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This report was prepared as an account of Government-sponsored work. Neither " :
the United States, nor the National Aeronautics and Space Administration (NASA), )

nor any person acting on behalf of NASA:

(A) Makes any warranty or representation, expressed or implied, with respect f 1
to the accuracy, completeness, or usefulness of the information contained - i
in .this report, or that the use of any information, apparatus, method,

or process disclosed in this report may not infringe upon privately-owned B
rights; or

(B) Assumes any liabilities with respect to use of, or for damages resulting

from the use of, any information, apparatus, method or process disclosed
in this report. :

L S

As used above, "person acting on behalf of NASA" includes any employees or
contractor of NASA, or employee of such contractor, to the extent that such
employee or contractor of NASA or employee of such contractor prepares, dis-
seminates, or provides access to any information pursuant to this employment or
contract with NASA, or his sigloyment with such contractor.




ey m e TR T & .30 iRk o2 i it

FCR-1656

FINAL REPORT
LIGHTWEIGHT FU!EL CELL POWERPLANT COMPONENTS PROGRAM
BY
R. E. MARTIN
22 February 1980
UNITED TECHNOLOGIES CORPORATICON
Power Systems Division
Prepared for
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Contract NAS8-30637
George C. Marshall Space Flight Center
Huntsviile, Alabama 35812
- Mr. L. J. George, Project Manager
e

- < 5 - i B M e L 2 5

ST Y AT S Y T | e 110
S a8 mim Sl s s

L

e e g
e



T et T M

|

e
e

o

bl

Power Systems Division FCR-1656

FOREWORD

This final report describes the system definition and component development work
completed in defining an alkaline lightweight fuel cell powerplant under NASA
contract no. NAS8-30637 from 18 March 1974 through 31 December 1979.

The NASA Project Manager for this contract was Mr. L. J. George. The contribu-
tions of Mr. George and other members of the Electrical Power Branch at George
C. Marshall Space Flight Center are gratefully acknowledged.

The Project Manager for Power Systems Division was Mr. Ronald E. Martin.

Principal Power Systems Division personnel who directed the tasks performed in
this program were.

L. M. Handley
A. P. Mevyer
B. Gitlow

wW. F. Bell
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ABSTRACT

An analytical and experimental development program was conducted on a lightweight
hydrogen-oxygen alkaline fuel cell incorporated into the design of a Lightweight
Fuel Cell Powerplant (LFCP). The powerplant opgrates with passive water reimoval
which contributes to a lower system weight and extended operating life.

A preliminary LFCP specification and design table were developed. A lightweight

power section for the LFCP designh, consisting of repeating two-cell modules was
designed.

Two, four-cell modules were delivered to Marshall Space Flight Center. These

modules incorporated 0.508 ft2 (471.9cm?) active area Space Shuttle technology fuel
cells.

During the program over 1,200 hours of single-cell and over 8,800 hours of two-

cell module testing was completed. The 0.25 ft2 (232.3cm?) active area lightweight
celi design was shown to k% capable of operating on propellant purity reactants out
to a current density of 6LdASF (645.8 mA/cm2). Endurance testing of the two-cell

module configuration exceeded the 2,500-hour LFCP voltage requirements out to
3700-hours.

A two-cell module capable of aperating at increased reactant pressure completed
1000 hours of operatiop at a 30 psia (20.7 N/cm?) reactant presgure.

A lightweight power secticn consisting of fifteen, two-cell modules ronnected elec-

tricaliy in series was fabricated. A performance demonstration of the power sec-

tion is planned under a Lewis Research Center advanced technology fuel cell
program.
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l. SUMMARY

This final report documents the activity and results of a long-range analytical and
experimental program leading to the definition of an Lightweight Fuel Cell Power-
plant (LFCP). The advanced technology lightweight fuel cells of the LFCP design
operate with passive water removal which offers significant saviings in powerplant
weight and extends life. Passive water removal eliminates the requirement for a
hydrogen circulating pump and dynamic water separator.

Objective

The objective of the program was to define the design of a fuel cell powerplant
which would meet the requirements of future NASA missions. The design was
based upon the advanced technology lightweight fuel cells developed under NASA
Lewis Research Center programs.

The design shall be substantiated, and the readiness of the technology for develop-

ment will be demonstrated by testing of powerplant elements, such as single cells
and multi-cell power sections.

Scope

A lightweight fuel cell powerplant preliminary specification was identified and a
lightweight fuel cell powerplant preliminary design table was specified.

Three, two-cell modules, repeating unit of the lightweight power section design
were fabricated and tested. In addition, two-single cells and an additional two-cell
module of a design capable of increased reactant pressure operation were fabricat-
ed and tested.

A lightweight 30-cell power section of the LFCP design was fabricated and a per-
formance demonstration test under a future NASA program is planned.

Results

Twc, four-cell modules incorporating 0.508 ft2 (471.9 cm2) active area Space
Shuttle technology fuel celis were constructed, performance checkout tested and
delivered to Marshall Space Flight Center for acceleration testing and to investigate
low power density operation.

An Lightweight Fuel Cell Powerplant (LFCP) was defined which would be capable of

satisfying NASA requirements for advanced space vehicles. A Powerplant Specifica~

tion and Designh Table were established for the LFCP.

A power section for the LFCP design based upon a repeating two-cell moduie unit
was defined.

A total of 8,855 hours of two-cell module testing and 1,222 hours of single-cell
testing was completed. Endurance testing of the two-cell module configuration
exceeded the 2500 hour design voltage requirement of the LFCP design.
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A two-cell module configuration demonstrated that the effect of propelient purity
gases on cell performance was very small. The evaluation was conducted at cur-
rent densities to 600 ASF (645.8 m&/cmé) with hydrogen and oxygen being diiuted
with up to 0.5 percent Helium to simulate gases that might be obtained from space
vehicle propellent tanks.

A two-cell module incorporating a passive water removal assembly capabie of operat-
ing at increased reactant pressure, completed over 1000 hours of operativ® $f a 30
psia (20.7 N/cm2) reactant pressure.

A 30-cell lightweight power section consisting of fifteen, two-cell modules was
constructed. A performance demonstration test of the power section is planned
under a Lewis Research Center advanced technclogy fuel cell program.

Conclusions

° Performance and endurance testing of the two-ceil modules has stiown
that the design will:

-= Satsify the 2500 hour voitage requirements of the Lightweight Fuel
Cell Powerplant Design.

-- Operate with propellent purity reactants with no significant impact
upon cell performance.

) Additional endurance testing of two-cell modules incorporating passive
water removal assemblies capable of increased reactant piressure operation
will be required to demonstrate long-term performance stability.

° A performarice demonstration test of the 30-cell lightweight power section
“designed and constructed during this contract period of performance will
be necessary to verify cell reactant distribution, product water removal
operation, thermal characteristics, performance with time and structural
integrity. :
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1. INTRODUCTION

Backgrotnd

Power Systems Division (PSD) of United Technologies Corporation has developed
several hydrogen-cxygen alkaline fuel cell powerpiants for space and undersea
applications. PSD has built upon the experience and the lessons of the Apollo
program by continuously upgrading and expanding the capabilities of the alkaline
fuel cell powerplants through parallel development of basic technology and power-
plant hardware. The powerplants which PSD has developed and the improvements
in technology they have incorporated are shown in Figure 1.

The Apollo PC3A-2 powerplant, the first in a series, was a complete powerplant
successfully qualified for manned space flight. Ninety Apollo fuel cell powerplants
were delivered, successfully completing sixteen flights including nine lunar, three
skylab and a Apollo-Soyuz mission. A total of 10,750 hours of flight time was
completed without incident.

The PC8B series of powerplants was developed under in-house sponsored programs
to impraove performance, startup characteristics, operating characteristics, endur-
ance, and raduce powerplant weight beyond the achievements of Apollo. The
PC&B-1 was the first powerplant incorpeorating low-temperatiure, matrix-type alka-
line cells configured for space applicatinns. Cell active area of 0.4 ft2 (371.6 cm2)
was the same as Apollo. For compatibility with the Apolio Service Module, the
PC8E~1 retained the Apolio ancillaries and mounting structure. The PC8B-2 was
identical to PC8B~-1 except that the interface panel and mounting structure were
modi.ied for compatibility with the Air Force Manned Orbiting Laboratory (MOL)
vehicle.

In 1969, the PC8B was repackaged with a stack of 0.5 ft® (464.5 cm?2) active area
cells. Designated the PC8B-3, this powerplant was operated as a demonstration
unit for more than a year, accumulating 97 starts and more than 6000 hours on
reactants. The cooling system was improved, its rating was raised from 2.5 to
4.5kW and it was designated the PC8B-4.

The 5kw PC8C was built in 1971 with a stack of 0.5 ft2 (464.5 cm?2) active area
cells of the high power density type. This cell was developed in the late 1960's in
Air Force and in-house IR&D programs. Originally developed for operation at high
current densities, typically 3000 ASF (3229 mA/cm2), the cell was found to have
superior endurance as well. Endurance testing of this cell configuration in a
KNASA-LeRC program demonstrated over 11,000 hours of operation and a subscale
laboratory cell in a PSD IR&D program exceeded 35,000 hours of testing. This cell
configuration has been used in all subsequent low-temperature alkaline fuel cell
powerplants. The PC8C was used as a demonstrator powerplant for almost two
years. During this period it accumulated 100 self-energized starts.

The Navy 20kW PC15B, the NASA 5kW DM-2, the PSD 15kW demonstrator X-712,
and the Space Shuttle PC17B all incorporate low-temperature, alkaline electrolyte
fuel ceils of the high power density type, a pumped liquid thermal control sub-
system, a circulating hydrogen water removal subsystem and a reactant control

subsystem with coupled regulators.
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The largest powerplant in the series is the 20kW PC15 hydrogen-oxygen powerpilant
develsped under the Navy sponsored Deep Submergence Rescue Vehicle (DSRV)
program. It was designed to supply propulsion and hotel power for deep-diving
manned submersibles. Three, 20kW, 128 cell powerplants were built and tested for

§77 hours during the program. A total of 137 hours of field operation has been
completed.

The DM-2 was developed for NASA-JSC to demonstrate Space Shuttle fuel cell
technology, Its continuous output rating was 5kW and has a 7.5kW short duration
overload capability, limited by its coolant pump and condenser capacity. The DM-2
power section consisted of 34, 0.5 ft? (464.5 cm?2) active area cells. The power-
plant operated over a simulated Space Shuttle power profile for 5072 hours, Figure
2, the equivalent of 3| missions. The powerplant demonstrated 21 self-energized
ten minute starts. Two six-cell power sections tested under this program accumu-
lated 10,000 and 10,500 hours of operation, Figure 3, and a hydrogen circulation
pump was tested for 10,000 hours.
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The X7i2 Demonstrator powerplant was similar to the DM-2 but incorporated a stack
of 36, 0.5 ft® (464.5 cm2) active area single cells with a higher performing gold-
alloy cathode catalyst replacing the platinum cathode catalyst employed on the DM-2
cell. X712 has a greater capacity coolant system than the DM-2, giving it a con-

tinuous output rating of 15kW. X712 has been employed as a demonstrator power-
plant for four years accumulating 115 self-energized starts.

The space shuttle PC17C powerplant incorporates two power sections comprised of
32, 0.5 ft2 (464.5 cm?2) active area cells connected electrically in parallel. A total
of 8 Orbiter fuel cell powerplants have been delivered to date, successfully compliet-
ing 182 hours of operation during atmospheric testing of the Space Shuttie vehicle.
The PC-17C design has accumulated over 10,147 hours of operation with over 450
self-energized starts. A PC-17C development powerplant which operated to a

power profile for over 4200~hours, Figure 4, exceeding the 2,000~-hour, 27.5 volt
design requirement.

32-0 e

3.0

INTERFACE VOLTAGE AT 228 ASF

30,0
29.0L | | ] ] §
0 1000 2000 3000 4000 5000
LOAD TIME — HOURS 14
Figure 4.

PC-17C Deveéelopment Powerplant X-706 Test Summary

In addition a 64-cell PC-17C power section completed 3500-hours of operation to a

simuialed Orbiter power profile exceeding the 2,000-hour, 27.5 design voltage
requirement.

An Advanced Lightweight Alkaline Fuel Cell Technology pragram conducted by PSD
under the direction of the Lewis Research Center has identified and demonstrated
a low weight celi design with increased performance and extended life.

] The lightweight cell design has a specific weight of 4 Ibs/kW (1.839g/W)

compared to the PC-17C cell design specific weight of 8 Ibs/kW (3.69g/W).

A gold-platinum catalyst cathode was developed which demonstrated
increased cell performance and improved stability for long life.
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° The lightweight cell design has accumulated over 138,000 cell-hours of
operation with one cell operating continuousiy for 10,021 hours and

another cell operating at a current density of 200 AMPS/ft? (215.3 mA/cm?2)

for 6,680-hours.

PSD has been conducting a program under the direction of George C. Marshall
Space Flight Center since March 1974 to develop a fuel cell powerplant design
based upon the advanced lightweight alkaline fuel cell developed under the Lewis
Research Center program.

Scope

The objective of this program was to define the design of a generic fuel cell power-
plant which will meet the requirements of future NASA missions. The design will
be based upon the advanced lightweight future fuel cell developed in previous
programs by NASA. Ancillary components shall be similar to Space Shuttie Orbiter
Powerplant components to minimize eventual delta qualification requirements.

The design shall be substantiated, and the readiness of the technology for develop-

ment will be demonstrated by testing of powerpiant elements, components, and
sub-sections.

Relevance/Significance

Performance and endurance testing of the two-cell module configuration, repeating
unit of the lightweight fuel cell power section has shown:

° The configuration wili satisfy the 2500-hour wvoltage requirements of the
Lightweight Fuel Cell Powerplant design.

. The capability to operate on propellent purity reactants with only a
slight affect on cell performance.

Purpose/Objective

An analytical and experimental deveiopment effort was conducted to translate the
lightweight fuel cell technology resulting from the Lewis Research Center program
inte a lightweight powerplant design to satisfy future NASA mission requirements.
A lightweight powerplant design was developed which incorporated a 34, 0.25 ft2

(232.3 cm?2) active area cell power section, comprised of 16 repeating two-cell
modules.

Four, two-cell modules were fabricated and endurance tested to verify the power
section design.

Three, 0.25 ft2 (232.3 cm?2) active area single cells were fabricated and endurance
tested to establish the increased reactant operating pressure capability of a modi-
fied lightweight cell design.

I U
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A 30-cell power section consisting of 15 repeating, two-cell modules was fabricated.
A 2,500-hour performance demonstration test is planned under a future NASA
program.

Test Conditions and Facilities

The performance evaluation tests were conducted in test stands originally built for

the Apollo fuel cell program in 1963 and modified to meet the requirements of the
lightweight cell design.

Performance evaluation tests were conducted at current densities out to 600 ASF
(648.8 mA/cm2). The capability of the two-cell module design to operate on pro-

pellant purity reactants was demonstrated by diluting the reactants with up to 0.5%
helium.

The operating reactant pressure of the lightweight fuel cell powerplant design is
19 psia (13.1 N/cm2) at a nominal cell temperature of 180°F (82.2°C). Endurance
tests of two-cell modules and single-cells were conducted at cell temperature of
165°F (73.9°C) and 180°F (82.2°C) at reactant pressures up to 60 psia (41.4
N/cm2). A ccntrolied vacuum is maintained in the water cavity of the passive
water removal assembly to achieve product water removal and maintain operating
electrolyte concentration.
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Itt. FOUR CELL DELIVERY MODULES

Two, four-cell modules were delivered to Marshall Space Flight Center (MSFC).
MSFC planned to conduct an acceleration test and investigate low power density
operation. These modules incorporated 0.508 ft2 (471.9cm?) active area Space

Shuttle technology fuel cells.

] Environmental Test Module delivered to MSFC on 17 July 1874

® Low Power Density Module delivered to MSFC on 17 December 1974

A. Environmental Test Module

The module shown on Figure 5 completed a performance checkout test of 18 hours
and was delivered to MSFC on 17 July 1974. The checkout test performance of the
module is presented on Figure 6. The unitized electrode assemblies are the same

as those of the Shuttie Orbiter PC17B powerplant. An operations manual, Reference
6 was prepared which presented operating instructions for the module and checkout
test performance data.

B. Low Power Censity Module

The Low Power Density Module shown on Figure 5 completed a performance checkout
test of 25 hours and delivered to MSFC on 17 December 1974. The checkout test
performance of the module is presented on Figure 6. The unitized electrode assem-
blies (UEA) are the same as those of the Shuttle Orbiter PC-17C powerplant.

The gold-platinum catalyst cathodes incorporated into this UEA was responsible for
the higher performance demonstrated by the low power density module.

The initial checkout test identified a lower than expected performance. Data
analysis suggested that the cause to be inadequate mechanical compression of the
cells. The module was disassembled and inspected. Both the fiberglass/epoxy cell
edge frames of the UEA and the cell-coolant separuator plates were found to deviate
from dimensions required for proper comptression. The dimensional deviations of
the cell frames was traced to a change in measuring technique used in UEA fabri-

cation. The separator plate deviations were traced to a vendor manufacturing
problem.

The module was rebuiit with all new UEA's and cell-coolant separator plates which
were within dimensional tolerances required for proper cell impression. The module
was performance tested and delivered to MSFC. An operations manual, Reference

7 was prepared which presented operating instructions and checkout test performance
for this module.

s
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Environmental
Test Module

(WCN-3231)

Low Power
Density Module

(WCN-2843)
Figure 5. Multi-Cell Delivery Modules
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IV, LIGHTWEIGHT FUEL CELL POWERPLANT
A task of the Fuel Cell Powerplant Components Program was to perform a system
design to define an Lightweight Fuel Cell Powerplant (LFCP) which would meet
NASA's mission requirements for advanced space vehicles. An additional task was
to define the design of a lightweight power section compatable with the LFCP.

A. Advanced Mission Design Requirements

The design requirements presented in Table |, supplied by Marshall Space Flight
Center, were the basis of the Lightweight Fuel Cell Powerplant (LFCP).

TABLE |I. LIGHTWEIGHT FUEL CELL POWERPLANT DESIGN CRITERIA

Power
Nominal Range 0.5-2.0kw
Peak 3.5kw
Voltage
Nominal Power Range 24.0-32.5 volts
Peak Power 18 volts
Reactant Purity Propulsion Grade*
Reactant Supply Pressure
Hydrogen 19.0-21.5 psia (13.1 - 14.8 N/cm?2)
Oxygen 29-32 psia (20.0 - 22.1 N/cm?2)
Endurance
Total Operating Time 2500 hours**
Time at Peak Power 8 hours
* Possibility contaminated with several percent Helium
Kk

Composed of missions averaging several days duration

The design requirements for the LFCP were directed toward advanced space mis-
sions such as Space Tug and Orbital Transfer Vehicle (OTV).

A preliminary specification for the lightweight Fuel Cell Powerplant is presented in
Appendix A.

B. System Operation
The fluid schematic of the Lightweight Fuel Cell Powerplant (LFCP) is shown in
Figure 7. ‘

-12-
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Figure 7. Lightweight Fuel Cell Powerplant Fluid Schematic

Reactants are supplied to the power section by demand-type pressure regulator
valves. Reactant preheaters before these valves raise reactant temperature to the
180°F (82.2°C) nominal operating temperature of the power section. The valves
assure that the oxygen pressure in the power section is maintained 2 psia( 1.4
N/cm2) above the hydrogen pressure at 19 psia (13.1 N/cm?) over the full range
of reactant flows. Fixed-size orifices in the reactant vent lines maintain a con-
stant reactant purge rate, preventing the accumulation of inerts, from the pro-
pelient grade reactants, within the power section.

Product water is removed by the passive water removal method. Product water
from the cell diffuses through a gas-tight passive water removal assembly and
evaporates into a 4 psia (2.8 N/cm?) cavity. A temperature-biased vapor pressure
regulator controls this pressure, thereby maintaining the proper water balance in
the cells over the full operating range. This regulator is temperature biased to
power section coolant exit so that product water generated during startup is
vented from the powerplant. This feature reduces the cell electrolyte reservoir

plate volume requirements, resulting in powerplant weight savings. Product water
is vented to the vehicle interface as a vapor.

Waste heat is removed from the power section by circulating a liquid dieletric
coolant, FC-40, through cooler assemblies adjacent to each celi. The waste heat is
rejected through an intereface heat exchanger to the space vehicle cooling system.
A thermal control valve adjusts coolant flow from the space vehicle system to
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maintain a desired cell inlet temperature. An accumulator is provided in the
powerplant coolant system to handle volume changes occurring over the load range.
The coolant system is pressurized to oxygen system pressure via the accumulator
reference line to the oxygen system.

The powerplant design was based upon the advanced lightweight-alkaline fuel cell
design developed by Lewis Research Center of NASA. A powerplant based upon
this technology could effect significant economies in vehicle weight and development
cos.. Figure 8 shows a model of the LFCP design.

A preiiminary de:sign table for the Lightweight Fuel Cell Powerplant is presented in
Appendix B.

(WCN-6333)

Figure 8. Lightweight Fuel Cell Powerplant

=i Power ~..ction Design

The pcwer section for the Lightweight Fuel Cell Powerplant (LFCP) is a 23 pound
(10.4 kg), 14.5 x 7 x 10 inch (36.8 x 17.8 x 25.4 cm) unit. This unit consis‘s of
34, 0.25 ft? (232.3 cm?) active area, liquid-cooled, low temperature, matrix-type,
passive water removal alkaline fuel cells. Transfer of current between cells is
accomplished by soidering the appropriate electrcde screens together at the sides
of the power section. The use of lightweight plastic, non-electically conducting
components throughout the power section requires edge current transfer. The
cells are packaged in two-cell modules which are connected electrically in series

and are maintained in a rigid structure between end-plates that are secured by
tierads.

The two-cell module consists of two, 77-mil (2mm) thick unitized electrode assem-
blies (\JEA), a 35-mil (0.9mm) thick cooler assembly and two, 77-mil (2mm) thick
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passive water removal assemblies bonded into a rigid fiberglass epoxy edge frame.
Teflon screens are used as the hydrogen and product water flow fields. The
oxygen flow field consists of a 15-mil (. 38mm) thick nickel electroform sheet with a
nubbin pattern flow field. The components of the two-cell module assembly is
shown on Figure 9. The design of each of these elements, with a few exceptions,
are the same as the advanced technology lightweight fuel cell design developed
under the NASA-LeRC program.

PASSIVE WATER
REMOVAL ASSEMBLY

COOLER ASSEMBLY

UNITIZED ELECTRODE ASSEMBLY (WCN-3683)

Figure 9. Two-Cel!l Module Assembly

Th= UEA consists of a cathode, a 10-mil (.25 mm) reconstituted asbestos matrix, an
anode. and a 30-mil (.76 mm) porous nickel plated polysulfone electrolyte reservoir
plate, all laminated into a rigid fiberglass/epoxy edge frame. The cathode catalyst
is a3 goia-platinum alloy and the anode catalyst is a piatinum ailoy. The UEA is
the eiectrochemical power generating unit of the r.swer section.

The cooler assembly consists of a teflon screen sandwiched between two nickel
electro-form sheets bonded into a rigid fiberglass/epoxy edge frame. The cooler
assembly is ilocated between cells, providing a coclant channel for cell wasie hzat
removal.

The passive water removal (PWR) assembly consists of a protective screen, 10-mil
(.25 mm) reconstituted asbestos gas barrier, support screen, 30-mil (.76 mm)

nickel plated polysulfone electrolyte reservoir plate, and a porous Teflon electrolyte
barrier membrane. The functions of the PWR assemb!y are to allow diffusion cf
product water from the cell to the vapor cavity and seal the 19 psia (13.1 N/cm?2)
hydrogen from the 4 psia (2.76 N/cm?) water vapor. The fine pore structure of
the asbestos gas barrier provides the gas seal and offers a low resistance path fecr
diffucion of product water. The electrolyte reservoir plate is provided for the gas

-15-
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water vapor to pass through its pores while retaining electrolyte.

shows “he assembled lightweight power section.

Figure 10. Lightweight 30-Cell Power Section

-]6-

A 30-cell lightweight power section was fabricated during the program.

FCR-1656

barrier to accomodate the electrolyte volume changes that occur during different
operating conditions assuring that the gas barrier is always filled with electrolyte.
To prevent electrolyte loss from the PWR assembly during power section operation,
the electrolyte barrier is provided. This fine pore hydrophobic membrane allows

Holes in the fiberglass/epoxy edge frames of the UEA, Cooler, and PWR assembly
form a continuous manifold in the assembled power section for reactant, coolant,
and product water. Metering ports from the manifolds to the appropriate reactants
or coolant flow fields provide uniform cell-to-cell fluid distribution.

Elastomeric seals molded into a specially designed fiberglass/epoxy frame, identified
as the Integral Seal Frame, form the seal between adjacent PWR assemblies of the
two-cell modules. Within the power section these seals are compressed by the
endplates and tierods into a rigid leak-tight unit of high struciural integrity.

Figure 10

(WCN-7135)
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V. LIGHTWEIGHT CELL CONFiGURATIONS

This section describes the two-cell module and single-cell configurations tested
during the program. The two-celi module is the "basic" repeating unit of the
lightweight power section incorporated into the Lightweight Fuel Cell Powerplant
design. A two-cell module design was defined, based upon the NASA-Lewis

advanced technology lightweight fuel cell configuration. Four, two-cell modules
were consiructed and tested.

Two, single cel s capable of increased reactant pressure operation were constructed
and tested. The fourth, two-cell module tested was constructed tc a design cap-

able of increased reactant pressure operation.

The two-cell modules and single cells tested incorporated the following similar
features:

Strip Cell, high length to width ratio
Edge Current Collection

Ligirtweight Plastic Cell Components
Passive Water Removal

A. Two-Cell Module Assembly

The two-cell module (TCM) assembly shown in Figure 11 is the "basic" repeating
unit of the lightweight power secticn. The TCM consists of two, unitized electrode
assemblies (UEA) and passive water removal assemblies (PWR) bonded to a center
cooler assembly. Table |l presents a complete description of the Two-Cell Module
Assembly.
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TABLE |l TWO-CELL MODULE ASSEMBLY COMPONENT DESCRIPTION

Unitized Electroda Assembly

Anode =~ Platinum=-Palladium Catalyst on Silver Plated Nickel Screen
Cathode - Gold-Platinum Catalyst on Gold Plated Nickel Screen
Matrix - Reconstituted Asbestos
Electrolyte Reservoir Plate - Nickel Plated Porous Polysulfone
Cell Edge Frame - Resin Impregnated Fiberglass
Passive Water Removal Assembly
Matrix - Reconstituted Asbestos
Electrolyte Reservoir Plate - Nickel Plated Porous Polysulfone
Membrane - Porous Teflon
Protective Screen - Silver Plated Nickel Screen
Edge Frame - Resin Impregnated Fiberglass
Cooler Assembly
Oxygen/Coolant Separator - Electro-deposited Nickel foil
Edge Frame - Resin impregnated Fiberglass
Flow Fields
Hydrogen - Teflon Screen
Oxygen - Electroform Nickel
Water Vapor - Teflon Screen
Coolant - Teflon Screen

An integral seal frame, see Section VII.B, provides the seal between the product
water cavity of adjoining Two-Cell Modules,

The UEA has an active area of 0.25 ft2 (232.3cm?) with planar dimensions of 3 x
12 inches (7.6x30.5cm). Nickel inlet reactant foils are used at both reactant inlets
ancd on the PWR support screen at the hydrogen inlet. This feature prevents
localized drying from the unhumidified reactants allowing water vapor diffusion to
prevent port blockage.

There were four, two-cell modules tested during the program. A detailed descrip-

tion of these TCM's is shown in Tabie Ill. A summary of the performanze evalu-
ation tests is presented in Section VI.A.
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TABLE 1ll, SUMMARY OF TWO-CELL MODULE DESIGNS

FCR-1656

Two-Cell Module

Pt Pd Anode
30mit(0.76mm) Nickel
Polysulfone ERP

Hybrid-Polysulfone Epoxy

Glass~Fiber Frame

(TCcMm) UEA PWR
identification Description Description
TCM-| 90AuU-10Pt Cathode 5 mil(0.127mm) Protective
10mil(0.25mm) Matrix Screen
Pt Pd Anode 10mii(0.25mm) Matrix
30mit(0.76mm) Nickel-
30mii(0.76ram) Nickel- Polysulfone ERP
Polysulfone ERP Teflon Membrane
Hybrid-Polysulfone Epoxy-Glass Fiber Frame
Epoxy Glass-Fijber Frame
TCM-2 90Au-10Pt Cathode Smil(0.1727mm) Protective
10mil(0.25mm) Matrix Screen
Pt Pd Anode 10mil(0.25mm) Matrix
30mil(0.76mm) Nickel Smil(0.127mm) Support Screen
Polysuifone ERP 30mil(0.76mm) Nickel-
Polysulfone ERP
Hybrid-Polysuifone Epoxy Teflon Membrane
Glass-Fiber Frame Epoxy~Glass Fiber Frame
TCM-3 90Au-10Pt Cathode 5mii(0.127mm) Protective
and Screen
TCM-4 tOmi(0.25mm) Matrix IOmil (0.25mm) Matrix

5mil(0.127mm) Teflon
Impregnated Support
Screen

30mil(0.76mm) Nickel~
Polysulifone ERP
Teflon Membrane
Epoxy-Glass Fiber Frame

Oxygen
Field

15mil(.38mm)
Field-Electro~
form Nickel

15mii(0.38mm)
Field-Electro-
form Nickel

1Smil (0. 38mm)
Field-Electro-
form Nickel

Hydrogen, Coolant

Product Water

Teflon Screen
30mils(0.76mm)

Tefion Screen
30miis(0.76mm)

Teflon Screen
30mils(0.76mm)

B. Single Cells

~lthe 0.?5 ft2 (232.3cm?) active area single cell design was based upon the advanced
lightweight fuel cell technology developed under Lewis the Research Center program.

(References 1, 2, 3, 4, 5, 8 and 9) A description of the single cell design is

presented in Table V.
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TABLE IV. SINGLE-CELL COMPONENT DESCRIPTION

Univized Electrode Assembly

Anode - Platinum-Palladium Catalyst on Silver Pilated Nickel Screen
Cathode - Gold-Platinum Catalyst on Gold Plated Nickel Screen
Matrix = Reconstituted Asbestos
Electrolyte Reservoir Plate - Nickel Plated Porous Polysulfone
Cell Edge Frame - Resin Impregnated riberglass

Passiv2 Water Removal Assembly
Protective Screen - Silver Plated Nickel Screen
Matrix - Reconstituted Asbestos
Support Screen - Teflon impregnated Nickel Screen
Electrolyte Reservoir Plate - Nickel Plated Porous Polysulfone
Membrane - Porous Teflon
Edge Frame - Resin impregnated Fibergiass

Cocler Assembly

== Oxygen/Coolant Separator - Electro-deposited Nickel foil
Edge Frame - Resin impregnated Fiberglass

Flow Fields
Hydrogen - Teflon Screen
Oxygen - Electroform Nickel

Waler Vapor - Teflon Screen
Coolant - Teflon Screen

A typi:zal single cell is shown in Figure 12.

PASSIVE WATER REMOVAL ASSEMBLY

(WCN-4411)

Figure 12. Lightweight Singie Cell Configuration

-20_
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The cell includes a passive water removal (PWR) assembly modified for increased
reactant pressure. The introduction of a Teflon impregnated nickel screen between
the gas barrier matrix and polysulfone electrolyte reservoir plate of the PWR
assembly allows higher reactant pressure operation, see Figure 13.

The UEA has an active area of 0.25 ft2 (232.3cm2?) with planar dimensions of 3 x
12 inches (7.6x30.5cm).

There were two single cells fabricated and tested during the program. A detailed
description of these single cells is shown in Tabie V. A summary of the performance
evaluation tests is presented in Section VI.B. )

GLASS FIBER FRAME
TFE MEMBRANE

30 MIL POLYSULFONE ERP

UPPORT SCREEN
10 MIL MATRIX

ORIGINAL CONFIGURATION

GLASS FIBER FRAME

TFE MEMBRANE

30 MIL POLYSULFONE ERP

ADDITIONAL SUPPORT SCREEN 1

UPPORT SCREEN
10 MIL MATRIX
IMPROVED CONFIGURATION

Figure 13. Passive Water Removal Assembly Configurations
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Single-Cell

TABLE V. SUMMARY OF SINGLE-CELL DESIGNS

FCR-1656

identification

HP-1
and
HP=-2

UEA PWR Ooxygen
Description Description Field
90AuU-10Pt cathode 5Smil(0.127mm) Protective 1Smif(0.38mm)
10mil(0.25mm) Screen Field~Electro-

Matrix form Nickel
Pt Pd Ancde 10mil(0.25mm) Matrix
30mii(0.76mm) 5mit(0.127mm) Tefion

Nickel

Impregnated Support
Polysuifone ERP Screen

Hybrid-Polysulfone 30mii(0.76mm) Nickel
Epoxy Glass Polysuifone ERP
Fiber Frame Teflon Membrane

Epoxy-Glass Fiber
Frame

Hydrogen, Coolant
Product Water

Teflon Screen
30miis(0.76mm)
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VI. LIGHTWEIGHT CELL EVALUATION TESTS

This section summarizes each of the two-cell modules and single cells tested during
the program.

A. Two~Cell Modules

A summary of the Two-Cell Module tests is presented in Table VI.

TABLE VI. TWO-CELL MODULE TEST SUMMARY

Avg. Cell
Nominal Cell Reactant Performance - volts
TCMm* Load Endurance Load Temperature . Pressure
No. Time-Hrs Amps/ft2 mA/cm? °F eC psia N/cm?2
2 5,051 33.7 36.3 165 73.9 16 Lk 917
3 2,793 25.0 26.9 180 82.2 16 n .929
4 1,011 33.7 36.3 165 73.9 30 20.7 .915

*TCM No. 1 Used To Evaluate Module Fabrication Techniques.

I, Two Cell Module No. 1

Two-cell module No. 1 (TCM-1) was constructed to the configuration identified in
Section V.A. TCM-1 was scheduled to undergo an endurance test to evaluate
module fabrication techniques and structural integrity. However following fab-
rication of TCM-1, reactant pressure tests identified leakage between the hydrogen
and product water cavities through the passive water removal assembly (PWR).

Inspection of the PWR identified the leakage to be through the edge of the gas
barrier matrix in an area unsupported by the electrolyte reservoir plate (ERP).
The ERP apparently had contracted as a result of the multiple bonding heat cycles
necessary for module fabrication. ERP shrinkage had not been encountered during
single cell fabrication because only a single heat cycle is required. On all sub-
_sequent two-cell modules a protective support screen was included between the gas
barrier matrix and ERP to provide support for the gas barrier. Figure 13 shows
the location of the additional support screen in the PWR. This screen aliows some
shrinkage of the ERP without resulting in the loss of gas barrier matrix suppocrt.

2. Two-Cell Moduie No. 2

The test objective of two-cell module No. 2 (TCM-2) was to conduct an endurance
test to verify that the two-cell module desigh meets performance and operating
characteristics of the Lightweight Fuel Cell Powerplant (LFCP) design. A descrip-
tion of TCM-2 construction can be found in Section V.A. A total of 5,051 hours

-23-
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of performance evaluation testing was completed. TCM-2 was operated to a simu-
lated mission profile through the first 2000-hours of testing. The performance
history of TCM-2 is presented on Figure 14.
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Figure 14. Two-Cell Module No. 2, Performance History

Figure 15 summarizes the test data from performance calibrations. As shown on
Figure 15 the performance of TCM-2 exceeded the requirements of the LFCP design
out to 3712 hours. The LFCP design life was 2,500 hours.

Electrolyte excursion test data, summarized on Figure 16, was obtained periodically
during the endurance program. The cell electrolyte concentration was varied by
changing product water cavity vacuum. The gradual change in performance re-
sponse over the concentration range of 34% wt KOH to 40% KOH is an indication of
a reduction in cell electrolyte inventory. A loss of cell electrolyte can be caused
by carbonation of the electrolyte or by a physical loss of electrolyte from the cell.
A carbonate analysis of the electrolyte at the completion of the test, 5051 load
hours, revealed only 14.8% KOH converted to K,COj, consistent with past NASA-
LeRC single cell test experience, Figure 17. A loss of cell electrolyte to the PWR
unit by the electrolyte transfer mechanism described in Reference 3 was more than
likely the cause of the abnormal performance response to concentration variation.
The loss of electrolyte from the cells is further supported by requirement through-

out the test to lower product water cavity vacuum to control cell electrolyte inven-
tory.
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CELL FRAME MATERIAL

40

POLYPROPYLENE

PERCENT CONVERSION OF KOH TO K,CO4 COMBINED

20 PGLYSULFONE HYBRID .
TWO-CELL MODULE NO. 2
0 1 I 1 J
0 1000 2000 3000 4000 5000

OPERATING TIME — HOURS 2-9

Figure 17. Two-Cell Module No. 2, Electrolyte Carbonation Data

Test data from oxygen Tafel tests conducted during the endurance test are sum-
marized on Figure 18. The near parallel shift in Tafel slopes, voltage response in
the load range of 1-10ASF (1.1 - 10.8 mA/cm2) where cell IR and electrode diffu-
sion losses are negligible, indicates the performance reduction with time was due to
changes in cathode catalyst activity. This reduction in activity was greater than
expected and was suspected to be caused by test stand contaminants introduced by
the shutdown cycles. Performance characteristics above 10ASF (10.8 mA/cm2),
electrode diffusion and IR loss region, remained extremely stable throughout the
5051 hours of operstion.

Visual inspection of the ceil, following carbonate analysis identified some swelling
of the fiberglass epoxy edge frame in the oxygen exit port area. In addition
there was some potassium carbonate buildup noted along the periphery of the
reactant inlet foil. Figures 19 and 20 show sections of TCM-2 during the teardown
inspection. Figure 19 shows the cathode of cell 1 with the inlet reactant foii in
place. Figure 20 shows the hydrogen side of cell 1 with the anode electrolyte
reservoir plate (ERP), reactant inlet foil removed.
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INLET FOIL

(WCN-5422)

Figure 19. Two-Cell Module No. 2, Cell No. 1, Oxygen Side

INLET FOIL REMOVED

POTASSIUM CARBONATE

(WCN-5421)

Figure 20. Two-Cell Module No. 2, Cell No. 1, Hydrogen Side
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3. Two-Cell Module No. 3

The test objectives of Two-Cell Module No. 3 (TCM-3) were to establish.

[ Two~-Cell Module Baseline Performance
° Performance Effects of Helium Diluted Reactants
° Performance Effects of Dry Reactant Operation

A detailed description of TCM-3 construction can be found in Section V.A. A total
of 2793 hours of performance evaluation testing was completed. Testing was stop-
ped following completion of all program test objectives. The performance history
of TCM-3 is shown on Figure 21. As shown the performance of TCM-3 exceeded
design voltage requirements during the entire 2793 hours of operation.

T 1 g ' H !‘ - *. " ';' 1 Forn » "} "' R i et Wl R " X === "'"‘1“
g M LT T T 5 )
:g ! Y ﬁgﬂl : o ‘T."r Nr- *I ‘ L“ %M—‘ mup«rmmwmm.r“l
Jaax) g é ok .;‘_'E g ' § co S i-. I 'mnmmmmml
g o598 o
T B § ] E [ T -—J. t
o w'iiziiggﬁ»%i 5 '

. 25aMps . 2 © I L D ;

C'we ; b e :

. Cod .’ 1 ;,1 il ; '|, T y - s I
PR H 4 Hk‘ ; . poivf 15 R RSN I foret g -~ [ et -
L.l S §§‘§§Ex '§.11‘ %,g } gt i ! ‘l.
. ] i C 2 2 . .

e d e ' s;" Py e : I} hevefisd o b . PR R § ot e
i g . Lo ! b ; P i ! ! I
g o g o 2 E: e gg i : "‘{“! [47_1. doln ,,{ ‘. ;_...l . ;.;_.J,..‘ b ; - ’? ;_'r_
2 £ ] - I gg,.g,j.i,- e ped D N TR I IEEE N SRR
*'”;‘E, s Hg.a’m ‘ ES,,g__ R ;“ IR e e
a ;: ; . é ; ‘O ‘ 1 ; !%;-.-{:: b " : : {I; ; i I i b .:, -
«&0 i . - vl 5?. ,'.H,_ SRR I Cy R -.
g. g ¥ o i " l [ ! ] -‘5__, ,'..‘ - ] ’r'[‘ }..‘-.“,_.x:.f, |<_‘.._.L.,§.A
Y S B iu‘[,_%_m A N N .
P P RN “““@___;A ey ;_._'i N TS (N VY A O B
0 o . 1 o , f.','.i.-j.'-+;u....;. ~1_.: :M;.;... -; “A “ I ! gLL. l—-;n-t

x : . ‘ f , A0 | v » c
< + lr ey : . ‘{ I o R S 8 e o - e i ,_{ R FAOR g 1 E.lu.._ ;-A
. lealt .t TN SV S 4 ok 1 A B U PR SO A PO S 7 N A
'+ i‘.w ed e I I Ex kX i}‘w** el el xd ol Wg,& A R ‘
H | i : [ENE RN . IR i‘f‘! Py |l&
I EREE ) ® | | %0 | lak] iua! laal L = ’1%4..4@‘&_ o ; !,;' H -
A RSN A RREARERE RS 1 ”lk ¥ L%f Léd ¥ 1

Figure 21. Two-Cell Module No. 3, Performance History (1 of 5)
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Figure 21.
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Figure 21. Two Cell Module No. 3, Performance History (5 of 5)

The effect of helium diluted reactants up to 0.5% helium on cell performance was
very small. The effect on cell performance of 0.1% helium and 0.5% helium in the
reactants was investigated at current densities out to 600ASF (645.8 mA/cm?) and
reactant utilization levels of 70% and 90%. These helium levels are in excess of
those expected in Space Vehicle ullage gases. Figure 22 shows the effect on cell
performance of helium diluted reactants at 400ASF (430.6 mA/cm?) as a function of
reactant utilization. The cell voltage response to helium diluents was very low and
m was consistent with NASA-LeRC single cell test experience (Reference 2).

The effect on cell performance of helium diluted reactants at 600ASF (645.8 mA/cm?)
is shown on Figure 23. The cell performance variation due to 0.5% helium diluted
reactants was less than 7mV at 600ASF (645.8 ma/cm2). Dilute reactant testing
confirms that the two-cell module design is capable of operating on diluted reac-
tants in excess of that expected from space vehicle propellent gases.
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The objective of the intermittent reactant purge test was to determine the cell
voltage response to dead-ended operation on helium diluted reactants. The test
was conducted with 0.1% and 0.5% helium in each reactant at current densities out .
to 400ASF (430.6 mA/cm?2), Figure 24 shows the effect on cell voltage versus
amp-hours of operation on diluted hydrogen and pure oxygen. Figure 25 shows
the effect on cell voltage with amp-hours of operation on pure hydrogen and
diluted oxygen. The cell voltage reduction due to dead-ended operation with
diluted reactants would be the sum of the losses determined from Figures 24 and
25. As an example each cell in the module would lose ~80mV after 30 amp-hours of
operation at 100ASF (107.6 mA/cm2) with 0.1% Heliuni diluted reactants. Inter-
mittent purge test results are consistent with NASA-LeRC single cell test results
reported in Reference 2.
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Figure 25. Intermittent Reactant Purge Test, Diluted Oxygen

The two-cell module was operated at reduced reactant utilizations of 60% and 70% to
investigate the effect on performance of high flow, dry inlet reactants. As shown
on the performance history, Figure 21, at 165 load hours there was no significant
effect upon cell voltage. This test result confirms that un-humidified reactant
operation of the Lightweight Fuel Cell Powerplant design should not be a problem.
Passive water removal operation apparently allows sufficient water vapor back

diffusion from the humidified cell exit to the dry inlet, preventing any localized
drying.

Electrolyte excursion test data was obtained periodically during the endurance
test. Figure 26 presents the data from the electrolyte excursion tests. The cell
: electrolyte concentration was varied by changing product water cavity vacuum.
| The gradual change in performance response over the concentration range of 34%
wt KOH to 40% KOH on cell 1 is an indication of a reduction in cell electrolyte
. inventory. A carbonate analysis of the electrolyte at the completion of the test,
2793 load hours, revealed that only 15.4% KOH converted to K,COg, which is
consistent with past test experience, Figure 27. A loss of cell electrolyte to the
PWR unit by the electrolyte transfer mechanism described in Reference 3 appears
to oe the cause of the abnormal performance response to concentration variaticn.
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Figure 26. Two-Cell Module No. 3, Electrolyte Excursion Data
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Figure 27. Two-~Cell Module No. 3, Electrolyte Carbonation Data

Test data from oxygen Tafel tests conducted during the endurance test are shown
in Figures 28 and 29. The near parallel shift in the Tafel performance voltage
response in the 1-10ASF (1.1 - 10.7 mA/cm2) load range, where cell IR and elec-
trode diffusion losses are negligible, indicates the performance loss with time was
due to reduction in cathode catalyst activity. This reduction in activity was
greater than expected and was suspected to be caused by test stand contaminants
introduced during shutdown cycles. Performance characteristics above 100ASF
(107.6 mA/cm?2), electrode diffusion and IR loss region, remained extremely stable
throughout the 2793 hours of testing.

Tear down inspection of the module, following carbonate analysis of the electrolyte,
showed all module components to be in good condition. There was no visual evi-
dence of compression set in any of the plastic components. Virtually no frame
corrosion was observed, other than some slight swelling in the oxygen exit port
area. Figure 30 shows the hydrogen side of cell | with the Teflon screen flow
field o~ the anode ERP. Figure 31 shows theé cathode of cell No. |.
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Figure 30. Two-Cell Module No. 3, Cell No. 1, Hydrogen Side
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t Figure 31. Two-Cell Module No. 3, Cell No. 1, Oxygen Side
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4. Two-Cell Module No. 4

Two-cell module No. 4 (TCM-4) was the only module in the program which incor-
porated a passive water removal (PWR) assembly capable of operating at increased
reactant system pressure. The other two-cell modules operated at or slightly
above atmospheric pressure. A description of TCM-4 construction details can be
found in Section VI.A. The purpose of the test was to demonstrate performance
and endurance characteristics of TCM-4 for 1,000 hours while operating at a 30
psia (20.7 N/cm2) reactant pressure.

A total of 1,011 hours of operation was completed. The test was stopped following
successful completion of the test objective. The performance history of TCM-4 is
presented on Figure 32.
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Figure 32. Two-Cell Module No. 4, Performance History

Figure 33 presents the initial oxygen Tafel test results compared to single cell
Nos. HP-1 and HP-2, see Section IV.B at comparable load times. At the low
reactant pressure of 16 psia (11 N/cm2) the Tafel performance of TCM-4 cells was
consistent with HP-=1 and HP-2. The performance in the load range 1 to 10ASF
(1.7 - 10.7 mA/cm2) where the effect of cell internal resistance (IR) and electrode
diffusion losses are small, there was only a 5mV variation in activation potential.
The voitage above 100ASF (107.6 mA/cm2) indicates a greater variation in electrode
diffusion losses. TCM-4 individual cell IR was higher than HP-1 or HP-2 experi-
ence. A reduced cell structural loading (pinch) could result in greater contract
resistance between cell components leading to higher IR values.

The effect of increased reactant pressure on cell performance is presented on
Figure 34. At 30 psia (20.7 N/cm?2) reactant pressure and 165°F (73.9°C), TCM-4
demonstrated a 48 mV at 400ASF (430.6 mA/cm2) increase in performance over the
performance at 16 psia (11 N/cm?2) reactant pressure and 180°F (82.2°C).
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The cell voltage response to changes in cell electrolyte concentration is shown in
Figure 35. The cell electrolyte concentration was varied by changing the product
water cavity vacuum. The droop in voltage of both cells as product water cavity
vacuum is increased could be caused by insufficient cell electrolyte inventory or
recduced cell pinch. As the module electrolyte fill weight was consistent with
previous cell data the electrolyte inventory was assumed to be adequate. The

conclusion of insufficient cell pinch was also supported by the high measured IR
values.
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Figure 35. Two-Cell Module No. 4, Electrolyte Excursion Data

B. Single-Cells

A summary of the single cell tests conducted during the program is presented in
Table VII.

TABLE VII, SINGLE-CELL TEST SUMMARY

Nominal Cell Reactant Initial
Cell Load Endurance Load Temperature Pressure Performance
No. Time-Hrs  Amps/ft2 Ma/cm? op oc PSIA N/cm? Voits
HP-1 744 134.8 145.1 165 73.9 45 3 . 956
HP-2 478 134.8 145.1 165 73.9 60 41.4 .948
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; - Single Cell No. 1 (HP-1)

The test objective of single cell No. 1 (HP~1) was to establish the performance
characteristic of the 0.25 ft? (232.2cm?) active area cell at a reactant pressure of
45 psia (31.0 N/cm?). The cell was constructed with a passive water removal unit
capable of operating at increased reactant pressure. Details of the cell construc-
tion are presented in Section V.B. A total of 744 hours of testing was completed.
The endurance test was stopped because of a continuing loss of cell electrolyte.
The performance history of the cell is shown in Figure 36.

The cell voltage resporise to changes in product water cavity vacuum at 500 and
692 hours is shown on ~igure 37. The decrease in cell voitage with an increase in
product water vapor cavity vacuum at 500 hours was the indication of a reduction
in cell electrolyte inventory. The capability of HP-1 to operate at an electrolyte
concentation below th: normal fill electrolyte concentration is an indication of a loss
in cell electrolyte. The loss of potassium hydroxide from the cell reduces the
electrolyte concentration at which the cell is completely filled. Also beyond 500

1 . — o S ——
‘ wrmtw iy g g0y . 1 1L e s ]
- S e B i e B s et e R L = s, .J—?-—y——~o- S
- | | | | | uc.~—r 1} ] |4 | { { i | \ ') ] i 4
= P | R e e ] s Tl L [t U SPELS (RS ADES SRS SRS SIS I S S SESE SIS S NS SO S SR S
2 bl | ! N RS bl b beataod i 4 S ks b
b oy ' - . | o -4 P L i B B S e e e el o § o e e ¢ o e oy e
| { y | | | | | | | | + | | { { | | \
Mg $eo s <} e s e 6 + ....,.....1-.. . | SRS VD SRS S T I S, S
| 1 0@00en KAEE = biof

R SRS SN W o———.——?——_f

. -, R ’ + + _— G v 2 e S §- g -.x-.._.,--...._>-l.u__»”---,..<
p—— e »~—q—-'-.ll-x—.i-- T TR e T ' free ot '—--o— o »--4‘ | r.-, .a.....—,-.——-*—-——' '—»b-!-&«———-—v»——-
| | | | | | | \ { 4 ! | }
™1 Y ' t ; '~ﬁ~6-o -4—»0 »0-—6——1- o—‘——v —-L——-‘ - |--4.--» EEE & i‘
| | '3 | | | | | Sy 4 Eaet-ded -t H 4
1———’——4‘%@—-—4——.——-‘—* ———— .-4!.1‘-7—- +—- + —f——«-—— “—r: ‘ ~——o— o ‘ - - T L =
| | ks | | i { | | | O S SR A W | ‘ ok
(ST W . . . [ 1 | ! | | 4 !
[T] . 1 ® | & | @ | K | &b | 20 | 2 | b a{m,.qn.h.sﬁum L aD
Ll L 4 I
1Tttt . .
ettt 414 LR T { il :.usqmtn,.?adhuq .+_*f..ﬂ et g bbby L

Figure 36. Single Cell No. 1, Performance History (10f2)
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hours of operation the product water from the cell was contaminated with electro-

lyte as indicated by high pH values.

FCR-1656
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Figure 37. Single Cell No. 1, Electrolyte Excursion Data

Figure 38 presents the oxygen Tafel test data as a function of operating time.
The near parallel down-ward shift of the Tafel data probably results from a low-
ered cell electrolyte concentration necessitated by continuing electrolyte loss.

Tear down inspection of the cell revealed excessive deposits of potassium carbonate
(K,CO3) along the edge of the cell fiberglass frame at the current collection screens
Figure 39 shows the K,CO; deposits on the anode current collector at the edge of
the fiberglass frame. Electrolyte that exuded through the cell frame would be a
source for the deposits and account for the reduction in cell electrolyte inventory.
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2. Single Cell No. 2 (HP=2)

The test objective of single cell No. 2 was to establish the performance characteris-
tics of the 0.25 ft? (232.3cm?) active area cell at a reactant pressure of 60 psia
(41.4 N/ecm?). The cell was constructed with a passive water removal unit capable
of operating at increased reactant pressure. Details of the cell construction are
presented in Section V.B.

A total of 478 hours of operation was completed. Figure 40 shows the performance
history of the cell. The endurance test was stopped because of a hydrogen leak
across the passive water removal assembly (PWR). A potential for hydrogen
leakage existed from the start of the endurance test as the 60 psia (41.4 N/cm?)
reactant pressure was close to the naximum pressure capability of the current
design PWR unit. '
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The cell voltage response to changes in cell electrolyte operating concentration at
19 and 448 hours is shown in Figure 41. The cell electrolyte concentration was
varied by changing the product water cavity vacuum. The increase in cell voltage
in response to a change in vacuum from 21.8 in Hg (553.7 mm Hg) to 24.1 in Hg
(612.1 mm Hg) indicates that there was no change in cell electrolyte inventory
over the course of the endurance test.
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Figure 41. Single Cell No. 2, Electrolyte Excursion Data

Figure 42 presents the oxygen Tafel test data as a function of test time. The
parallel shift in Tafel slopes shows a 19 mV reduction in performance after 447
hours of operation due to changes in cathode catalyst activity. The voltage re-
sponse above 100ASF (107.6 mA/cm2) indicates no significant change in electrode
diffusion losses.

Visual inspection of the exterior of the cell revealed deposits of potassium carbonate
(K,COg4) along the edge of the cell fiberglass frame at the current collection
screens. The carbonate deposits were not as extensive as seen on HP-1. An
electrolyte path through the cell frame would be a source for the deposits.

Photomicrographs of cell frame cross-sections were obtained to assist in identifying
possible electrolyte paths. Photomicrographs were taken of the cell frame exterior
edge and of three separate locations at intervals of approximately 1/8 inch (.318cm)
inboard of the frame exterior edge. These photographs reveal no obvious con-
tinuous electrolyte path.
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In the investigation to identify possible electrolyte paths, a photomicrograph of the
cell frame at the current collector screen under increased magn.iication was taken.
The presence of possible crystals of electrolyte among the glass-fiber bundles was

noted.

form the electrolyte path.

The suspected electrolyte crystals among the glass-fiber bundles would
A change in the cell manufacturing procedure such as

the addition of epoxy rich glass-fiber sheets in the frame laminating step would
provide additional epoxy flow around the glass fibers, providing a more complete
electrolyte seal.
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| VIl. LIGHTWEIGHT 30-CELL POWER SECTION
The final task of the program was to fabricate sufficient lightweight cell compenents
for construction of a lightweight 30-cell power section. This section summarizes
the work conducted in fabricating the lightweight power section.
‘ A. Two-Cell Module Component Fabrication
Fabrication of components for the two-cell module (TCM) assembly, basic repeating

unit of the power section was completed by Power Systems Division (PSD). A
cross-section description of the various components of the TCM is shown in Figure
43. Fifteen, two-cell modules, connected electrically in series are required for the
power section. A summary of the TCM component fabrication completed by PSD is
presented in Table VIII.

(o) CED<—— INTEGRAL SEAL FRAME
CREENISNNNNNtNNTN @ PRODUCT H20 FIELD (TFE SCREEN)
———= BONDLINE (F/G EPOXY)
- MEMBRANE (TFE)
ERP (POLYSULFONE)
ﬁluusr AND TEFLON IMPREGNATED SUPPORT SCREEN
GAS BARRIER (10 MIL MATRIX)

— s BONDLINE (F/G EPOXY)
aaass . Hz FLOWFIELD (TFE SCREEN)

[sssscswacsaviiincmad

W ERP (POLYSULFONE)
UNITIZED 0 FRAME (F/G EPOXY)
ELECTRODE — g BONDLINE (F/G EPOXY)

AssemeLy | e - CELL (F/G POLYSULFONE)

w— e BONDLINE (POLYSULFONE)

- 02 FLOWFIELD (ELECTROFORMED Ni)
E=D < FRAME (F/G EPOXY/POLYSULFONE)
== BONDLINE (F/G EPOXY)

W S——— 0,/COOLANT BARRIER (Ni FOIL)
— e BONOLINE (F/G EPOXY) |

COOLER CIGIEISISIGEINNSttNtty @ COOLANT FLOWFIELD (TFE SCREEN)

PASSIVE WATER
REMOVAL
ASSEMBLY

I

1§10 1

ASSEMBLY [ — ] £ @ FRAME (F/G EPOXY)

oo — - BONDLINE (F/G EPOXY)

Co e eelf) @ O 2/COOLANT BARRIER (Ni FOIL)

- — = BONDLINE (F/G EPOXY)

\ = 0 < FRAME (F/G EPOXY/POLYSULFONE)
- 07 FLOWFIELD (ELECTROFORMED Ni)

S ——"“~— BONDLINE (POLYSULFONE)
UNITIZED L T «% CELL (F/G POLYSULFONE)
ELECTRODE _u u_‘__——aonoun: (FIG EPOXY)
ASSEMBLY OO e ERP (POLYSULFONE)

— ) «— FRAME

GIGIEGITISTNNNNNN0% @ H) FLOWFIELD (TFE SCREEN)

R — g BONDLINE (F/G EPOXY)
PASSIVE WATER | } q !‘ GAS BARRIER (10 MIL MATRIX)
CATALYST AND TEFLON IMPREGNATED SUPPORT SCREEN
o st o _— BONDLINE (F/G EPO
ASSEMBLY = LINE (F/G EPOXY)

) = ERP (POLYSULFONE)
B MEMBRANE (TFE)
SROESESSSNTUSTSY «———— PRODUCT Hz0 FIELD (TFE SCREEN)
(M) «——— INTEGRAL SEAL FRAME

8

Figure 43. Two-Cell Module, Cross-Section Description
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TABLE Vill. TWO-CELL MODULE COMPONENT FABRICATION

Quantity

Description Fabricated
Electrolyte Reservoir Plates (ERP)

Unitized Electrode Assembly (UEA) 60

Passive Water Removal Assembly (PWR) 60
Anodes 60
Cathodes 60
Fiberglass/Epoxy Frames

Cooler Frame 24

UEA Frame 53

Hydrogen Cavity Frame 60

PWR Frame 41

Oxygen Cavity Frame 45
Teflon-Catalyst Impregnated Screen 60
Cooler Assembly Components 48

B. Two-Cell Module Component Procurement

Two-cell module (TCM) assembly components supplied by vendors are identified in

this section. A summary of the parts procured from vendors is presented in Table
IX.

TABLE IX. TWO-CELL MODULE COMPONENT PROCUREMENT

Description

Cathode Substrate Screen
Anode Substrate Screen
Integral Seal Frame

Electoform Nickel Oxygen Field
Silver Plated Support Screen
Teflon Screen

Nickel foil

Catalyst

There were two unique TCM components designed by PSD and fabricated by out-

side vendors. These components were the Integral Seal Frame and the Electroform
Nickel Oxygen Flow Fieild.
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The Integral Seal Frame shown in Figure 44 was designed to provide a seal be-
tween the product water cavity of adjoining Two-Cell Modules. This will be the
only seal used within the power section. The integral seal assembly consists of a

30mil (.76 mm) thick fiberglass-epoxy frame to which a flanged rubber "O" ring is
attached.

(WCN-5331)

Figure 44. Two-Cell Module, Integral Seal Frame

Electroform Nickel Oxygen Flow Field, Figure 45, was designed to be lightweight.

The oxygen flow consists of a 15-mil (.38mm) thick nickel electroform shezet with a
nubbin pattern flow field.

3 INCHES K

EXIT PORTS

(WO-1013)
Figure 45. Electro-Form Nickel Oxygen Flew Field
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C. Two-Cell Module Assembly

The two-cell module assembly is comprised of a cooler, two passive water removal
sub-assemblies and two unitized electrode sub-assemblies. The arrangement of
these sub-assemblies within the two-cell module is shown in Figure 46.

COOLER ASSEMBLY

UNITIZED ELECTRODE ASSEMBLY
(WCN-3683)
Figure 46. Two-Cell Module Assembly Components
A summary of the Two-Cell Module Assembly is presented in Table X.

TABLE X. TWO-CELL MODULE ASSEMBLY

Quantity
Description Assembled

Component Parts

Cooler Assembly 21
Passive Water Removal Assembly (PWR) 34
Unitized Electrode Assembly (UEA) 33
Two-Cell Module Assembly 16
b
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D. Lightweight 30-Cell Power Section

A 30-cell power section was assembled by stacking fifteen two-cell modules with
integral seal frames forming the seals between adjacent Passive Water Removal
Units of the repeating two-cell modules. Figure 47 shows the assembled power
section. The power section was not filled with electrolyte. In addition, the edge

current collector screens at the sides of the two-cell modules were not soldered
together.

The lightweight 30-cell power section is expected to undergo a performance demon-
stration test and a endurance evaluation during a forthcoming NASA-LeRC program.
In the interim Power Systems Division will store the 30-cell power section, spare
two-cell modules, and cell components unfilled with electrolyte.

(WCN-7135)

Figure 47. Lightweight 30-Cell Power Section
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APPENDIX A
LIGHTWEIGHT FUEL CELL POWERPLANT PRELIMINARY SPECIFICATION

PORTRICI

INTRODUCTION

This specification presents the preliminary performance and design criteria for a
Lightweight Fuel Cell Powerplant. It is a Power Systems Division (PSD) document
generated from conversations and correspondence with NASA and certain potential
prime contractors and from the Space Shuttle Specification (North American Rockwell,

MC464-0115). It serves as the basic specification on which the Preliminary Design
Table, Appendix B, is based.

e i i e it

1. SCOPE

1.1. Scope. This specification defines the performance and design requirements
for the Lightweight Fuel Cell Powerplant, referred to herein as the LFCP. §

2. REQUIREMENTS

2.1. FCP Definition. The LFCP is the primary source of electrical power for
operation of the space vehicle. Two LFCP's are used in the vehicie power gen-
eration system.

1
i
The LFCP consists of those components, subassemblies, and assemblies necessary to gii
produce electrical power and product water while consuming gaseous hydrogen and
oxygen supplied from the vehicle hydrogen and oxygen propellant storage system. i
Waste heat generated during operation of the LFCP's is rejected to the space vehicle |
coolant loop. Product water is discharged as a liquid to the vehicle water storage I
system, or is vented overboard. The LFCP includes a powersection and an accessory 3
section. The accessory section provides the functions of reactant and thermal ‘
control, product water management, and automatic startup.

2.1.1. FCP Schematic. The fluid and instrumentation schematic of the LFCP is }
shown in Figure 48. Figure 49 presents the electrical wiring diagram of the LFCP. ’

2.1.2. Interface Definition. §

2.1.2.1. Envelope. The LFCP shall have the general configuration shown in Figure :
50. {

2.1.2.2. Mounting. The LFCP shall incorporate provisions for attachment to the :
vehicle by mechanical fasteners. ;

i
2.1.2.3. Fluid Connections. The LFCP inlet and outlet fluid connections shall be 1
located on a single mounting surface attached to the LFCP.

2.1.2.4, Electrical Connections. Electrical connections shall be located on a single
v mounting surface attached to the LFCP.
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2.2. Characteristics,

2.2.1. Performance.

2.2.7.1. Qperating Life. The LFCP shall be designed for operation at the specified
performance level for a minimum of 2500 hours of maintenance free operation.

2.2.1.2. Voltage and Power Output. The LFCP voltage output shall be 24.0 to
32.5 volts d.c. over a nominal power range of 0.5 to 2.0 kilowatts. For emer-
gency operation, the LFCP shall be capable of supplying 3.5 kilowatts at a voltage
of not less than 18 volts d.c. for a period not to exceed eight (8) hours. These
conditions shall be met under all combined conditions of environment, service life,

reactant purity, and other volitage output variation factors inherent in LFCP de-
sign or usage.

2.2.1.3. Short Circuit Capacity. The LFCP shall have sufficient capacity to

operate a short circuit protection device without deterioration or damage to the
LFCP.

2.2.7.4. Reactants. During operation, the LFCP shail be provided with a contin-

uous supply of gaseous hydrogen and oxygen filtered through a 15 micron absolute
filter.

2.2.1.4.1. Hydrogen. Hydrogen consumption of the LFCP, excluding venting,
shall be in accordance with Figure 51 over the power range of 0.5 to 3.5 kW. The

amount of hydrogen vented shall be minimized consistent with LFCP requirements
for reactant purity.

The hydrogen shall be procured in accordance with the requirements of MIL-P-27201B,
Type il, with a maximum degradation at the LFCP interface as follows:

Purity: In accordance with Table XI and shali have a minimum purity of
99.695 percent of volume.

Temperature Range: TBD to Plus 170°F (76.7°C)

Pressure Range: 16.8 to 21.4 psia (11.6 - 14.8 N/cm?2)
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TABLE XI. MAXIMUM CHEMICAL IMPURITY CONTENT, HYDROGEN

Max. Allowable Concencration
Impurity (Parts per Million, Vol. Basis)

Helium 3000
Total Gaseous Impurities
(exciuding He) 11
Ng, HoO and Volatile
Hydrocarbons 9
O, Plus Argon 1
Carbon Bearing Gases
{other than methane) 1

2.2.1.4.2. Oxygen. Oxygen consumption of the LFCP, exciuding venting, shall
be in accerdance with Figure 52 over the power range of 0.5 to 3.5 kW. The

amount of oxygen vented shall be minimized consistent with LFCP requirements for
reactant purity.

The oxygen shall be procured in accordance with the requirements of MIL-P-25502E,
Type I, Grade A, with a maximum degradaticn at the LFCP interface as fullows:
Purity: in accordance with Table Xil and shall have a minimum purity of
99.452 percent by volume.

Temperature Range: TBD to plus 170°F (76.7°C)

Pressure Range: 28.1 to 33.6 psia (19.4 - 23.2 N/cm?2)
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TABLE XlIl. MAXIMUM CHEMICAL IMPURITY CONTENT, OXYGEN

Max. Allowable Concentration

impurity (Parts per Million, Vol. Basis)

Helium 480 )
Alkynes as Acetelene 0.62

Total Hydrocarbons 66.7 (as methane)

CO,, CO 3.0

Moisture 26.3

2.2.1.5. Water Production. The water produced by the LFCP shall be delivered
against a maximum vehicle collection system back pressure of 15 psia (10.3 N/cm?2)
and a maximum vent system back pressure of 1 psia (.7 N/cm2). The minimum
vehicle collection system back pressure during operation will be 7.5 psia (5.2
N/cm2). Back pressures are measured at the LFCP interface. The specified water
production rate, under steady conditions, shall be in accordance with Figure 53. . -
Minimum delivery temperature at LFCP interface shall be 40°F (4.4°C). Maximum'
delivery temperature at LFCP interface shall be 200°F (93.3°C).

2.2.1.6. Start/Stop Capabilities. The LFCP shall be capabie of being started and
stopped automatically. When supplied with an external load of no less than TBD
watts, the LFCP shall reach maximum load capability within TBD minutes from prestart
temperature of 40°F (4.4°C). The LFCP shall be capable of completing TBD starts
during the 2500 hour operating life. The LFCP shall contain provisions for both
ground and inflight startup and shutdown. The maximum time to achieve shutdown
shall be one minute. Product water shall be vented overboard during startup.

2.2.1.6.1. False Starts. The LFCP shall be capable of being shutdown on reactants
or inert gases and allowed to cool to ambient temperature two (2) consecutive times
from any temperature in the start cycle without damage or detrimental effects.

2.2.1.6.2. FCP Inerting. The LFCP shall be capable of being inerted using either
helium per MSFC-SPEC-364 or nitrogen per MSFC-SPEC-234. The LFCP shall contain
provision for removal of inerts within the startup period.

2.2.1.7. Electrical Power Requirements. The electrical power input requirements
of the LFCP shall be as listed below. All power, except for the end cell heater
power, shall be supplied from the vehicle bus through interface connectors.

. E 1S
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Stack Coolant Outlet Temperature

Cooilant Pump Status

Product Water Vent Valve Status
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Power Systems Division

FCR-1656
Function Power Type Max. Power
Coolant Pump External inverter a.c. TBD
Controls & Instrumentation External d.c. TBD
Hz & O, Purge Valves Externail d.c. TBD
Product water Control Valves External d.c. TBD
Endcell Heaters Internal d.c. TBD

2.2.1.8. Instrumentation and Controls. The LFCP shall incorporate instrumentation/
sensors and controls necessary for checkout, monitoring and operation.

2.2.1.8.1. Instrumentation Requirements. The LFCP instrumentation/ sensors shall
have provisions for monitoring the variables listed in Table Xiil.

2.2.1.8.2. Electrical Controls. The LFCP shall provide the following control func-
tions for remote operation:

Start and Stop.

TABLE Xill. INSTRUMENTATION REQUIREMENTS

Parameter Operating Range

Hydrogen Pressure 0 - 30 psia (0 - 20.7 Nfcm?)

Stack Coolant Inlet Temperature -850 ~ 300°F (-45.6 - 148.,9°C)
O, Flowmeter 0 - 5 pph (0 - 2.27 kg/hr)
H, Flowmeter 0 - 0.75 pph (0 - 340.5 g/hr)

Reactant Purge Valve Closure Event

Coolant Pressure

0 - 30 psia (0 - 20.7 N/cm?)
-50 - 300°F (-45.6 - 148.9°C)
Event

Event

BT Sy
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2.2.1.9. Reactant Purging. The LFCP shall utilize continuous purging to meet the
performance requirements of this specification. The purge flow rates shall be as

follows:

Load (Amps) Max. H, Fiow (LB/HR) Max. 0, Flow (LB/HR)
TBD TBD TBD
TBD TBD TBD

The LFCP purge system shall operate against a maximum back pressure of 7.5 psia
(5.2 N/cm?).

2.2.1.10. Heat Rejection Requirements. The maximum heat rate to be rejected

from the LFCP to the vehicle coolant loop shall be as shown in Figure 54. The LFCP
shall be capable of rejecting heat to a vehicle coolant loop with a minimum flow of
2500 pph (1135 kg/hr) of Freon-21 with a temperature of not more than TBD at

the LFCP interface vehicle coolant loop inlet.

2.2.1.10.1. Coolant. The coclant used in the LFCP shall be FC-40, a product of
the 3M Co. The composition, purity and fluid properties of the coolant shall be in
accordance with "Technical Information Manual -Fluorinert Brand Electronic Liquid
FC-40", Minnesota Mining and Manufacturing Co., 1968. The coolant shall be
filtered through a 25 micron absolute filter.

2.2.1.10.2. Coolant Pressure. The LCP shall include an accumulator to accom-
modate coolant expansion and contraction with temperature changes and to establish
system coolant pressure.

2.2.1.10.3. Coolant Pump. The LFCP shall include a coolant pump whose charac-
teristics are shown in Figure 55.

2.2.1.10.4. Radiated and Conducted Heat. The LFCP waste heat rejection to the
vehicle structure shali not exceed TBD BTU/HR at a vehicle temperature of 40°F
(4.4°C).

2.2.1.11. Internal Operating Conditions.

2.2.17.11.1. Operating Temperature. The normal LFCP operating temperature shall
be between 175°F (79.4°C) and 210°F (98.9°C). A temperature of 250°F (121.1°C)
may be tolerated for TBD hours without detrimental effect.

2.2.1.11.2. Operating Pressure. The normal operating pressure shail be between

17 psia (11.7 N/cm?) and 23 psia (15.9 N/cm?). However, the LFCP shall be capable of
withstanding, during operating or non-operating conditions, a loss of pressure

without permament damage.
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(TBD)

Figure 49. FCP Electrical Wiring Diagram

(TBD)

Figure 50. FCP Configuration Drawing
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Figure 51. Maximum Hydrogen Consumption Rate
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- Figure 52. Maximum Oxygen Consumption Rate
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APPENDIX B. LFCP PRELIMINARY DESIGN TABLE
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INTRODUCTION

This Design Table presents the preliminary operating characteristics of the Light-
weight Fuel Cell Powerplant (LFCP). The Design Table inciudes the following:

] A preliminary fluid schematic.

° Coolant loop pressure drop allocations.
° Characteristics of those components that affect the system match.
(] Nominal operating characteristics of the powerplant - both in curve form

and computer printed heat and mass balance charts.

The operating characteristics presented herein reflect the most recent NASA require-
ments for the Lightweight Fuel Cell Powerplant.

OBJECTIVES OF THE DESIGN TABLE

. Define the component characteristics that-will result in satisfactory
powerplant operation.

] Present the estimated powerplant operating characteristics.

MATCHING CRITERIA
] Maintain electrolyte concentration within acceptable limits.
° Maintain voltage regulation over life of powerplant.

[ Operate with passive water removal water vapor partial pressure at
4 psia (2.8 N/cm?).

] Operate with continuous reactant purge through constant area
orifice.

. Maintain powersection operating temperature within acceptable limits.

SUMMARY

] As presented, the Design Table satisfies all the matching criteria
defined above.
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AREAS FOR REFINEMENT

FCR-1656

Several areas exist which deserve refinement in subsequent revisions of

this Design Table. They are as follows:

. Reflect powerplant insulation by kappropriate heat loss values.

] Reflect component operating tolerances and determine associated

operating limitations.

] Include impact of operating tolerances of condenser, heat exchanger
and their associated control system on powerplant operation.

LFCP PRELIMINARY DESIGN TABLE

System Configuration

Component Characteristics

Powersection
Cell area
No. cells
Cells/cooler
Operating pressure (nominal)
Cell performance level
Reactant Pressure Regulator
Control Band
Electrical Resistance to Interface
Condenser
Thermal Control Heat Exchanger
Coolant Pump
Maximum flow rate
Minimum flow rate
Pressure

Reactant Preheaters

Performance level

Figure 56

0.25 ft2 (232.3 cm?)
34

2

19 psia (13.1 N/cm?)
Figure 57

16-23 psia (11 = 15.9 N/cm?)
TBD
T8D
TBD

1333 Ib/hr. (605.2 kg/hr)
1333 Ib/hr. (605.2 kg/hr)
Table XV

Orbiter PC17C Preheaters
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Powerplant Operating Characteristics (Nominal Match)

Sea Level Operation

80°F (26.7°C) reactants Figures 58-72

Specification Parameters

Specific hydrogen consumption Figure 73 -
Specific oxygen consumption Figure 74 '
Water Production Rate Figure 75 :
Maximum heat rejection Figure 76

TABLE XIV. LIGHTWEIGHT FUEL CELL POWERPLANT PRESSURE DROP SUMMARY 1

My PREMEATER NOTES
{1) FC-40 COOLANT FLOW IS
1339094
(2) PLUMBING APS ARE ALLOCATED
ON A TOTAL BABIS UNTIL THE
03 PRENEATER PLUMBING CONFIGURATION IS
DEFINED
{31 FREON COOLANT LOOP FLOW
IS 2500PPH
122
COMPOMNENT LOCATION AP ~ PSI
Allocated | Caiculated | Measured | Revisions
FC-40 Coolant Loop
12)
Plumbing 1-2 0.6
Heal Exchanger 2-3 4.0
Plumbing 3-4 12
Power Section 4-5 5.5
Plumbing 5-6 2
O, Preheater 6-7 0.7
Plumbing 7-8 @
Hy, Preheater ) 8-9 0.6
Plumbing 9-10 2
Totat Pump Head Rise 10-1 11.4
. Freon Coolant Loop
Plumbing 11-12, 11-17 0.5
Thermal Control Valve 12-13 } 20
Condenser Control Valve] 17-18
- Plumbing 13-14, 18-19 2
Heat Exchanger 14-15 i 0.5
Condenser 19-20 '
Plumbing 15-16, 20-16 2
Total 11-16 3.0
-69-

I |\

i

e

PR

T I T I O A O g




[T I YN

o T —

Power Systems Division

- -
]

POWER SECTION COOLANT *

i
;
: ACCUMULATOR

P e = - - -
! |
g
1 |
[ |
4 t
—— e m - — = -
COOLANT CONTROL BOX
PUMP |
x M )
1 :| !
LT |
! "
H,PREHEATER | 1}
1, .
[} '
1 !
gl
b
O,PREHEATER | ||
- L
REACTANT { N
PRESSURE [ |
REGULATOR y |
- - | 1)
;N
D i T TS 1
] :I
| IKS 1
L.l
{
t
|
1
'
!
4

S

frm————-

— — — — ——

L

[re— e~ ———

- R W G e A e e W mae e W e G vm e MR G Wme M Gt G m i —— v

r
[}
[}
J

@ 4

PURGE
VALVES

N Y, UGN, W

[ =

FILTER

I A

Figure 56.

FCR-1656

H, supeLY

- 4y O, SUPPLY

VENT (0,)

PRODUCT
WATER
STORAGE

FREON INLET

FREON EXIT

— P 0, PURGE

HZ PURGE

PRODUCT
WATER
VENT

Preliminary Lightweight Fuel Cell Powerplant Fluid Schematic




FCR-1656

Power Systems Division

aouewJojaad juejdaamod (13D N4 1yBramiybi pajewnsy

"LG 24nbigy

o - ol s
. .,.‘TH. o % e i LLL—M
” LA M0
v 81 14 ,ﬁ“_ 2 b
A s o = = B o e o
A : 1 TELELE
T T T T
o 11 = - “+ 1 b
i - +—
”
A_«:.Lr:: b R ’ + P
R 2.1
g = T 3 Sed o 7 o - W
11T SEE
i et = & .l(,,riu =1~ = i i J
3
- . 0
444441
£ 08 T . g
“h i 43
+ & g
3 i
il -
A 0N E
o5 B e B R B
U [ 5 0 B
R 1
’ o 2
b . . - e 1 .
T A s B A
%
o K o s
. L M Cs N B T R
o Ty S v g2 U
: -1
i s
I 0 B i ¢ :
L .
i 3 W 2
Cr 9 s i P
K] T Y
G4 X 5 B SRS L}
P =N 4
< - L4 -4+ =1
" It - -+
i ]
- . 4 - p 4
ﬁl e
- 5 k13 L =
; f- 3 4t ¥
‘» o
58 R8N 4 4+4 + 44 - -+t
- \ } . ae - » Iy A
: i 3 T O R TR O R R e
) ™ TF ;
14+ +-4-4
FHELTY R AR e R

-71-

POOR QuUALMYV

CFIGINAL PAGE IS




Power Systems Division FCR-1656

. ———— — ———— . p—— ———— —— . o o T————— 4 5 15—

‘ TR o N 5

R e R e e e e B e
| : | {

e LA 1A
: ; ! « azgmt
| - - tPRODUCT IATER CAUTY. ERESLIRE | A PSIA () BRSNS r_,_ //5:.:‘-"4-(&:)

o« BN Tav it

« IOM . ZR-

o & Qi /T hikn
P T o — TN,

£ 4

- e S S — N S S Rp— i -
T — p—— S RS - - -
) - — e e Sy S— e e A S —
— 200 - - e s o S — - S—
— g e e - e e S S C— w— - -
kBRI LS
e =GP . b poim R e e R SICS SURSDSPS NS —— o -

— e e I VR Tk T

. Nrwe Qaounnr {4.«4.7_3__; =

- o - A B SRES R S | casnna e ) 1 = e s B i

- i L
——- &3 . 2 R P S v - -
gl iji NEg L
4
A} R
4
B ~
\%-»56-— _——

-2

v 1
| Arzed

o As . y . Ao LS - a8 . ~20 ‘ &[] i

B e T IS B o e WY N R By P S
| O o2y st ‘» = b (uwgg’&a_L. &

Figure 58. Preliminary Lightweight Fuel Cell Powerplant Design Table

-72-
i“ ORIGINAL PAGE 18
NF POOR QUALITY




FCR-1656

Ivision

.

Power Systems D

T Y TR RN T e

MIG 0 ‘sansiualoedeyd QCN_.QLU‘SOQ 9417 jo Bujuuibag “6S aunbi4

¥N/NL® »E°SL2 s N30

J ) 3 ] . 4 45°eut = dh3l 11x3 ¥ILvIHInd
-3 4 60°0881 =) 2 0 HHZ04® 878 = 5cQ0lp BULYINDIY
. J 3 hdd 0080°C = Jum O Hdd nOCQ vV & FuA g
4 ot°0ul = 1 2 b ] HdA L1800 = AN2um O Hdd 0°0 3 AD2uM ;
3 3 Hdd 2¥80°0 = 208 O Hdd 21290°0 = 2un ¥
2’ 2 4 95°03) s g 0 n 4 is"hel = 1
3 b ] 0 H
U U u u - :an azabel unh-b 4 UL nudr- +H M bese MLl ML » sab -.- -.u“.r..- ». u‘--r!n
. 3 17 00g « .. ccecamcerccccan®a
wH/nie 8°0 I Asnte  ete ) ] H H HoivInIIY HOU4 2n
sgg070 NV I sggG10 Awnlé I o H
. J J 2 K - -
2 2’ (] 1] 399%03ssPuvssrgsssvesTINIILIELYIagY
3 3 cesananascca (1] 7] . 4
32 4 00°081 =) 3 NOT33364930d 1] L] . 4 00°0g = 20 »
332 b ] 4] H . »
9 [ P T S L L L Y T TP PR T P L L2 P . 4 00°09 2 2ZH )
) ? 1 . )
3 ] HUw 1832234 85°%F ® 3600 FOVHIAY 1 ¢ Cecacatscsccccsccccacacacas ]
J ] MOy 1%3I83I4 29°LE 3 IN0DI 11X ] ®  IHNJVHIINIL ATddNT LMNVEIVIE @
2 4¢2°01 =} | «“ON JHIIHIJ SE°FE  ® JNOD I3 W 1 . » [}
3 ] | I T I L L T R PR R R P L LY ) ™
1191 1 R1I0A 20°2 & FIVIT0A Tvwinsil 1 ~
b] SIS T71,JY B M ] 1 feavr 00°305  * »Ichq IVNINHI] SSONI !
cosnces g 2 = tsUl0 eund 1 S11V< 00°00S ® minDid NIVIES SSUNY ]
d4nd 2 b ] | | tdxv 65°si = Ininbdnd s5Gu9 1 Vizd 00C°6) =2 03¢
Inv1903 3 d [} i Yigd ¢000°r ® u2nd
b ] J ] ¥H/N)9 00°0S2 = §SOIA %IVAS ] Hdé INEE°d = AQ2WP
2 1 . 1 1 - 4 91°908 = &
3333 1 14 ng. 90S2°0- = Y3yv 113D 1 .
3 1 L1 = 5»JViE 4D ¥3IPHNN InasunfypiNepsar RaRNARNanepeErAnmNunfl
3 t *sf = £33 20 ¥IunNM 1 s
3 det‘emy = | 1 - | L4
LLVAY L b woes cwn - .
9°9 13132 3 [ . "
« gs0M 2 3 ) - ] . C L] 4 ¢g°081 = ¢n31 1Ix3 ydivIH3yd
wescsasee I J ) 3 ¢ HHH ¥usnie o°e * g507r ¥OLVINIIN
¥ILVInIN4  I333I 3 ¢ Hum vdd 0000°0 ® Jun
NIMNYasn J 3% [ H Ydd 0°U = AQQNM
3 2 stcest o} 2722 d . ] Hdd a27%°0 = 20M
¥u/n18 3 J ( HH o 4 2e°0ovl s 2
o'eo 2337 3 [{ = (1]
€ SSN0 33D N b s UE:U0000GONBHNGITVRDGH NN X LHOLUALLLCLTEOUECOCUCUGCULo00LE
ascccanse ) J ) 4 10°0¥1 = | 2 ] (1] ceccsasssarecane
¥ILYIMI¥G  II3I) 2 Had R000°0 8 Jur M4 0 wnivInU3n wpY s <Q
n3%vn 3 Hgd C0°SIE) * <014 IwvI00D I ded ESR0°0 m ke M :
] b ] Had ER16°C ® Jum N
2 19%90) = 1 ) b 4117181 =2 1 W

37333321333733733323233)3332323373333)

Me/ngy 9°D ® SSUIY AMntd

L]




m MY0Q°L ‘sonisigaloeuey) juejduamod 3yl jo Bujuuibag -9 aunbig
-
]
m VLIRS YT I & ] -
L 3 2 ) S 4 6C°201 = dwW3IL 11x3 H¥3I1VIHIHY
3 4 00%098 = 19 (1} HH/NEA 070 & SrpIr HULYINGIY
J 3 Hgd 0000°0 = 3Jnm O Hdd L000°0 = UM
400281 =1 ) 7 Hdd 2210°0 = Alzux O Hdd 0°0 ® AOZHM
9 - k] Hdd -1v00°0 = 2un O Hdd 6601°0 » ZuM
J b} 402°191 = ¢ O H 4 85°291 e 1
J b 0 H
3 2219 ugo HHHHHHHHHHHRHHIHRH BRI MBI R B HHHRE
, b ] 23 000 7] . H B
wusnie Q'0 2 wN/nge  0%0 I (1] H " ¥01vIn93d HOud M
sge0in NN I 2080710 QuUp1d I 0 N
J b J 0 N
b ] L ] n " YUV grgu et IV ETIyEYIIIPIUVSIEVS IV Uy
“ b | [ T L L 1) [1] (1] ] .
‘ 33 ¢ 00°091 e 1 ) LY B xIL ERUE 1] H . 4 00°09 T 20 .
, 23 2 0 b » »
. b ) [rppppy L e e e L L P T PR LI L R LD L DL L L DL D ket 2 . 4 00°00 a 2H »
3 J - 1 . .
i J | HUX INTIH3Id 07°FF ® 3103 39YN3IAY 1 * “acecatemercccomasrscencaen ¥
, b ] . 1 My InN3J43d 90hY = Innd 1Ixd 3 o IynivyIgnil A144NC ENVIIVIY L
“ 24 0m'ms e 1 HO® INIT43d 26720 = INQI 13l 1 . v
g 3 1 1 VUsPyryredyvesossvesyovcyIvevetuyl
1 33371 S SUHA 19°05 = 10v1708 Tvnfaril 1 : -
3 3 wusnge  e‘e ] £11n €0°000) * ¥axp4 TYNIWBIL RSUNT 1 ~
cevesse ) 3 = S Jand 1 Si1ve 90°0000 = HIFUd ¥IVIC CECHI ] '
ing ) b | edNY 6£°2% ® 1A3IN¥NI) $SGNY | Yigd 000°61 = j02d
iNy003 2 b ] 1 I vigd 0000°" = O2HE
3 3 | we/nie 00°052 * ggDID ¥IVLE 1 Hdd 19GL°0 = AQ2MA
3 b 3 ] [ ] 4 987201 =78
3339 | 14 0 052°0 ® V3Iyv 173V ] »
3 3 1 St 2 g¥IVIE J0 MIBHDON T LI L L L Y L L LTI TP O PE AL T
3 1 °NE 2 £773) 40 ¥IRKNN 1 -
3 4 8n'iet m ) | . ] .
DUYLIL) 95 . e L T T
0°o 23732 k] Q "
m = §s0190 2 2 2 3 : /] M 4 19"yl = dhil 2Ix3 ¥31vIn3yd
ceccenmces I 3 7 k] (4] H UMK Uns0a8 0% 2 grgie w01V IN93IM
w [ HILvIHING  II3DD I v HUH Hdd 0000°C = JHM
! o NITDNGAN 2 331 (1} H : Hdd 0°0 = AQZHM
2 il 3 4 95°2amt = ) 7 . 0 H Hdd 9H0R°0 = 20M
: S yusnin 9 ? 0 MM uj ’ 1197201 2 1
f = o' 9339 ) . " " o
, (&) « gsNiy ) 3 I ’ W00AUYoUCNNUUYUIUNUULLLYIVLLOUOUNULUIIVUULCOBC UL UUUN0UULD
: . cccccec=e 3 ) 400291 =3 ) 0 - 0 ane ccieasena
: £ »31¥IniNe  3I23D ] Had £900°0 & JuM uH 0 ¥nivIN93n uo¥4 <g
: D %3710 o a4 £OTESEL W wNY4 RNYINND I _udd 26n0°7 & Q2ZHN ¥
. L R | b stdd 3959°0 ® 2Hw W
' 2 s00%200 =04 ) 7 2 16°C01 e g u
N . 2331%337723333377333133333333333333)3 Y
ﬂ washgu  H'e e SSUTH PUNI
’ 2
[
a




ki A

h
i
il i‘

| % MG L ‘sallsidaioedeyd juejduamod 3417 jJo Bujuuibag -9 sunbiy
[T
3
@ WH/OLN £1°1201 = X310
| :ﬁw b k] 0 LA 9175wl = gR3g 11x3 H31vIu3yd
2 t 80°008 31 0 Wu/M®  gJ0 ® RSUT0 HULYINGIY
“ 3 J Hdd 1000°0 = 3un O Hdd 0300°v = 3JuN
| 459°p00 8] I 3 Hdd L2100 = Augrn O Hdd 0°0 & AUHN
b | 3 Hdd 0N80°Y = 208 O . Hdd 1091°0 = 2uM
. b | 3 4 22°2t = 1 0 ..x 4 91°591 = 1 ‘
. . b ] 0 :
, “ 33 0go HHHUHBHUHBHAHHHNHHE A HHHESHHHHHHEHHH Y HEHHIHIHHEYH :
’ 273 o0 ] H cmcemcestacecaca i
w/n1e 0% 3 w/ngd 0% ) (1] [ ] B0lvIn93y HOYy M
sgg0l0 Sund I =gg010 N4 w u ..“
X ) w 2 1] h I T P S L A Y P RS L L X T XA Y
), 0 U cnacvencaswe ﬂ- H L ] »
N - 3 e0°08) =1 ) NO112358304d (| H . 4 00%8 = 20 .
33> : 3 0 ] . »
3 e Y e L L LI LY LT LT PP YL LT LA T '] 4 00%0¢ 2 M ]
i 3 | 1 . v
2 | HOM §N3IH3d E6°EEC 2 IO IIVHIAY 1 $ Sececesucevacccacaeccnceces ¥
3 . . 1 HON ENJIIHIJD 92°SE » INOD 1Ix3 1 o  d4NJVHEdnIL A Nddng INVEIVYIM @
9 4 te'vel =) 1 HUN gn71383d Qp°25 = NG 13N ] . . ,
b 1 T LT PR LA AT AL DR RN R AL AL S P A L T L] T}
32133 ] 8110A SR°6Z = IVYLINA YWyl ] ~
b ] 3 wusnmie 0°0 ] Stive 20°0050 = u3knd YNIWEIL §504Y 1 '
i eccnces ) 7 = S0 und ] C1ivm 0°00ST = HINOD ¥IViE SSOHI ]
annd 3 3 1 gdwy S2Z°0US = INJHEND CSOHD 5 Yigg 000°63 = J0ad
3 ANVIN03 ) b} ] ! v16d 0000°n ® O2Hd
2 3 ] AH7A1Y 00°052 £ geUID NIVLS ] Had .0802°8 = ADZHAN
. b 2, 1 . i v 4 14°w0) w2
b 23793 1 14 08 652°0 w vIyv 1133 1 v
1 3 1 *1 = gYIVIR 40 u3IUnNN LT ULELELIS PUL LI T BT PP S P LE T LT
3 ] *nf = £71133 4n HIAUNN 1 "
3 2 59t ¢} 1 . 1 4
yusnie J . - & Py PR RORpY L TP
0°0 3337 3. 0 N .
s = 86000 333 . 3 (1 H 4 SE el = dnFi AIX3 HILVIHINM
; weecccene ] 3} ) b ] . G WHH gd/niv 0°% € ¢coIn ¥V INAW
; c NV IHIE4 D3I : | 0 HHAH Hdd 1000°0 = IuN
: (o} NIINO0ANK 3 33 U] _H Hdd 00 s ADZuN
i ‘n 2 2 9% s} 233 0 H Hdd £602°1 = 20m
t S uH/nLs 2 b | 0 HH 0 4 5%°nul 2 4
1 Z 0°0 3333 b ) . 0 " 0
) 2 56018 3 73 3 OBUDUGOONONULLNUUNYLHONNYNUIIVITOUHLLLULGHGOO:NBL.LH0U000UD
: S e T I B 4 96°"m31 =313 ] c  mecesamssccccn=a
: Nilviviag 33312 : 3 . Hdd 0100°C = 3Jum uM 0 ¥livInd3Y WoMs 20
i ~39A%0 b Hdd 00°SES1 = un1d InVIDOI 3 MNdd 2500°0 = N2HB M .
- 2 ] Hdd U100 ® JuN W
; 4 8608l s ) ) ;) 4 02%03 s 1 M
23337333333373333322333333323333323) »

LOTLTL I A e SSNTY aund

Power Systems D




B

FCR-1656

tvision

Power Systems D

4 s1°Lnt = 1

CTYOIU M

aggnNio Sn4

b}
ssccosse I
dwnda 2
fnvi100) 3
b}

b ]

aH/nge
(M ]
= S807Y0
»ILYIHIYe
. NIYIYOAM

wM/nLe
(M ]

2 SNy

W31V IMINA

N3I3AX0D

4 90t781 = 2

M30°2 ‘saiisiualoedey)d juejduamod 3417

ceventenrravessace st evsavetessdPoncvnrntedttes

Nu/NEB ntLlve = X3IHD

3° b ]

) 4 00°081 e 3 2

J 3

3 . 3

J b

J s J

J b |

hJ 32

J M

3’ e/nle 0'0 )

J sgen10 SN I

k) : . ]

3 I .

J . 3

233 . 4 00°091 » 1)
332 J

-]

? 1

9 ]

J ]

3 481% 10w} I

3 . 1
3332  {

3 wsnie e'e -1
) » gSC10 dund 'l
] 3
3 1
2 1
3 [ |
3323  §

] . 1

3 |

3 4si% e =) ]

e | aceaeme
3337 9
332 . 3
33 2
33333 ;]

k] 32329

3 49820t o} 333

I 3
33333 J
332 b ]
222 4 pe%81 21 )
22332 3

3 Had 00°EEFY  * w014 INYINOD D

b | 3

3 J

97323333373233333332337333333333333))

I

s SSOILH Aun L

MDY INIIH3I4 S2°0§

S11v4 vo*0002
ei,v» ¢0°0002

* 380D IIVY3AY
® INQ3 2DX3

win (NJJH3Id w29t
® INGI 2 3INE

uOy IN3Je3d 20°2%

$1°104 24°02 = 39V1I0A AIuMIL
= yir2 TYNIKBI) SSCYI
e pIrlid ¥IVEE CSOHD
gdwy S1°69 = In3n8N3 SSCHI

yM/NI0 00°0s2 = seUTp wIV)S

14 06 082°C ® V3yy 111
1 & sxIViS J0 H3IGWN%

e S S ) P D ey Sun B ) W G St Gup B g

‘wg = §£1733 Jp MIINNN
- candtwevsenPacnosbatartCas
7] "
1] L]
u HHuMN
u HHu
(1] [
0 "
] HH
V] [
LL-oLNOBONOBULOV.IF
o
Hdd FI00°C = Jum Wt
Hda 15p0°0 ® N2HR M
Hdd £9I1C°C B 2Hm W
4 80°161 = } K

Jo Buiuuibag -zg9 24nbi4
0 4 In%191 ® dgndg 11x3 BIEVINIY
0 aMsY 070 & gE0ID ¥OLYINGIY
Hdd 1006°c = 3> C Hdd £100°0 ® InA
Hdd 21210°0 = AT2M» O Hag 0°0 = AQZHNW
Hdd 6E90°0 = 20 D Hdd 2§12°0 = pHM
4 2050l « 1 0 " FIR LAY Y 1 I |
o "
oon HHHHHHR MM R RHHHHHHHHHHHHIRIHH R EHHIHAHE R
‘p0o0 ] 1] evscssrumaccnpnte
0 H H HClv 93y wo¥ys CTH
(1] H
0 ]
0 L YUBP YISV IT YNNI SN YUYISIS OIS
P STR T Y T [¢] H M
T FRELY ELLE] L] L] 4 00*0¢ s 20
[ ]
4 00°09 e 2

LT T TR YAy s yer o LY T T T

[ ]
L]
L ]
v
L
L J
®»  INNQYHIINIL Addnt 1NVEIVIY
| ]

L J

vig4 009°61 * jQAd

vigg 0090°n * OZHd

Hed Ehgocl & ADZHM

- 4 827191 = 1
" p

Y L L AL L L L L E L P IT P EL E L LT LT L] ]

2 La°w9] = dn3) 11Ix3 ¥ vIuIyd

BHsa9 0°0 = gt LIV INDIY
Hyd 1000°0 = JuN

Hdd 0°0 = AQ2nN

Had §1€9°) = 2UM

o
o

[ ¢
u

FNIM I

HUUHOVODNNUIIOULILLLL ONUGOLONUNDNLOoLO

rgivIng3¥ uody 0




i

g —T T S S - Ehaid) i : R
- - e e £ A AR o S bl b 2 s P e gt ST LR TR Sah IR e GREA a0 . . b e o . R . e e . B
. .

© MYS 2 ‘sonsiuaioeaey) juejduamod aji jo Buiuuibag g9 aunbiy
. 2
@ WH/0L0 L9°TUGE @ X3JUD
O .
TR J J [1] 4 50°063 = dH3I: LIX3 y3LVIHIud
3 4 00°088 = 1D 0 WM/NR38 070 * sROTo ¥OLYIN93Y
J 2 Hdd 1000°C = 3Iuk O Mdd 9100°0 = 3Iu"
m 2 2 Hdd 1210°0 = AUZHR O Hdd 0’0 ® AD2HM
q b : . 3 lidd £590°0 3= 200 O Hdd 2692°0 = 2HA
J ] 4 8l%val 2 30 “ 4 60°0s8 = 8

W ) 3 0 L] .

: 3 313 oge HHHHHHHHHHHHHHHHHHE R HUHHHHRHEE HHHHEHHEHH HRHHH A

w b 79 onao " " cecamesscecscea"a

w ¥H/ngR ‘s 3 w/08  0%0 ) v ] " HO1vIn93Y Wous M
2gs019 Win1e I =ge010 Fun¥e I 0 8 :

“ ? 3 o ]

g ) 3 1] H SIsPysusevysusssusvrvIIINIISET YUY

9 b ] 2 Ccascvavanwn o H ] »

b N 4 00°ce1 s 1 3 NO1123883IR0d 0 ] . 4 co*0p = 20 .

2973 3 0 H L] [

! k] P S P PR P T LT Y PP TR L PR L L . 4 00%09 s 2" .

s J 1 ! . .

3 J ] HUM IN3IEI4 29°RS = Iv0Id ITVHIAY i ¥ “ececececmccaccsccancascncs ¥

3 . 1 MOy 1N3I¥34 IE°LE = INDD gix3 ] o 3ynive3ddnil Addns INvisviw e

3 4 4008t n } 1 HOY INIIN34 PSCIE T = INQD j3WND t v L]

3 [ 3 CUSPIUNVIIEIIVIS IS II VOISV II YUy ]
3379 ] S170A S0°92 = 29Vi13A Ivalwn3l | ~

i -3 3 wwsnin e 1 Si14v% 00°0052 * uivnd WhIwhdy §SOBY 1 ~

! escacas ) 3 =SS0 gune ] SLLIVY 00°0082 = MM0Y »IV)S sROyY ]

3 . duwhg 3 3 1 San? 11°6¢ = ININBND KROYY 1 viga 000°68 = j0pd
iy ) 3 ] 1 Vigd 0000°Y = OZhd

! 3 J I | ¥H/NLR 00082 ® §C0T0 vV 1 Hdd 2201°2 = AQZHN

3 ] 3 1 1 . 4 21%060 = 1

3773) I. 14 06 ns2°0 = Viyv 113) I - - )

b 3 1 $3 = gxIVIE 40 wINWNK TR wste ANNAR s RNN SN N NN R AR

5 I 1 st = £713) 40 HINWOM 1 -

. 9 4 90°0et s |} ] t .

L HHsr 1o b ] * cntactnatt et nanttaeRtttenst ot ans S pananneten® Yas

0°0 23332 2 [ "
s se0In 3 22 b J 0 [ 4 V2°qel = dkI1 j1x3 HALvIHIyd

4 cemecsces 3 I ) ) . 0 "IN sH/nle 0% * gs0l0 EOIYINGIN

C M3lvivind 23332 3 [0 HHH ¥dd 1000°0 & Ium

‘ o NINTHOAN J 339 [ H Hde 0°0 = AD2HN

f i 2 462%st s} 2172 0 [ Mdd 9440°Z = z20m

L S H4/nie 3 b} . [/} “n 0 4 92°s908 = &

2 o'e 33329 3 1] H [1] . .

] = gsnn 3 3D ] » GCINUONCONOUINNTLNNLEOHVIIVUYNBNGHIVLUNLONTICN00001TUOUYE
mecncanes ) I I 4 99°06} =13 H [(] Semsoesecevanas®e
w31viuise 2333) b ] pdd ©100°¢ B Iuv Hu (1] univIN93N oUW €0

NI%AX0 b} Hdd 00°SSs1 ® w4 ENVIOND D Hdd 1SRO0°0 = OZMe W
b) b} udd teidc0 = 2us u
)

4 09°061 = 1 )

. 4 9°C61 ® 1 W
313333333133333332333322733331331333 "

e

/00 e'e e RSO avnVd

()
v
£
Q
ot
v
>
1)
| 9
o
2
o
a




FCR-1656

v
ivision

Power Systems D

MX0°€ ‘solisiuaroedey) juejduamod a1 jo Buluuibag -p9 aunbi4
HH/ZNLR 21192 = uJMD
2 - b) T v . 4 Vg 201 = dn3l LIx3 wILVIHINY
b ] 4 00%9t =12 0 w78 070 ® csCln ¥ULVIAgIY
2 o] Hdd 2000°9 = jum O Hyd 0200°0 = 3NN
4 1g°Sel 22 3 " Hdd 2210°0 T AG2MY O kdg 0°0 ® AQIHM
= ] 3 Hd4 9590°0 = 20m O ’ Hdd SRIT°0 = ZHN
2 E] 42t°981 2 1 0 H 40533 =213
d J G H -
9 732 our hH} M HHHHHMHHUHHEHEHEEHE MHHIMHHRBHHNE
. J 237 o0 ] N camccemamnmcsenSe
wisnin 0% 3 . _ s/nie 0'0 2 0 T " HOLYIr938 WO du
sgg0l0 NN I 288010 QHNYd D 0 L]
.- d . - . 3 0 "
? J o ] vesYanyveP NIV INISISIIVIISHIIOSN Ty
b ] b ] PRI T P (1) ("] ) ° »
39 400 =12 NOELIIEHIFOd 0 H . 4 00°9 20 »
33 . b ] 0 L} . .
- 3 ‘ [ R P D et v 4 00°09 e 2H »
. b} | ] L] .
3 H HUY INIINIL 60°%E ® 3403 39vyIAY ] ¢ “eceretatesenscscnsstecosas M
3 1 HOy IN3IHIE Sp°@SF  m INOD fIX3 1 ¢ JuNivH3d¥IL aA1ddne ENYLRIVIN @
9 4 18°5eY =} 1 HUX AN3IINId 00°1E 2 INN3 331 |1 . .
b ] 1 | SOVPONE T IV ITITTTI VI NIVITIVUVIISE VgL
23333 (] S1IDA €£2°22 = I9VA WA TenInyIl 1
3 3 wn/nig %0 | £11VH 00°000F = mIrvg TVIwd3I] $5049 ]
=secscea 3 9w SEDN0 Jnné 1 SLgvr g0 000f = HiIsUd NIVIE SEUNI ] )
dwnd I 2 ] gakv S1°0IT = gnduund SSOUY ] vigd 000°61 = jOnd
twwiny 3 3 (i 1 vigd 0000°n ® (OFHd
3 3 | ansnj@ 00°062 = sSgD1B NIVLS [ Hdd SL12°2 = AD2MM
3 J [ 1 ” 4 91°¢568 2 1
33337 . | . 14 vs oS0 & Yauy M2 . | v
2 ] %1 = g¥IVES 40 ¥IAWNM T L L L T I T T LD P P UET LT
3 1 s = £1197 40 ¥IUNAN t 4 :
3 2 15°tst = 8 ] - H -
1:\3—8 U T Y T csocecnusteateRnne® e
(M ] 31333 3 © . 0 ] . .

s 85078 J 3 3 0 N 4 tecul m drdy JInY MigvInagd
ceccecsse 3 I 3 3 13 . HHHNW u/nie 00 ® g501p dLEYINIIE
WILYIHINA  IIIDD . 9 ] HHH Had 2000°0 ® JuM

%390802% b} 22329 [\ ] Hdd 0°0 = ADZNN

3 4 29°s61 = ) 2 v - H Had 2an5°2 = 20%

wi/ng9 ? b} . 1) Y 0 FELMI 1IN
0°e 33233 3 ] H o

= SN 3 32 b ] . COOHUEAUUNINOCNUUBUCDUUHVIGUGUHUOULULE HUUGROR0ULU00COLO
cccscases 3 3 ) 4 0t1°P61 = 1 3 “ 0 wernasherarcansn®e
wItvINIME 23233 k] Hag 0200°0 ® Jun un ] HitYIng3N uo¥¢ <0

% 39x0 b ] Hag N0°ESEL = 4014 AnVI0D ) bdd USNO°0  m P2Hp W

3 3 Hdd GL10°0 ® 2um M :
4 01t =) ) 2 4 50°002 = 3 M
"

9333333333133333333313333333331333)

s SEU1) ANt

wazngg  ¢'n




warsngte 00 ® SO dwn

(7]
5 .
o . :
5
o MY%SG € ‘sansiuajoedeyd juejdasmod 91 Jo Buiuuibag -9 sunbiy :
I3} :
w
Yn/648 In*ETle = XIHD .
r] -3 ] : 4 21°06) = dn3) 11X3 ¥ILVIHNIYY :
2 4 00°001 ¢ ) 2 o ad/NE8 00 3 gs0lp HULIYINDIY r
) 2 Hdd 2000°0 = 3Hm O . Had §200°0 = 3N
4 9%°%1 =21 ) b ) Hdd £210°0 = Acgun ¢ Had 6°0 = AUuk :
. 3 . ] Hdd €£E£90°0 = 20w O Hdd 2068°0 = 2uN ;
. 3 3 4000V =0 H 4 51%he1 =12 :
J b ] () ]
J 23 ooo HHHHHHMHHHHHR S HHY i HHHHIHUHWNY i
U . UUH —,- [{] Q H []] ceCecavwsesccase®e
o we/nge 0°e I uN/nge 0's 2 0 H H 40LvIN93Y W0ud W
: sggC10 Il I sggN0 Gxnld I 0 H
. I ] 0 " .
g d 3 0 H ccccccc-cccccccc-c-cccccccucccucqt
] b ] ) U cfaceceseneoen Q “ v »
32 4 00°008 1) NN IISuIn0g 0 H . 4 00°0¢ = 20 .
: 32 be 0 ] . 'y
' b ] e Y e L L L L Y T L L L L L2 v 4 00°089 s 2H v
4 3 1 i . . A
. b ] 3 HUOX 13263 WS SE ® 3NOJ 39vyIaY ] ® “mecccrenncesccccenccaccnes &
J | MY INIIUI4 py°et = INDD LIX3 1 v MNirbIdnIr A1ddng LMVEDV3IY .
94 9%°%I1 . 3 HOX ANIINI4 00°0F o INNT 13D [ . . mu
. b ] : 1 1 SUBSevesENEtISEyeN VIS IIIIVIIIYEYS ~
3331) ] S130A Ix*92 = VLA Tynind3l | ’
5 b ) 2 wwsmin o ] B1AVA 63°00ss & wived 1YRINB3L CSSud) ]
esvecns ) 2 = £8070 444 1 S1iV» Qu°I0S§ = uIv0d YIVIE €50yD 1
3 duna 3 b ] 1 $44Y Q2°2E1 = 1nINHND SSGHI 1 vIgd 0vo“6l 3 imd
] ANVIODI D ;] 1 | vigd voov'® = Q2Hd
i e | J 1 HM/NIR 00062 = SRUD wIVES -8 Hdd 6N¥12°% 3 AQ2MN
3 - 1 1 > 4067261 = 4
33333 . 1 13 06 #S2°3 = Yiyv 11N | bl
b ] ! I = £uIVIS 40 ¥IGNNN CLLT LT CT A PP LRI VAL L LY LT ]
. 3 1 3t = $71733 40 WINmnK 1 » -
3 4 9°9%%1 = 1 1 -
"M/ O b ] P T L PR P T L L LY
1 e’o 23333 . b . ) H
= genM 33D ) 2 " H - 4 VE°S0l = dn3] L13x3 wiLvInine
{ c esvaancas J 3 ) 3 O . HHHW L CVOT U A ] ® ¢St wILYINIIN
: (] w3lvisiad 33333 . J /] HHH had 2000°V = INN
i NADOHIAN d . 3% 1] H . Hdd 0°0 = ANZHM
T 3 s efpet s g L5 0 H .. ka4 0ER0°F = DM
2 YU . . 0 Hue 0 406500 » 1
0 0°0 33333 k] 0 " (1]
egsHwm 3233 3 . 111000 00000000INULDGOODUMINILUCTLHOVLSUET ONONC0aUUNE0NOV0
4] anenacees 333 4 18%6) =} 3 n o | ammasamecacceaeta
: m wviHInd 3330 2 Hdd §209°0 B JHP HH o H0ivIN9IN w0wg 20
H Purt »3UAR0 J e NO°FIET S QT4 INYIIOD I Hdd WHR0°0 = pRue B -
! [ b} . k] udad 9L10°0 B 2NN W .
; > 4 18°200 » ¢ 2 . ;) 4 96°502 = 31 N
" 21373373232323233332373333333333321 "
L
]
3
[o]
a




L ook sk A e o

pAd

FCR-1656

.

vision

Power Systems D

et

MIS°Q ‘Sunoy-0pGZ 18 sdlsidardeseyd juejdaamod

*99 a.nbi4

/NN I0°92F @ XKD
5 3 o 4 0£°0VE ® dn3J) L3v3 ¥ILVIHING i
J . J00°081 21 ) . 1] gH/ME& 0506 = gECIT §ULYINAIY i
3 a Hdd 0QUP°D = Jup O Kad #0000 = Iue !
2 u000t =} 3 a hdd 12100 = Augwx O Hdd £°0 = ADZMM i
3 b} kdd.2090°0 = 20» O kdad A(90°0 = 2HM !
J k] g2x*vyt & 3 0 " 4 0L°097 = 8
? 3 0 " {
3 32313 (144 HUHHUHHL MK HH L HHHEHE R IR HHIPH R HIHHHOHEN
J cen 333 . [ K LI ] [ ] ] cotemavetnennase®e
w/nye I | Mi/nie 6%o  J 0 o N MGAYINOIY WOy W
sgg0Y8 Wun1g I 8gg0Id YunYd I 0 H )
. J b ] (+] [
3 J . [ (] USSP Ity IV U Y IV INEUSEI VIV Sy
3 3 cececccmemee O " . .
332 + gotou} = [ 3 a1333s83v0¢ v 2 v 4 00°09 = 20 .
2% 2 0 [ . [}
b et esatadttarcsanatneenEtenTantsl a®sancssatsant e . 4 0¢c° 09 ® 2M ]
b ] | 1 v »
J 1 HOY gn3AJNI2 POCIT ® 303 IIVNHIAY 1 ¥ “Sesecerevcsacuscceccscancans .
J ] #y EINIIYI4 J6 €S ¢ I+0NI J1RI 1 v AHALvHIINIL a1ddNE RhVRIVIV . []
3 Jeeert =} ] 0> fNIIde JE°ST = IN0DD 13N 1. . v (=}
3 1 . X [} SOUPeBITITNINNIIITITIVLSIISINIVO Uy %
2330 : H CL110A RE°VF = I9YRCA Tvalnndl ]
2 3 wwnie 00 1 1LY U000 = k3.0d TYNIKEIL £50OKD 1
wecemee 3 3 = GG annd (] Cilyn ap’b6h £ pI¥Lid >IVIE SCOMT ]
nd I ? 1 EAnV ®6°&1 = 1r3wBN) ESCAY ] vigq 000°68 = 103
iy 3 2 3 ] 1 Yigsd 0000°P = O2Hd
b ] J (] wdzngs #0°CST = ¢gOe wIVLS | Hdg IRnE°0 B AUNM
3 k. 1 | v 4 er"00) =
3332 . ] $4 05 0S2°0 = Vinv 1Y) 3 [
3 t *y 8 gxJIYie 40 w3BkNN LI T CT DL LA TR LTI AL PA T LA DL LU L
3 1 ‘s = §7733 Jv HIVKNN 1 "
3 4 e0%uy o} ] 1 -
T!\Q-u,. 3 P —T Y scovetnsssavcsaca®as®®as
( M ] 37123 3 U ]
s S0 I I3 J 3 . u H 4 96°001 = dw3) LIx3 HILVIVIud
ecnsccena ) 3 ) b ) 0 HHH dusnle 0°e Tt geCt r0IVIN9GIY
pI3iviIuInd  I22M - 0 BHM Hdd NOr0°0 = 3JuM
»39080AH 9 3239 . (] ¥ Hdd 0°0 = AQZH™
9 2 00%Nt &} ! 0 ] Hde 2115°0 = J0M
un/0le 3 b | /] LB o 4 96°088 o 2
c°o 33323 h ] [ " 1)
s rENlEe NI . I . COonUuEnL INLLVLREILABNLUCHVILLLYDECHIVGLELLOOC 0L UCUMINO00L0
evmeconne 9 ) ) FRIMIIEE N ] [ 0 csacsececassvsee
¥V IING 33D 1 tdd n000°C ® Jum ki 0 »01vIn934 wouy 20
" 394R0 ] Hedg 00°1EEY  ® enlg fUTHAD D) tdd ZSP0°0 x OD2He W
3 2 ddd 921570 ® Zue W .
2%°008 ) I ) b ] 4 15°19Y = ) ¥
9933333399335325233337333333333791 »

eu/NIN 0°0 e RSHIN g




D e o

i

Rt

ATy -

Cw et

FCR-1656

vision

Q
w
E
7
-~
v
>
1)
s
]
2
O
a

MM0° L ‘sanoy-QQsZ e saiisidaloeseyd juejdusmod

WN/NLR 102911 = XKD

"£9 a4nbiy

J 3 0 4 Lu°291 2 dn3L LIX2 HIEVIHING
2 4 00°081 -2 3 2 A 0 /NN 070 s SRDTIN HUAYIND3Y
b ] 3 Hdd 1000°%e = 34m O Hdd (000°0 = JHn !
4 o208t = 3 ) 3 Hde 1210°0 = AOZHP U Hdd 9°0 = A02HM :
3 - 9 b | Hdd [eB0°0 = 20n O . Hdd 9F11.°0 = 2NN
i d 3 g2ninl =2 0 " 4 19°298 = 8
3 3 0 L]
J 3312 oo ¥ HAHHIHHHHHH I MR HUHHHYHKHHNN Y
- J . U.-U woo H [, ] P ol b L L ]
yN/Zakn  e°e J n/nie ece 3 0 ] L] KOsV InY38 HOy4 2
8§80 Purile I gg0’10 Axnd D 11} ]
b | .- be ] - [(} N .
k] k] : 0 e LT A L T T R T T T T L T X L 2T
2 3 Cenvonscsacn [)] N » [
kb b ) 4 00083 = 1) . NDTLI3SHI0d ) H . 4 0n%0g = 20 .
- - I . ] (1] ] . »
0 - X LT L LY » 4 eo-o. = MX .
9 t | v »
b ] ’ . ] HOY IK3I¥I4 vR°EE = N0 3F9vH3AY 1 ¥ Tecemecccscocccasanncesmcns ¥
3 1 BN LY3083d ¢L°rt = MDD BRI 1 s JHNLVYEdNIL ANddNE LMYIDdVIE @
7 4 9%°201 =} 1 MO 1n3JyId T6°2E  » NI 1IN 1 v .
J 1 [ § SSUVyNeIUsyPIVIIIVIIVYIPIIBIN IS
19333 | | C1WIA 99762 £ INVLTIOA WnIWdTR 1
p) J  wnsnlf e°e 1 SLIVs 0p°angl = HIwnd VehIn¥I gROND |
csccsss ) d ® BRBLIN Jund [ Sagve ce*goot = HIXOJ4 XIVES SEOHY | ]
FLLE | b | 1 - g4n¥ 1L°%L 2 [HIPun)d SEONY 1 vigd 000°6) = j04d
[RTALD b I ] ) t 1 Vigd 0039°y & Q2Hd
3 9 [ | ¥H/NYA 00°0S2Z = g0 NIVLAS ] Hde "1LL°0 = AQZHR
3 3 [ 1 . 4 20°s9t = 4
2329 1 . 14 0S 0S2°Cc = vIgvy 113) g »
b ] t *t = gylvige 40 HIRunm L L AL P DL L T e PR L LT L LT L]
2 1 . ‘ng & £1133 40 WIGWAN 1 .
9 2 9°%31 s} | | 1 (4
Nt/ H - -a caasrge
0o 1390 b ] u "

s 8SGW™ Y ) 3 u ] 4 43°F01 » gan3g LIXT HIQVIHNIY
acaccecese 3 I I 2 a HHY oysnly 0°9 = §60 W dULYIng Y
NIV ININE IIIDD J (1] HHY Hdd 1000°0 = 34

%IINNCAN J 21) [4] H Hdd G0 3 AQ2HM

3 4 n8°ges = ) 333 0 [ 44 F010°0C = 200
Hu/ngn J J . (i} MM 0 4 L1°got » 8
[ 2 ] 32972 b 1] ] (]

.s 5710 33 ) 2 . 1HE ODOEANOPUAUGHOUNGGOGHUNUNU U UNUSUIUNGLENGNONOGUNGUONLIU0
cocansnes I I I 4 61°F%} =2 1 3 " A cevscesescctcane
MIYVINICA 23 J ndd £000°0 3 Jum HH 0 anivIndy wNyy <0

N3G 3 vda 00°SEEl T <14 INv0I D Hda 2SpL°C e O2HN H .
J 2 udd 9910°C © Zum
4 61°S0t ¢ 3 ) J 4 19°e900 = 3 ¥
3533333323333332333 1373332237173 "

nngu 9°e s SESUIN N4




‘u:ﬁ - T i i N i - T T - A
. 2 . i .
]
(71
v
“ M3S° L ‘sJnoy-00s2 18 sonsiualoedey)d juejduamod -89 aunbi4
w
wn/nls RR*8022- & RXIHD - : : .
;] 3 . o 4 ¥0°a9l = dH3II 11X3 HILVIHIud
b ] 4 00%°W1 =1 ) i 4] uu/NES 078 = sSeir HUIYINgIW :
% F) tad 1000°0 = 3ve 0 Hgd 0100°0 = IuM g
4 le'sel =2 ) b ] H4d (2100 ® ADEHR O Hdd 0°0 = AUZHA :
9 b ] Hdd 6560°0 = 20m 0 Hdd L191°0 = JuN
| 3 4 19°281 » 2 0O ] 4 #0°991 o &
k| . b 0 »
b} 332 oo HUHHHHHHHHEHHHHHHH RO HHE R My
b ] . . b} 2 ] ooun [ 4 " M catosavecensees®e
_ ue/nle e’ 3 su/njy ©%0 ) 0 H H N1y IN93Y KOM4 2H
g0 Tund I . o900 SN I (1] N
' . y . ? 0 (]
;] . k) ] H POUT NS UIETIVEVEeN NI VIU SV ENVOTI Uy
y “ b ] Cndncacceesd 1] H » L
. 2 . 4 seden1 = 1 2 NDI LI Ie43IN0d 0 H . 4 0000 = 20 .
3323 ° . R 3 0 H- ] .
3 wenoe e LEL DL T ] 4 00'09 * 2H L ]
d - e | | 1 v L]
4 1 HOM §N3Ind4 920 ® DI JIVHIAY t ¥ Semacevecass - .
b } - 1 HOX 1%32¥3d 99°ST n -I%0) 1lvd | o JunivyISNIL ANddNE ENVIIYIN @
3 2 19°Set =} ] HOW INIIHI4 SS°2F = INDD I3 ' . .
] . [ 1 M LI I AT T I LY T T PR AL YT o.,_
22733 [] TAIgA 2€°92 = JOVLINA Tvninpdd ] @
7 3 ww/nge e 3 (TR L o-.oom. © p3xGd TININEIE coUNd- r . - 1
cessces ) 9 = SEGW dwnd 1 cigve 00'0051 ® HInDd AJ7IE €509 |
ard 3 2 3 RANY L6°2S = juI5¥n) geand ] Viga 070°87 = )g3d
(L1005 B | 2 1 ! YIgd 0000°r = 02N
3 3 1 NM/N30 00°0SZ = 55070 xIVAE 1 Hdd 9922°1 = AQWM
3 b ] | | - 4 197591 = }
333 | 14 US 052°0 3 Vv 11I) ] N
] 1 *} = gw»IViS 40 HIANNN eI EL L LI DL L LIS DL L P DL LT L Ll ]
3 . 1 °hf = 1737 40 ¥IUuON [ »
9 4 19°%et v} y - 1 .
/N8 ? g
, (M} 23332 ) ? o "
b . = g0 3 3 3 . v ] .3 VIRl » dand) LIxT §ILVINJyd
t sesaccce= ) J I 3 w U HHS gu/snke 9°C s ¢80 wORYINO3IY
T S walviuing 33303 I 0 WHH wad 1009°0 = JuM
i —— N3INIMOAN b J . 332 [}] (] Hde 0°0 & AQ2H™
: A 3 451°0t = } 333 (] [ I vdd 1692°) = 20M
b , > w/nge 2 3 . . 7] HH 0 4 11°s91 o 8
' , = e 13333 2 o ) (1}
s gy 222 'y - [ GUOrUEATNODUINTUVLLHTH DGV MANNNLDLUGULYULYLULUCOLoDUCYLULD
assaceces J I I 4 806°S"8 = 3 ) : L] » comnonsscnscssan”s
t N3vinIng 33330 2 sdd 0100°0 & Juw ui n HOAvINIIY ¥4 €0
1 LI ] Mad 00°tES] B %04 InvINOD I Hdd 1SH0°E & OFHm W =
' 7 . E) Hdd nyl10°0 & Juw W :
Je8°SNY s 1 2 b | 4 99°008 = ) ¥ m
323733373333733323373333333313229 . . .om ;

w/NIN 0°0 & SSUID M4

Q
"
E
@
dod:
s.
>
)
L
o
2
o
a

i —




W

B

©0
un
w0
-
'
(1 4
O
u

vision

(o}
)
E
13
L od
»
>
]
L
(4
2
o]
Q

RO e Ldlht ioahnt s FATTETE L TTRSTE L

DU St i o - L =g

MM0°2 ‘sdnoy-gQse e sansiddldedeyd juejdaamod

EN/NgN SO°E20F = XIMD .
2 3 o
2 4 00001 21 C .
7 3 Hdd 1000°0 = 3um ©
‘4 09°8t ® ) 3 3 H4d f210%0 = ACPHN D
b} : 2 HdA €180°0 = 20m O .
2 2 cg2iel a0 )
b} 3 0
3 . 232 one
3 m 000 "
sN/Nie 0% 3 a/nie %0 3 0 "
ogs00 Sunla I 288010 WWpd D 1] "
2 . 3 a H
2 3 : o . 7]
b} 3 PR S (1] H
E b)) 4 00°08; =t HOI133c83In0y U H
33 3 1] M
3 . cecsn - -
.3 1
3 1 HOW IN3INI4 9L°0S§ = INQD IIVUIAY
2 i NO» EINIINIL IC°4S = IN0D 1QIxI
24 e%'98) =} - _HO» JNIyI4 20°25 = INDD JIWI
p | ]
331 L 1 CL10A b2°22 = ISVLITOA T¥niWpid
J 3 wi/ngR o'y  § S11YF 00°0002 = u3vhd IVAlwd3Ig ¢SOMD
esccans 3 7 = SSLTI0 dund ] S1iv» 00°0002 = kiIvULd NIVIE SEOUY
and ) b | ] RdwyY o€l ® JA3INUND SSOYI
N3 ) 3 . ]
3 uu “ ¥H/N1@ 00°0SZ = §¢0IN XNIVIE
3
3390 ] 14 08 0S2°0 & Y3Igy 1132
2 ] L = ENIVIG 40 wINwnN
] 't “pf & BTTIRD 40 HIuNAN
3 189 0 ) . (] )

croaw

1]
e
[ ]
L}

‘69 a4nbi4

4 S6°981 = Jdvldt 1Ix3 N31viHIyd

NH/N)E 070  * SSNTD BOIVINDIY

Had £100°0 = WM

Hdd 0°0 = AUZH®

Hdd 162270 = 2HN

H 2 66%°901 2 1}
M

HHHHHHHHHHRHHH I HHHEMHHEHHHH MU HIHHEHAHRRHHH R Y

H HOLVINDIY WOH4 W

VP INysUTNISIFIIVOUNIVINNIVIST T Uyl
4 00°09 = 20
4 00%8 = 2H

LT P L Ll Al DL T LY L bl Ll L L

[
L
L J
L}
.
L
AuNEVHIALNIL A144NE INVEIVIN ¥
L J
L ]

]
.
.
.
»
.
v
]
eSUPysuINIIPIINIITVSIIIIIY SIS Vs,

vigd 00c°6} = §0i¢

vigd 0000°y = Q¥4

Hag 026L°1 = AQ2MR

] 4 1L°990 = )

heniin

.
RRMp Ll dAd LA LLL LS [

0 G0 Gt G5 up GN) G SR S0 $ED Bub W) SO0 G e Gum

P08 ]

[ 14 ] 193 b | [V) [ ]

s g% 3 J ) 3. [1] [
scccsacns ) I 2 % 0 HHMN
dIlvIng 3331 b ] G HHY

N30u0Ar J 3323 Q H
2 44000 =} 232 4] H
we/nip b} : 3 t 1] LU
0°0 3337 3 a . H
=2 g0 3 22 p ] )
mcoccscss 3 I I 4 12°t = 1 2
n3YIHING  12IIID 3 wdd §100°p = Jum uy
N3I2ANE 3 Had 00°ESSL 2 DV ANYIGDD D ndd 1480°0 e G2rn N
3 3 Hdd 2H18°0 ® 2WM W
4 12%901 = ) ) 3 ‘2 WE°Sel s g ”..

19332333333333233333373333313333333)

7038 0°0 3 £SNIn AFNNYY

3 3p°sel = dr3} LINI HIPVIHIpd
ow/nit 0% 2 $6010 W vINIWY

Hdd 1000°0 = 3JuM

ndd 0*0 = AQZHM

Hdd £92L°) = 204

a 4 267508 = &

LHUNNONGOATNIVINUNOE0R0AYULLLEANNV0CUNUE CNUGUE00000VLN000
"

n PRI

0 HOAVY1nYI8 wOHs <0

. 2t
PO PR | 73

L
™
o}

)

%)

"
& <
=
8 O
25
Zo
¢n Q.

g



‘d‘gﬂl« e

I

- O TTTT

e e e i g i T R - it

FCR=-1656

ivision

(@]
)
E
Q
4=
m
>
n
L.
o
2
[¢]
a

M3S 2 ‘sJanoy-00sZ 18 Ssansiualoeseysd juejdusmod gL 34nbiy

YH/NIN® §2°99Rw = X3INp

3 k) ] 4 01°26) w gW3l EIx3 ¥ILVIAINY N
3 4 00°087 = 1) o0 NH/N)R 00 » gEQ0To HOLYINDIY .
b ] J idg 1000°0 = JuN @ Mdd £100°0 = WM . R
4 21200 1 ) ) Hdd L210°0 ® ACwr O Had 0°0 3 AnZMM c
- b ] P | Hdg ££00°0 = 200 O Hdd 0L92°0 = 2RM FR
2 3 4 50°s0t w2 0 " 401°20 =
p ] J v H
9 32322 ove HHHHHHHPHHHHHHIHHH R HHHHEHRHR RN HE U EHHI
b ] 733 NnoOo " M cotanemetnmscsste
ww/nge 0°0 I cu/ntn 0'o ) 0 H N . ¥0LlvIN93¥ wONd TN -
ogg0l0 "N ) sggD0 AWNIE I U] L] . ‘
3 b ] o L]
] b ] 1] " eSS yspsuVysEVuyyvesvovovIVVSsTuer
b ] 2 PR T T T (1] H] . R
33 4 00y ¢ 3 ) NO112354 3404 0 " . 1 00°0p ®* 20 v
322 b | 0 H . .
9 - e arartautensttatiatnesetaen"en ® 4 00°0R 8 2H .
9 . E 1 ] . - : .
k] 1 HON ANTIHTS EE°SF = IAGY IIVY3IAY ] $ Cecerwcetenccvenmencrcsanon P
J ] . WOy AN3I¥34 geceE = INDD RIx3 1 ®  dNNlv¥Idnit ANddNg INVLIIVIN @
b Y | 28201 o} " 1 W JNIIyId wECLS ® INOD 13 ] (] . .
b ] . 1 } M T O L T PR PR R TR LT TR P Y <
33379 1 £1I0A 61°92 = F9v1CA JyniwdIL | 0
3 3 wwnie e'e [ SULY» W0°0gs2 ® ¥Iv0a TYRIwyI) EENNY ] '
ecccces ) 3 = CEC10 Jdund ] SILVe 00°0052 ® wywlLd >IVLE §EI8D 1
dind I 3 ] cANY SF°G6 e JNIH¥ND SRCHT 4 Vigg 000°61 = 3014
vy003 3 R | ] 1. YIRd 0000°n & QOHd
3 3 1 wH/NEQ 00°062 « geU0 xJvis 1 Hdd 8INE"2 T ADINN
J 2 1 ] L] 4 §5°260 = &
23332 3 14 € 0S2°0 & Vayy 1133 ] . »
b ] 1 * °t = gNIViE 40 wIUHNN Boemmu wMupee i uptio oo s MO0t Mmoo M0 iy iy
3 1 . ‘st = $£T132 40 ¥IAKAN ] »
3 2252101 . 1 ] »
lg\éb' U - mtaene®qe
0°e 3390 k] 1] ]
=2 ce00 J 3 b ] 0 L] 4 65°901 = a¥3] jixd wigvIndyd
sescesess I I 2 3 0 HHH SH/nlT 0°0 T gRQG YULY INTIY
¥ILY3IHING 33323 b ] 0 HEH ‘ Hdd 1000°0 = Jum
NIMNAAK ] 3323 o L] Héd 0°0 = AQZHM
3 452l 0 ) 23 o ] hdd F612°2 = 200
¥H/N10 3 ] o e 0 4 98°vul s 8
e'n 3333 3 (U " 0
» S0 33D 2 . (s ULNCGLUOVLNLUNGUCONYHHUUNUGUTUEUNUELGODUCCLUIIOGOUY
esscssces ) J ) 4 19°E6Y =} 2 ] (4] csecctacnrnecnee™s
¥NVIMING  IIIII - J fedd £30C°0 2 JHe bW v anivIn93¥ wuw4 €0
N39AX0 3 Had 00°ISET ® =074 ANVIIDID 2 Wwdd 0Sp0°C ® OHm H
B4 3 udd PRICSD ® 2Nm W .
4 10°C88 = 3 2 3 4 Ul = g W

237333273232322333333333332333372133)

’ Ww/mae ve e SEOR Yuntg

L




IR TR T T e o )

e an e, T T P
— - 4 et

MI0°E ‘s4noy-Q0sS2 1e saiisidaloedey) juejdusmod "L/ duanbi4

FCR-1656

yH/NgEY $0°2099 3 XN3Np

J J 0 4 96°wol = dW3I} JIY7 H31VINIYD
k) 4 80°001 = 1 2 0 yMs0p8 070  * ggplr ¥CIYINDIN
2 b ) Hd4 2000°v & ¥k O . hdd 1200°0 = JH®
4 89°98l 0 ) ) 2 Hdd L210°0 = AQQHm B Hdd 0°0 = AQ2uM
J 3 Hdd ST00°0 & 20w D Hdad LaSE°0 = 2HW
J 3 4 08%¢08 = 2 0 H 4 g6kl 3 1
3 2 (H “
3 23131 . (i Fo M HHHHHHHL HRRHHHEHHE L RHHEIHHIHER
2 33 000 ] M R ——
wH/nin 0% ) HH/nig 80 ) ] " L HELYINIIY HOH4 2H
eseDn QunIE 3 sgs0I0 ¥6NTd I (1] ]
. k] . 3 0 H
3 b ] 0 ] SUPC PR IEtIUIII NN EV VSV IVEIYINyD
. . b ] 9 cmesanrruan® s 0 I M v .
3 4 00%81 =313 NDILIISHI~0d [ " . 4 00%08 = 20 .
33 3 (1] H . .
2 - —e—a= Senaee cereccemccronnten v 4 00°09 = 2 v
b ] 1 3 . .
J ] HOY inN3JH3d £0°9F © INDJ JIVHIAY 1 v Tecacntmcececccacnccccnmces ¥
J ] KON 1NII¥3J 663 = INDD LIX3 1 v 3YNEVYIAN3IL A Nddng Ahvidv3IY L]
7 3 0%t 3 1 HUX-IN3Indg O1%1E @ IND 1IN ] v . [
J 1 1 L I L T PP R L L2 T PR L %
23333 . 1 B110A 80°72 = I9VLI0A YynIng3d 1 . 3
b 3  wwnis e'e 1 11k vo'000s = ¥Ivn¢ TVAInbI] sE0WI ]
—tncces ) 2 = gEC10 Jund 1 etive 0o%00cs = HINDA NIVES §SOHI 1
dund 3 3 ] gdwy 95°61% = Jh3ubnd EECHY 1 tigy 000°61 4 §od
Ny 9 ? | ] viga 0000°r = O2hd
3 3 | | H4/NLN 00°062 = gglLIn WIVLE 1 Mdd hNE6°2 3 AQTHM
3 3 . ] . 1 " 4997961 2 1
3333 . T . 14 05 052°0 = Yy 1112 | [
b ) ] *t = splvie 40 MIUKON L L L L T A LY T e T T PP PR R
3 H ef = §1132 40 yIUuNN ] . v
3 2 e%°% = 1 1 "
wa/ned b asse PRSP T VP RPRY T L ST
0°0 133 3 . 0 "
s gsN1 33 I - 3 - c » 4 117291 » a3} LIx3 ¥3LvInIyd
5 emecee 3233 3 " WHH #usniw 0% 2 5079 ¥UIYINOIN
= ¥AYIHING IIIID k] ] HHH Hdd 2000°V = 3InM
b NIIOHAAY 3 239 1] M Had 0°0 = ApZHM
> 3 4 20°% 181 0 732 0 ] Mdd 9usl*Z = 20®
a uN/nia 3 3 0 Hu 1] 4 1101 w8
(3] 233 -3 0 “ v
" = gsN1 D 32 2 01 LANRACOALGOUNLUNGODGOGUOGUBUNDHNNUGLOLONO0LG 0COLO0U0OYO
= ~ecomcces ) I3 ) 4 68%°¢81 = 1 ) ] 0 cscemovecccccanna
[} NIYHINe 3D 3 Hdd 1208°C & Jup MK 0 #0iving3¥ KUYy 20 ;
o W3 ) Hdd COSEET = uaTd INVIOND I . Hdd 6WE0°0  m O2n* W
> -, 3 Hdd 9410°C @ 2up 0
. [7)] 4 SKtet = L 2 J AEr°502 =« 3 N
u C 23337333323332333331371213333333333 “
v 4 nw. wntiw ety s 6O Quhy |
o
[+ N




77

o

e

Rafafia s

s T -y

FCR=~1656

.

Ivision

Power Systems D

UH/NRE 29° (99 = XIuD

4 18°102 2 ¢

/R 0°H
REN1Y ANV4

b
ul‘U&JU&OU:‘UI‘U‘JU!‘U!JUIJE.U'JU

wvoomee )

qund 3
twwul 2

WUINL R d
LAY 2
s §SO0n 2
esencunane U
N1V IN N4 J
- NIJONOAW 3 .
. 3 405202
wu/s/nte J .
e°e 33
s ss0l0 J I
essacsecce 3)
u31v3Inind 33D
NITAXS 3

Had 00'sE12
29202 21 3

il

ey

MIG°E ~mLBO£|OQmN 1e sonsiJdaloedeyd HCM-QLO\SO& el mLBO_n_
i
hd

3 0 4 ¥5°j6] = dnIL 11X HIivIuTyd b
4 00°0W1 = 1 ) Q NH/N¥ 00 = goCly BUIYINO3Y §
3 hdd 2000°N = ‘JH» U Hagg 9200°0 = 3N !
2 Mad L210°) = AO2HY U Hdd 0°0 = ADZH™
) hdd EEW0°0 = 200 (1 Hdd 1e2R°0 ® 1%
J 4 5c°06l v 1 U “ 4 15"t = 8
b ] 0 v \ :
b 2 i | ({1 r:zz::zzz:z:zz#::z:x:zzrrt:xXt::t::t:r:x::::t:: H
bk 2 0ooGn * H emmcaceccaccsone
Wu/aie  0°Q ) ] " " BOLIVINgIL Wiy 2M r/L
egg010 Aunld I ()} "
J (7] »
. 2 [ [ I L L I T R T R A R T R Ad T L
9 - anaseenvease (] M v »
4 00°00) =31 ) R R RLLELLT) G H . 4 00°0@ = 20 v
J [ ] . [
P e T TR P L PR L DR P L Sl L e 1 . 4 ¢oo‘or e 2H »
1 I . [ :
1 HUn ENIIHTS SR°9F  ® INOD 3TVEIAY I 4 "emccetececsmsscscescccanes ¥
R ] e 133834 ety = INQD QIX3 1 v  JuNEvHIdPIL K1ddns AhvLdv ey @ ;
1 HON Ln3dyls LBCOE e N3 30 1 v »
: 1 t I PTIA CL T R TP YIS AL A L Y A 1 1 ' ,
Tl SITA 96°E2 = J9VLI0A Tynlnuil 1 Q
| Stivm oe.oomn = yIupd Tvalvddy ccl'y? | 1 i
1 $LLVe 00°00SE = HI®l'd wIVRE §SCHT | L
1 gduY 60°9M1 = NINMND SSOHD ] vigd 000°61 = 1014
] 1 YISd 0000°n ® O2Hd
] uH/nLN 00°0S2 = SRV ¥IVIE [ 4 Hdd 9229°L @& AQZHM
] ] . 481102 2 1l
| 14 €S €S2°C = VIV 113D | v
] °1 2 gx3ivie 40 HIAKNN ML LB DL PR LR LU L L LT L LA
[ ‘¥ » 1737 40 NINUNIN 1 L
. 1 H -
ewvgw
h ] . o N
3 0 ] 4 €2°¢0t » gW31 1Ix3 43LvIniyd k
. 2 0, HHN busnta 0°0 = 38070 ¥0LIVINOIY .
3 0 HhH Hdd 2000°0 = JuN )
232 - 0 H Hdd 0°0 = AQZHM :
233 0 " Hde 41GE°L = 20"
) 0 uM 0 4 22°201 = &
J 0 L] 1]
2 0nULHUHEDNN00Y000LE0D0DCNYOV0UOTNTHLIOCUCV00000000000000VYU0
4 ne'202 w t 2 H 0 cccnsenatecsssee
b ] Hed 9200°0 = JHm MH 0 wolvizidy woud 20
= #1014 ANYINO0IT 2 Hdd Lae0°0 » O2Hm H
3 Hdd GL30°0 ® MM N
3 4 92°8012 =» ;K
3333333333333333 " :

333333333323332331)

‘w018 o'e

- sSSU™m R Y¢




DAL

Power Systems Division FCR-1656

0.130~

0.126~= )

0.122p~
0.118}=

014~

SPECIFIC H, CONSUMPTION — LB/KW-HR
1

o.no[ 1 1 | 1 1 1 ]

0 500 1000 1500 2000 2500 3000 3500
2418

GROSS POWER —~ WATTS
Figure 73. Specific Hydrogen Consumption

1.00™

0.96 paee

0.92p~ -

0.84 b=

SPECIFIC O, CONSUMPTION — LB/KW-HR

0.80 1 i 1 | | i M
(] 500 1000 1500 2000 2500 3000 3500

GROSS POWER — WATTS 2419

’ Figure 74. Specifi: Oxygen Consumption




Power Systems Division

40—

MAXIMUM WATER PRODUCTION RATE — LB/HR

R A e e T Rl e T T Y T T TN 5 A

FCR-1656

104~
-
0 L | 1 1 | L. J
0 500 1000 1500 2000 2500 3000 3500
GROSS POWER — WATTS 2430
Figure 75. Powerplant Water Production
-3
8 10,0000~
2
<
b -
Qo
!
- 8000f=—
<
w
g -
o
’é’ % 6000}
F & -
T
w
lé| 4000}~
=
] -
T
s 2000 f—
S
=
x —
<
= 0 1 1 | ] | . J
0 500 1000 1500 2000 2500 3000 3500
GRCSS POWER — WATTS -2
Figure 76. Powerplant Maximum Heat Rejection to Heat Exchanger

I S T T L T A P SR x| T




Power Systems Division

T T e o TN eSS TATAm T T e i ot a " T W e L S 2 i ol et e A A TR ATl S

REFERENCES

Martin, R. E., "Advanced Technology Lightweight Fuel Cell Program -Final
Report," United Technologies Corporation Power Systems Division, FCR-1017,
NASA CR-159653; September 1979.

Gitlow, B., Bell, W. F., and Martin, R. E., "Strip Cell Test and Evaluation
Program - Final Report," United Technologies Corporation, Power Systems
Divislon, FCR-0945, NASA CR-159652; September 1979.

Gitlow, B., Meyer, A. P., Bell, W. F., and Martin, R. E., "Development of
Advanced Fuel Cell System - Final Report," United Technologies Corporation,
Power Systems Division, FCR-0398, NASA CR-159443, June 1978.

Meyer, A. P., and Bell, W. F., "Development of Advanced Fuel Cell System
(Phase 1V) - Final Report," United Technologies Corporation, Power Systems
Division, FCR-0165, NASA CR-135030, January 1976.

Handley, L. M., Meyer, A. P., Bell, W. F.," Development of Advarced Fuel
Cell System (Phase 111) - Final Report;" United Aircraft Corporation, Pratt &
Whitney Aircraft Division PWA-5201, NASA CR-134818, January 1975.

Handley, L. M., "Operations Manual for Environmental Test Module L-104284,"
United Aircraft Corporation, Pratt & Whitney Aircraft Division, PWA-5028,
July 1974.

Meyer, A. P., "Operations Manual for Multi-cell Module L-105391," United
Aircraft Corporation, Pratt & Whitney Aircraft Division, PWA-5200, December
1974,

Handley, L. M., Meyer, A. P., Bell, W. F., "Development of Advanced Fuel
Cell System (Phase Il) ~ Final Report," Pratt & Whitney Aircraft, PWA-4984,
NASA CR=-134721.

Grevstad, P. E., "Development of Advanced Fuel Cell System - Final Report,"

Pratt & Whitney Aircraft, PWA-4542, NASA CR-121136.

FCR=-1656

e VBN g o7 ¢ Sy




	1980011823.pdf
	0022A02.tif
	0022A03.tif
	0022A04.tif
	0022A05.tif
	0022A06.tif
	0022A07.tif
	0022A08.tif
	0022A09.tif
	0022A10.tif
	0022A11.tif
	0022A12.tif
	0022A13.tif
	0022A14.tif
	0022B01.tif
	0022B02.jpg
	0022B03.tif
	0022B04.tif
	0022B05.tif
	0022B06.tif
	0022B07.tif
	0022B08.jpg
	0022B09.jpg
	0022B10.tif
	0022B11.tif
	0022B12.jpg
	0022B13.jpg
	0022B14.jpg
	0022C01.tif
	0022C02.tif
	0022C03.tif
	0022C04.jpg
	0022C05.tif
	0022C06.tif
	0022C07.jpg
	0022C07.tif
	0022C08.tif
	0022C09.jpg
	0022C10.tif
	0022C11.jpg
	0022C12.jpg
	0022C13.tif
	0022C14.jpg
	0022D01.jpg
	0022D02.jpg
	0022D03.jpg
	0022D04.tif
	0022D05.tif
	0022D06.jpg
	0022D07.jpg
	0022D07.tif
	0022D08.jpg
	0022D09.jpg
	0022D10.jpg
	0022D10.tif
	0022D11.jpg
	0022D12.jpg
	0022D13.jpg
	0022D14.jpg
	0022E01.jpg
	0022E02.jpg
	0022E03.jpg
	0022E04.jpg
	0022E05.jpg
	0022E06.jpg
	0022E07.jpg
	0022E07.tif
	0022E08.jpg
	0022E09.jpg
	0022E10.jpg
	0022E11.tif
	0022E12.tif
	0022E13.tif
	0022E14.tif
	0022F01.tif
	0022F02.tif
	0022F03.tif
	0022F04.tif
	0022F05.tif
	0022F06.tif
	0022F07.tif
	0022F08.tif
	0022F09.tif
	0022F10.tif
	0022F11.tif
	0022F12.tif
	0022F13.tif
	0022F14.jpg
	0022G01.jpg
	0022G01.tif
	0022G02.jpg
	0022G02.tif
	0022G03.jpg
	0022G03.tif
	0022G04.jpg
	0022G04.tif
	0022G05.jpg
	0022G05.tif
	0022G06.jpg
	0022G06.tif
	0022G07.jpg
	0022G07.tif
	0022G08.tif
	0022G09.tif
	0022G10.tif
	0022G11.tif
	0022G12.tif
	0022G13.tif
	0022G14.tif
	0023A01.tif
	0023A02.tif
	0023A03.tif
	0023A04.tif




