manu-
ﬁ! als, and special on-site equipment and installation costs where applicable.
The capital costs are given in 1980% without cost escalations. R&D and techni-
1 cal data costs are spread over one thousand u.iits of production except for the
tactical aircraft ground support application where 800 units were used.

The operating and maintenance (0&M) cost elements were: (as applicable) oper-
ating labor, supplies and overhead, maintenance labor, parts and overhead, and
transportation costs. The 0&M costs are given in 1980% without cost escala-

4 tions.

Alcohol fuels costs were estimated using standard price projections for power

! plant fuel delivered in Los Angeles, California in the 1990's in 19803. The
¢ _ projections were made by the Fuels and Fuel Processing Subcommittee of the

i' 1-23
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: TABLE 1-4
S TACTICAL MOBILE FCPU PARAMETERS
Radar Maintenance
Power Power
Operational Model Intermittant Intermittant
f| Physical Parameters
x Type of Fuel JP-4 JP-4
* Rated Power Fuel Consumption, Gal/Hr, 5.9 6.7
k " Volume, ft’ 225 273
Footprint, ft 38 a5
Neight, Lbs. 4,050 5,030
Performance Parameters
Mean Time Between Failures, Hr. 2,620 2,000
e Availability in Example Application, % 99.3 98.6
Minor Maintenance Period, Mo. 8 12
Major Overhaul Period, Yr. 23 63
Electrical Output rating
Power, kW 60 60
{ Potential, Volts 120/208, 240/416 120/208,140/416
Frequency, Hz 400 400
i Startup Time, Hr. 0.5 0.5
o Cold Shutdown Time, Hr. 1 1
- Thermal Energy
o Provided to Application, Btu/Hr. 0 145,000
s Nominal Available above 200°F,
4 Btu/Hr. 138,000 105,000
b Electrical Generation Efficiency
' Based on HHV fuel, % 27 23.9
! Based on LHV fuel, % 28.9 25.5
o
¢ 1-25
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‘tions was 5 percent per year. For the Menorca site example, a price escalation

Electric Utility Fuel Cell Users Group. This is an Ad Hoc group organized by
EPRI and U. S. DOE. The pessimistic price projected by the group is $10 per
million Btu. The optimistic price projected is $7 per million Btu. The opti-
mistic price is the one used here. :

Logistic fuel prices were estimated by taking a current delivered price for the
application as an initial price and escalating the prices for future years in
1980%. The price escalation used for three of the four logistic fuel applica-

of 7 percent per year was used. The current price of fuel delivered to the
USAF at the Menorca site is considerably below the market price at Menorca.
This is because of past contractual arrangements with the Spanish Government.
These arrangements will most likely be adjusted in the future.

A summary of labor, transportation, and fuel prices used in cost estimating is
given in Table 1-5.

Production unit costs were estimated on the basis of a thousand units of pro- 9
duction. This is an extrapolation of existing information.

Westinghouse and Energy Research Corporation have data bases for estimating the
costs of prototype FCPU's. This information was extrapolated by the following
means:

For the non-commercial components of the FCPU, an experience curve effect was
assumed. These components are the fuel processor, the fuel cells, and the

power conditioner. No experience curve effects were applied to commercially
available components such as pumps, heat exchangers, valves, fans, and sen-
sors. Some cost reductions because of volume purchasing will be experienced
for commercial items, but have not been incorporated into the estimates.

Experience curve effects have been observed in many types of production pro-
cesses. They are a measure of the cost reductions that occur with increases in
the cumulative size of a production run. The cost reductions are caused by the
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combined effects of improved labor efficiencies, technical and manufacturing
improvements, economics of scale, and volume purchasing of components and mate-
rials.

Based on the analysis of experience on similar types of equipment, an 85 per-
cent experience curve was used resulting in a 15 percent cost reduction when
the cumulative number of units are doubled. For a cumulative production of one
thousand FCPU's, the experience curve effect reduces non-commercial components
costs to 20 percent ‘of the prototype values.

R&D costs have been abstracted from development risk assessments performed on
each of the six units. These risk assessments are summarized in Section 1.5.
It should be noted here, however, that the development program to a prototype
for the unattended remote site units (MX application) was envisioned to require
much more reliability testing than the logistic fuel units developments for
substitution in existing attended multi-unit installations.

Life cycle cost (LCC) estimates for the two alcohol fueled unattended remote
site units for a 12.5 year life cycle are as follows:

LCC Item Methanol Unit Ethanol Unit
Capital Costs, $ 87,900 91,000
0&M Costs, $ 64,600 67,500
Fuel Costs, -$ 106,300 100,100
Totals, § 258,800 259,200

The current plan for powering the 4,600 shelter MX concept is to use a utility
type grid to conduct power to the individual shelters. The grid concept cre-
ates problems that may not be solvable in the areas of Electro Magnetic Pulse
(EPM) protection and Protection of Location Uncertainty (PLU). These problems
are far less severe if individual power units are used at each shelter. In
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addition, it might be possible to harden individual power sources to a useful
level not attainable with a grid system.

The use of an individual FCPU at each shelter will also be cost effective com-
pared to a new utility type grid. The LCC for the FCPU's figures to be a cost
of 15.8¢/KWHR. Admittedly this is high compared to present prices of electric-
ity. However, todays electric prices are a result of using equipment installed
at yesterdays prices. A new rural electrification system to deliver power to
what amounts to 200 scattered villages is quite a different matter. Using
todays prices for equipment and installation, there is virtually no possibility
of building such a system to deliver electricity for as little as 15.8¢/KWHR.

A price of 50¢/KWHR for a new rural grid is more representative.

Twenty year 1ife cycle cost estimates for the logistic fuel FCPU's and a com-
parison with the life cycle costs of the appropriate corresponding power source
are provided in Table 1-6. As shown, the comparison is done using the specific
application examples of the program. For the PIN-1 and Menorca sites the 0&M
cost estimates for diesel engine-generator operation were obtained from cogni-
zant USAF personnel. For the tactical mobile applications the O&M costs for
the gas turbine generator were derived from an internal USAF study of alterna-
tives to existing gas turbine usage for tactical aircraft ground support.

By examining Table 1-6, it will be noted that there are capital costs associ-
ated with each of the existing systems because some of the existing units will
have to be replaced entirely, not just overhauled, over the next twenty years.

There are apparant anomalies in the data presented.* Taking the remote site
units first, the fuel savings at PIN-1 are a great-deal larger than at Menorca
because the PIN-1 FCPU is displacing not only electric generating fuel but
heating fuel as well.

*Real life data rarely plot as a smooth curve
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N The anomalies in the 0&M cost comparisons between PIN-1 and Menorca arise from
- " two causes. The less important of these is that the costs of operating and

I maintaining the heating system at PIN-1 are not included in the dieselgenerator
costs given in Table 1-6. The more important reason is that the 0&M costs for
o both FCPU's were done on a consistant staffing basis. In practice, there is

- heavier engine room staffing at Menorca than PIN-1. Hence, the projected

hl reduction in staff by the improvements from the increased FCPU's reliability
over existing units is less at PIN-1 than at Menorca. It is understood that
Menorca is experimenting with reduced engine room staffing.

Turning to the tactical mobile units, the LCC estimates are a good bit less
than those of the remote site units because the tactical mobile units are used
only intermittently, not continuously. The LCC advantages of the FCPU's over

the existing gas turbine units is because the FCPU's are four to six times more
fuel efficient than the gas turbines as electricity generators.

The anomaly in the O&M costs between the radar power and maintenance power

e units is because of the usage models employed. The maintenance power units are
assumed to be located at a particular airbase. The radar units are presumed to
be transported six times a year to and from a permanent base to forward loca-
tions. These transport costs for a 2 ton FCPU or a 0.5 ton gas turbine genera-
tor are included in the 0&M costs for the radar power units. The obvious con-

clusion is that FCPU's are still cost effective compared to gas turbines even
including costs associated with mobility.
¢ 1.5 DEVELOPMENT ASPECTS
Some of the general commonalties between the six FCPU's designs were given pre-
L viously in the introduction to Section 1.3. More specific commonalities will
; be outlined here.
(
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- 1.5.1 COMMONALITY BETWEEN UNITS fiﬂ

B Fuel Cells

- For the two unattended remote site and two attended remote site units the indi-
vidual fuel cells can be identical without sacrifice in performance. The indi-

" vidual cells can be the 12 in x 17 in MARK II air cooled cells being developed

II by Westinghouse for FCPU's for utility use.

The cell stack for each of the two unattended remote site units can be identi-
. cal. The cell stacks for each of the two attended remote site units can also
!l be identical. However, the stacks for the attended remote site units will be
. taller and will be designed for higher pressure operation than those for the
unattended remote site units.

The individual cells and stacks used in the tactical mobile units designs are
identical. The technology is basically the MARK II cell design that could be
used in the other designs. However, the cells are somewhat smaller (10 in x

14 in), thus reducing the units size. This is an important consideration for Qi]
tactical mobile units. More importantly, the pressure level in the cooling air
passages is maintained at a level less than that in the rest of the cell. Cur-

rent cell technology uses equal pressures throughout.

Fuel Processing

For fuel processing, the FCPU's designs may be grouped in pairs regarding the
use of common technology. The two unattended remote units using alcohol fuels
use a common copper catalyst technology. The two attended remote units for
USAF Togistic fuels use high temperature steam reformer technology. The two
tactical mobile units use autothermal reformer technology.

In the alcohol fuels grouping, a common ethanol reformer can be used for both

e

‘ methanol and ethanol. This would be profitable only if the application really
needs an ethanol as well as methanol fuel use capability. Otherwise, a single

_ fuel methanol fuel processor offers greater efficiency and a lower cost.




A1l four logistic fuel units could use a common reformer technology but only at
the sacrifice of either performance or cost effectiveness for some of the units.

Power Conditioning

The DC to DC unattended remote FCPU's power conditioners are identical.

Within the other two groupings the DC to AC power conditioners are either iden-
tical (tactical mobile application) or similar, but of different size and
input/output (attended remote site application).

Lm0 ol

1.5.2 DEVELOPMENT WORK AREAS

While no major breakthroughs are required to achieve the projected performance
and design characteristics of the six FCPU's, work to develop the designs to a
prototype level will be required. To evaluate the work required a technical

‘ development risk assessment was performed at both the major component level and
g the overall system level. The major components were taken as: (a) fuel pro-
cessing, (b) fuel cell, (c) power conditioning and (d) balance of plant.

Q¢
Each of these major component categories and the overall system was evaluated
with respect to the following factors:
e current technology status
N e technology status rating
i e required technology status to meet design requirements for the
# proposed application
,
e proposed development program to achieve the required technology
: status
f; ¢ estimated developmental effort expressed in terms of manhours
¢ of R&D personnel (engineering plus technicians)
{ o estimated developmental effort expressed in terms of develop-
{ ment dollars (labor and materials)
!
E e probability of success of the proposed developmental program
‘
S - e ongoing programs or potential design alternatives.
{
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The technology status rating criteria used are illustrated in Table 1-7. :ij

A summary of the assessment for the six designs is given in Table 1-8. Refer-
ring to the technology ratings exhibited in Table 1-8, the least developed area
of major component technology is that of fuel processing. Fuel processors for
five out of six of the units must be rated as category (C) or developmental
technology. While there is encouraging laboratory work on which to base these
fuel processor designs, actual use in FCPU's has not been demonstrated. The
other area of (C) or developmental technology exhibited is that for the fuel
cells for the tactical mobile power units because the cells are conceived as
having the cooling air passage pressure at a much lower level than the pressure
in the balance of the cell. On the basis of stress analysis, this looks prom-
ising but has yet to be demonstrated physically.

Turning to the cost aspects of the assessment of Table 1-8, the overall system
development costs for the unattended remote units are projected to be much
higher than for the balance of the units. As stated in Section 1.4, this is
because of application differences for the units. The unattended remote units Q;j
were applied as single unbacked power sources for MX shelters. The other units

can be tried out as part of a multiunit power complex. While all the units

must be reliable in use, the MX units must have demonstrated that reliability
experimentally before application. Such reliability demonstrations require

much operating time and corresponding expense.

It will be noted that in some of the major component areas zero dollars (or no
development program) are stated even though the components are not off-the-
shelf as of today. In these areas there are development programs for other
FCPU's that are anticipated to provide the missing knowledge and hardware.

1.6 SUMMARY OF RESULTS

This USAF fuel cell application analysis program has examined three generic

groups of applications and in terms of two specific examples per group. The
three generic groups are: (1) unattended remote sites, (2) attended remote

sites and (3) tactical mobile. The specific examples are:
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; Group 1 23 kW, MX shelter power, Methanol fuel
‘3 23 kW, MX shelter power, Ethanol fuel
Group 2 60 kW, DEWline PIN-1 Site, Diesel fuel

100 kW, Menorca, Sp. Communications Site, Diesel fuel

Group 3 60 kW, Foreward Air Controller Radar, Aviation turbine fuel
60 kW, Tactical Aircraft Maintenance, Aviation turbine fuel

}‘I A distilled summary of the results of this analysis are presented in Table

T 1-9. As shown, the substitution of fuel cell power units as the electric power
source for these existing or projected applications will result in major fuel
and cost savings to the USAF with no major offsetting disadvantages evident for
two of the three generic groups.

It is suggested that the USAF expedite its program to develop and substitute
FCPU's in the applications analyzed. Simple interest return on the investment

Ty (ROI) in development and production costs will average 20 percent for Group 2
and 3 FCPU's. The ROI value is probably conservative as it assumes the fuel
costs only escalate at 5 percent per year.
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2.0 INTRODUCTION

The general objective of this program has been to investigate and analyze the
application of phosphoric acid fuel cell technology to several of the United
States Air Force (USAF) needs for ground electric power and heat. The purpose
is to provide guidance to possible USAF fuel cell development and application
efforts in the future.

The specific objectives of the program were to: (a) perform fuel cell applica-
tion analyses for six USAF specified applications, (b) provide preliminary con-
ceptual designs and technical risk assessments [of Fuel Cell Power Units (FCPU)
for each application] and (c) provide final conceptual [FCPU] designs for the
applications.

2.1 APPLICATIONS

The generic applications considered were as follows:

Application No. Description Electric Power Level
1&6 Unattended Remote Site 5-20
2 Attended Remote Site 30-60
3 Attended Remote Site 100-250
4 Tactical Mobile System 30-60
5 Tactical Mobile System 120-250

Specific sites/systems examples of the generic applications analyzed as a basis
for development of FCPU design specifications and costing studies were as fol-
Tows:

2-1
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Applicat:.on No. Description

1/6 Individual MX Missile Shelter Power Site, Two REs* Fuels
2 DEWLine, PIN-1 Site

3 European Communications, Menorca, Spain Site

4 Foreward Air Controller Radar Power Supply

5 Tactical Aircraft Ground Maintengnce Power Supply

The two RES fuels considered were methanol (wood alcohol) and ethanol (grain
alcohol). This is not a trivial distinction. Use of methanol in Phosphoric
Acid Fuel Cells (PAFC) is current practice. Little work has been done towards
use of ethanol in PAFC systems.

Ethanol is a more refractory fuel to use than methanol; but ethanol will be a
less difficult fuel to use than the USAF logistics fuels of Applications 2-5.
Substantially successful laboratory scale work has been done on fuels similar
to USAF logistic fuels on U. S. Government sponsored programs.

The applications examined can be characterized as FCPU substitutions for other
type power supplies, as:

Application No. FCPU Substitution For:
1/6 Utility Grid Power Supply
2/3 Diesel-Electric Power Supply
4/5 Gas Turbine - Electric Power Supply

2.2 PROGRAM METHODOLOGY

The broad course of the program followed the outline of specific objectives
given previously. Namely: (1) gather information and organize, analyze and
determine priority of the information to yield FCPU design requirements and

*Renewable Energy Source

\
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constraints; (2) create and cost a preliminary conceptual design for each
( application at the process design level; and (3) convert the process design
into conceptual physical embodiments as layout drawings and artist's concep-
tions, along with refinement of the preliminary process design and costing. A
part of the final cost refinement effort was preparation of projected life
cycle costs of a FCPU for each application and, for Applications No. 2 through
! 5, a comparison with the life cycle costs of the existing electric power sys-
tems being used to satisfy these applications.

f' A primary purpose of the applications analysis was to create a set of generic,
{ yet realistic, design specifications of FCPU for each application. It was the
' purpose of the design specification to assure that the FCPU design would sat-
i isfy not only the physical requirements of the particular applications, but of
: many other similar applications as well.

An additional purpose of the application analysis was to establish operational
modes and operational and maintenance costing rates and factors for each appli-

Q;’.‘ cation. These, taken along with the physical needs specifications, were then
used to direct the design effort towards lowest life cycle costs while satisfy-
ing the physical needs. It is worth noting that the lowest life cycle cost
unit always was the most fuel efficient unit that was conceived to satisfy the
physical requirements.

The design specifications and costing factors were derived for each application
by iterative interaction with USAF designated commands as follows:

Application No. Principal Contact Points
1/6 BMO, MNNBL, Norton AFB, CA Major T. Hughes
2 ASD, Peterson AFB, CO Mr. D. Cain; FIS, Mr. C. Martin
3 AFCS, Torrejon AFB, Spain Mr. John Siska
4 TAGIF, Langley AFB, VA Capt. J. Shields
5 ENEG, WPAFB, OH Lt. Col. R. Poplowski
]
N
2-3




Ny ——T VSV YTy

.......................................

The various design specifications created with the help of the foregoing com-
mands may be found in Appendices C1-C5. '

The design process involved three major steps. A1l steps involved a consider-
able amount of iteration to arrive at conceptually ideal components and systems.

The preliminary conceptual design steps involved three elements. The initial
effort was to develop a broad range of characteristics and choices for thé
three most important FCPU subsystems. These subsystems are: (1) the fuel pro-
cessing subsystem, (2) the fuel cell subsystem and (3) the electric power con-
ditioning subsystem. The results of this effort are covered in Section 3.0.

Using the subsystem characteristics and choices developed previously, process
(schematic) designs were created and modified to satisfy design requirements

and minimize anticipated 1ife cycle costs in terms of production unit costs and
fuel costs. The development risks associated with the design were then assessed
and the costing analysis extended to site specific operating, maintenance and
installation costs; all in an interative manner,

The third design step involved taking the schematics and tabular descriptions
of the preliminary conceptual design step and creating conceptual physica]
embodiments for each design. These physical embodiments are in the form of
layout drawings and artist's renditions.

The application and design characteristics, development risk assessment, life
cycle costing and cost comparisons for each of the conceptual FCPU's created

are reported in self-contained sections of this report.

Report section numbers covering the various FCPU's are as follows:

2-4
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FCPU
Application Electrical Heat Generic

No. kW Btu/Hr Application

1/6 23 NA Unattended
Remote

2 60 238,000 Attended
Remote

3 100 NA Attended
Remote

4 60 NA Tactical
Mobile

5 60 145,000 Tactical
Mobile

2-5
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Example
of
Use

MX Shelter,
Methanol
Ethanol

DEWLine,
PIN-1

Menqrca,
Spain

Foreward
Air
Controller
Radar

Tactical
Aircraft
Maintenance

, ¥ g W W

Report
Section

4.0

5.0
6.0

7.0

8.0
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3.0 SUBSYSTEM CHARACTERISTICS

The principle non-commercial items in a FCPU are the fuel processing subsystem
and the phosphoric acid fuel cells (PAFC) and power conditioner of the power
generation subsystem. These items are identified in the generic type block
diagram of Figure 3-1 and are discussed in detail in Sections 3.1, 3.2 and 3.3.

As indicated in Figure 3-1, steam (and sometimes air) and fuel are heated,
mixed and converted in the fuel processing subsystem to a hydrogen rich gas.
This gas, along with fresh air, is introduced into the fuel cells where the
hydrogen is electrochemically oxidized to water, producing heat and DC electric
power. This power is controlled and conditioned into a form suitable for using
apparatus consumption. In this study the unattended remote site units produce
conditioned 120 volts DC power. The attended remote site units produce 60 Hz
AC power and the tactical mobile units produce 400 Hz AC power. Standard volt-
ages in the 110 V to 416 V range are available, depending on the requirements.

The fuel to electric power conversion efficiency of PAFC systems is higher than
that of most competitive power systems. In addition, if the application has a
requirement for heat and electric power the waste heat from the FCPU can be
recovered for further use. This might be in the form of hot air, hot water, or
steam. The maximum temperature at which meaningful fuel quantities of (truly)
waste heat are available from PAFC systems is about 350°F. Combined electric-
ity plus process heat thermal effiencies of over 80% are obtainable.

A1l the designs of this study use steam to reform the fuels into a hydrogen
rich gas suitable for PAFC's consumption. The tactical mobile units also
introduce air directly into the fuel processor, making the system thermally
self-sufficient. To make the FCPU's water self-sufficient, a portion of the
water vapor in the FCPU's exhausts is condensed for reuse in the fuel process-
ing step. This water for fuel processing could have been provided without the
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condensing step by recirculating a portion of the FCPU exhaust through the fuel
processor and fuel cells. However, this seriously dilutes the hydrogen concen-
tration in the fuel cell. This in turn leads to a 10 percent to 15 percent
increase in fuel consumption for a given power output. Also, it probably will
) result in a net increase in system size because of the increased gas volume

ii throughput even through the [large] condenser element is eliminated*.

’ . LI B t .

3.1 FUEL CELL CONCEPT

;17 The basic phosphoric acid fuel cell concept used throughout this study is that
(" of the air cooled cell. This is a concept developed by the Energy Research
Corporation (ERC) for use in small (1.5 kW-5 kW) units for U. S. Army Mobile
Electric Power. This ERC concept has been adopted by Westinghouse for its use
on-site integrated energy and utility fuel cell programs.

Other cooling schemes that could have been used include water cooling and lig-
uid coolr.ig using a dielectric fluid. The liquid-cooled designs require the
use of numerous tubes to convey and contain the liquid. As a result, there are

\¢ a large numcer of tube connections that present potential leakage problems.
Since reliability is a most important design requirement for all the FCPU's
conceived under this program, air-cooled design appears preferable. It is felt
that overall study results will not be significantly affected by the choice of
a fuel cell cooling method.

Two detail fuel cell design configurations were used. The first of these is

. the original ERC developed DIGAS** MARK I cell. This first configuration was

& used in the 23 kW unattended remote site FCPU's (MX individual shelter power
A example). The unattended remote site units are direct derivatives of the pre-
. viously mentioned 1.5 kW-5 kW units which incorporate the MARK I cells.

4

: *There is some expert opinion that holds that the recycle water to the fuel
processor will have to be cleaned before reuse. If required, this can be done
by standard procedures with a liquid return. Procedures for cleaning a water
vapor return have not been developed to our knowledge.

¢

{ - **U. S. Patent 4192906
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The balance of the FCPU's are designed around the MARK II derivative of the
original ERC MARK I cell. The MARK II fuel cell configuration was developed
under a NASA sponsored on-site integrated energy system program, contract
DEN3-161.

The details of a MARK II configuration are illustrated in Figure 3-2. The
individual fuel cell is comprised of bipolar plates, two gas diffusion elec-
trodes and an acid matrix. The "Z" patterned channels in the bipolar plates
direct the flow of the reactant hydrogen-rich gas and air in a counter flow
mode and in channels of equal length.

Heat is removed from the cell stacks by air directed through cooling plates
located at approximately every fifth cell. The cooling channels are configured
in a "tree" shape to achieve a flat temperature profile across the stack, and
to keep the peak to average temperature ratio as Tow as possible.

In the predecessor MARK I configuration the reactant flows are directed in a
crossflow pattern. The hydrogen rich gas flows lengthwise of the cell and the
air crosswise in the same direction as the cooling air flow. The cooiing air
and reactant air are mixed together in the MARK I cell configuration rather
than separated as in the MARK II configuration. This MARK I arrangement is
simplier than the MARK II but suffers from some dilution of the oxygen content
of the reactant air.

For performance and structual reasons it is desirable for the incoming cooling
air to be close to cell temperature. This is usually accomplished by recircu-
lating the cooling air through a waste heat exchanger where the air temperature
of the cooling air to be returned is carefully controlled. Because in the MARK
I cell the reactant air and cooling air are mixed together, there is a reduc-
tion in the oxygen content of the mixture exiting the fuel cell. This oxygen
reduction is carried back to the cell air inlet by the recirculating cooling
air. Some, but not all, of the reduction in oxygen content, below standard air
value, can be made-up by introduction of fresh air at cell inlet.

?;i
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Another advantage of the MARK II cell separation of the reactant air and coo]inéii
o air streams is that the two streams can be supplied at different pressure lev-
:!5 els. This can be used, sometimes, to obtain a better overall FCPU system opti-
- mization.

The performance level demonstrated in a MARK I DIGAS stack of six intermediate
F!! size cells is 620 mV/cell at 50 psia, 374°F and 300 MA/cmz. At atmospheric
pressure, a MARK II separated gas stack of 23 full size cells has demonstrated
performance of 600 mV/cell at 150 MA/cm2 and 347°F, These results are not
directly comparable since cell voltage varies with operating temperature, pres-
sure, and current density. The demonstrated 1ifetime of the baseline compo=-
nents is greater than 25,000 hours for the electrodes and matrices, and 10,000
hours for the bipolar plates. Full size (1200 cmz) versions of all baseline
components have been manufactured and tested in 23 cell stacks with both MARK I
DIGAS and MARK II separated air cooling.
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The MARK II bipolar and cooling plate designs are recent innovations. Accord-
ingly, the accumulated operating time is 10,000 hours in a small cell. A num- .fj
ber of stacks of intermediate size cells (three 3-cell and one 10-cell) and one -
5-cell stack of full size components have operated for over 7,000 hours. Two
23-cell stacks, including cooling plates, were recently built and have operated
stably for hundreds of hours.
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A MARK I DIGAS stack of six intermediate size (340 cm2) 