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SUMMARY ;

A 1.5kW indirect methanol fuel cell powerplant was designed,
constructed, tested, and delivered to MERADCOM.

The powerplant operates on a 1:1.3 molar mixture of methanol
and water, which is converted in a steam reformer, operating at
400°F, to hydrogen-rich product gas for use in the fuel cell.

The fuel cell converts 75% to 80% of the hydrogen to electrical
energy. The balance of the feed gas (bleed stream) is combusted
in a burner to supply heat required for the endothermic reforming
process. Additional reaction energy is supplied by combusting
some liquid methanol-water feed in the burner. The fuel cell
stack which operates at a temperature of 300 to 330°F is an air-
cooled, bipolar plate type using a phosphoric acid electrolyte.
A voltage regulator is used to regulate the stack output vcltage
to an adjustable 26-34V output. An automatic control unit pro-
vides event sequencing during start-up and shutdown and system
control for unattended operation of the powerplant.

s

The powerplant was tested under room ambient conditions at
power levels from idle to the maximum requirement of 1.65kW.
Fuel consumption varied from 1.1 1lbs/hr at idle to 3.3 lbs/hr at
1.65kW. At 1.65kW, the efficiency of the fuel cell stack based
on cell voltage was 38.7%, and the overall thermal efficiency of
the powerplant was 16.6%. Powerplant operation was automatic
during performance testing, except for manuval adjustment of the
rate of fuel supply.

L0 INTRODUCTION

The purpose of this project was the design, demonstration,
and delivery to USA MERADCOM of a 1.5kW methanol fuel cell power-
plant.

The long range objective of this program is to develop a
silent, long-life portable electric power agenerator. The basic
features of a phosphoric acid fuel cell powerplant make it a very
attractive choice for this application. Methanol is used as the
fuel since it can be easily stored and transported and can be
readily reformed to a hydrogen-rich gaseous fuel for operation of
the fuel cell stack.

Phosphoric acid fuel cell manufacturino processes designed
to be compatible with mass production techniques had been devel-
oped earlier at ERC on programs supported by USA MERADCOM. 'l
This technology was employed for construction of the 80-cell
stacks used as the prime mover of the powerplant. The fuel con-
ditioning and automatic control unit as well as the system con-
cepts were developed as part of this project; the required volt-
acge regulator was supplied by MERADCOM.




The project was conducted in three phases. The first phase
was dedicated to subsystem development and testing. During this
phase, a methanol steam reformer, an 80-cell bipolar plate fuel
cell stack, and the automatic control logic and basic circuitry
were developed.

During the second phase, fabrication and testing of the sub-
system components was conducted. A breadboard powerplant was
assembled and operated in accordance with the powerplant load
requirements. Fuel cell stack performance levels on steam re-
formed methanol fuel were established and the basic subsystem
integration concepts were verified. The control logic used in
the design of the automatic control unit (ACU) was also verified.

Powerplant assembly and testing were accomplished during the
final phase of the program. The testing included establishment
of fuel consumption figures from idle to the required 10% over-
load operating conditions. At the completion of the project, an
operational 1.5kW powerplant was delivered to USA MERADCOM,

Ft. Belvoir, VA.

Also as part of the contractual effort, an analysis was
performed to identify methods suitable for recovery of the water
produced by the powerplant for recirculation to the reformer.

2.0 POWERPLANT DEVELOPMENT

2.1 Powerplant Specifications

Specifications for the 1.5kW methanol-air fuel cell power-
plant which was under development on this program are summarized
,in Table 1.

TABLE I
POWERPLANT SPECIFICATIONS
1. Power Output - 1.5kW net DC at an adjustable voltage of 24 to 34 volts.
The unit shall be capable of operation at 110% rated load for one hour in
every four.
2. Fuel - Methyl Alcohol, Federal Specification 0-M-232e, Grade AA.
3. Water - Deionized

4. Weight 175 1bs maximum.

5. Volume - 8 ft' maximum; 5 ft? design goal, with no linear outside dimen-
sion exceeding 2.5 ft

6. Fuel Consumption = 1.2 1lbs methyl alcohol per net KWH maximum.

7. Load Response - Automatic-full load to no load and no load to full load.

2
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8. Start-up - Automatic - 15 minutes maximum at ambient temperatures of
-25°F to 125°F.

9. Operation - Automatic - completely unattended.

10. Shut-Down - Manual activation of a single switch after removal of external
load.

11. Noise Level - Inaudible at 100 meters (328 ft) when operating at any load
level.

12. Reliability and Availability ~ 95% Reliability with a confidence level of
90% for a 24 hour mission, with an inherent availability rate of 98\.
Test time determined on 2 defects basis.

13. Endurance - No major maintenance for 3000 hours of operation.
2.2 System Design

The methanol fuel cell powerplant is based on the phosphoric
acid fuel cell operating at 300 - 350°F. The fuel is hydrogen-
rich reformer product gas derived by steam reforming of methanol
at 400 - 450°F. Process air to the fuel cell stack is supplied
by a blower; the same air stream is used to maintain stack opera-
ting temperature at 300 - 330°F. The reactions involved are
summarized in the flow diagram shown in Figure 1.

FIGURE 1
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Excess water is used in the actual cperation of the reformer
in order to obtain complete conversion of methanol; also, a small
amount (less than 1%) of by-product CO is produced. To achieve
efficient fuel cell operation, a 20-30% excess of fuel is sup-
plied; this fuel passes thru the stack and is burned in the re-
former burner to supply heat for the endothermic reforming reac-
tion.

The 1.5kW methanol powerplant design comprises four basic
subsystems which have the following functions:

Subsystem Function
1. Methanol Reformer Converts methanol and water to

hydrogen and carbon dioxide

2. Fuel Cell Stack Produces unregulated DC
power from hydrogen and air
3. Voltage Regulator Regulates powerplant output
voltage to desired value
(26-34 vDC)
4. Automatic Provides automatic control
Control Unit for startup, shutdown, and

load changes.

Except for the voltage regulator, which was supplied by MERADCOM,
the subsystems as well as the ancillary components were designed
and tested as part of the effort on this project.

2.3 Fuel Cell Stack

The powerplant incorporates stack technology developed by
ERC in conjunction with phosphoric acid stack development pro-
grams under contracts to MERADCOM. This stack design has the
following features:

(1) Molded graphite bipolar separator plates;

(2) Catalyst loading of 2 grams of precious metal per
square foot of electrode area;
(3) Gas diffusion electrodes produced on continuous
process equipment (rolling mills);

(4) Matrix produced from phenolic fibers by a

papermaking process;

Electrolyte addition
external electrolyte

to the stack by wicking from an
supply.




The above stack features were developed with the purpose of
making components manufacturing compatible with mass production
processes. In this section, components and cell characteristics
of the phosphoric acid fuel cell stacks employed for construction
of the 1.5kW powerplants are briefly described.

2.3 Electrodes

The gas diffusion electrodes employed in the stacks are
produced by laminating a thin catalyst layer to a graphite paper
support layer. Catalyst materials are platinum black in the
cathode and a mixture of platinum and rhodium in the anode.

The catalyst layer is produced in several steps. The
catalyst, polytetrafluorocthylene (PTFE) and a pore-forming agent
(ammonium bicarbonate) are mixed intimately and calendered to a
thin layer. This layer is heated to remove the NH,HCO,; and
pressed onto the support layer, which has been impregnated with
PTFE to render it wetproof. The electrodes are heated prior to
assembly in the stack to complete the wetproofing process.

The ab ve electrode process has been described in detail
previously 2). It has been recapitulated here in the process
flow diagram shown in Figure 2.

The final thickness of the electrodes varies over the range
of 0.016 to 0.019 in.; the catalyst layer itself measures about
0.001 in. thick. The final cut dimensions of the anode and the
cathode are shown in Figure 3.

2.302 Bipolar Plates

The bipolar separator plates used in building the stacks
were compression molded from a mixture of two araphites (Asbury
Graphite Mills A-99 and Micro 850 in a weight ratio of 11 to 4)
and a phenolic molding resin (Colloid Chemical Labs 8440); resin
content in the mix was 33% by weight.

The plates were pgoduced by a compression molding technique
described previously (2)., The molding process is also summarized
in the flow diagram shown in Figure 4.

Figure S5 shows the design of the plates. Plate weight was
maintained between 195 and 215 grams, which produced thickness in
the range of 0.165 to 0.175 in. The plates are complete as
molded, except for two 3/16 in. diameter electrolyte fill holes
which are drilled.

2.3.3 Matrix
The Kynol fiber matrix was produced by the papermaking
process described previously (2). A process flow diagram is

reproduced here for reference as Figure 6. Thickness of the

g
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FIGURE 3

Blectrode Dimensions
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Matrix Manufacturing Process
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matrix was maintained at 0.017 to 0.019 in., and its porosity
was 55 to 60%. The cut dimensions of the matrix are shown in
Figure 7.
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FIGURE 7 MATRIX DIMENSIONS
2.3.4 Cell Assembly

Bipolar plates, electrodes, and matrices were stacked
alternately in the conventional fashion to produce multicell i
stacks. A fluorolastomer cement (C0328 VITON RTV CEMENT, The i
Connecticut Hard Rubber Co.) was applied at the ecdges of the
matrix and the electrodes. Tantalum metal shims were placed over ]
the edges of the fuel side of the plate, and TFE film inserts ‘
were used over the seal area on the art side to produce a gas-
tight assembly. Cross-sections of the cell in the directions of
air and of fuel flow are shown in Figure 8.

Filling of the matrices with electrolyte is accomplished by :

supplying electrolyte to the fill channels from an external
reservoir while maintaining the stack at 270-300°F.
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FIGURE 8 CELL CROSS-SECTIONAL VIEW
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2.3.5 Cell Performance Characteristics

Typical voltage - current characteristics of cells built
as described above are shown in Figure 9. The data presented are
for pure hydrogen fuel; a decrease of about 20mV at 100 ASF is
normally expected when operating on reformer gas.

2.3.6 Stack Assembly

An 80-cell stack utilizing the cell features described was
used for the 1l.5kW powerplant. This cell number was chosen to
assure sufficient stack output voltage under all operating
conditions and to provide for voltage reduction resulting from
operation on reformer gas rather than on neat hydrogen as well as
for normal cell performance decay (a maximum voltage decay rate
of 10 uV/hr can be anticipated for the electrode design employed).

The 80-cell stack was supported between aluminum endplates
and epoxy-fiberglass insulating plates. Electrical heating mats
were placed between the insulators and endplates to provide for
stack heating during electrolyte fill and stack idle periods.

The complete assembly was compressed with compression bars and
tie rods to 4 tons. The stack assembly complete with compression
bars and tie rods is picture in Figure 10.
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FIGURE 9 CELL CHARACTERISTICS -
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2.3.6.1 Gas Manifolds

Fuel and air manifold designs for the 80-cell stack are
shown in Figure 1l. The manifolds were fabricated from 0.020 in.
thick aluminum with U-channel reinforcements over the seal areas.
The manifold-to-stack seal was obtained by the used of Viton
rubber gasketing.

2.3.6.2 Process Air Supply

The 80-cell stack was designed to operate with process air
outlet temperature of 280-320°F and an air inlet temperature
range of 130-270°F depending on powerplant load conditions. Air
to the stack is supplied by a 28V, 400 Hz blower (Rotron Model #
1792JF Propi-Max 3B) located in the process air duct as shown in
Figure 12. Stack temperature control is obtained by a damper in
the recirculating duct, which changes the ratio of fresh to
recirculated air flowing to the stack. The air flow rate thru
the stack was about 90 CFM with the stack operating at rated
power (1.9kW). The fully assembled 80-cell stack is pictured in
Figure 13. %

2.3.7 Stack Performance Characteristics

A total of five 80-cell, 2kW stacks were constructed and
evaluated in the course of this program. Except for minor

13
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FIGURE 12 Stack Air Blower
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dimensional variations in the direction of cell stacking (under
1/2 in.), construction of the stacks was identical.

The stacks were allowed to fill with electrolyte for 5 days
at 270-300°F; gastightness was then tested for fuel manifold
seals as well as for internal gas seals by passing helium thru
the fuel side of the stack. Gastightness of the stack was con-
sidered sufficient if a helium flow rate of 500 ml/min was de-
tectable at the fuel outlet manifold against a head of 1" of H,O.

Stack performance was evaluated with a 70% H, - 30% CO, gas
mixture as the test fuel, using a fuel excess of 20-30% at any of
the test currents. Stack current - voltage data were recorded as
well as voltages of ten-cell groups as measured at the edges of
the bipolar plates. Single cell voltages were also monitored
during some runs.

Polarization data for the five stacks are shown in Figures
14 thru 18. Voltage readings obtained at 40A (100ASF) for the
10-cell groups are summarized in Table 2. Typical single cell
voltage readings reccorded during the polarization tests are
shown in Table 3.
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FIGURE 13 EIGHTY-CELL STACK

Variability of cell load potentials at 40 amperes load
current was within the limits normally encountered with this cell
design (+ 20 mV). Cell potentials were somewhate lower at the
ends of the stack because of lower temperatures caused by heat
loss thru the endplates.

The generally lower cell voltages and wider variability
encountered with Stack #2 was caused by poor stack compression
as a result of an improperly dimensioned insulator plate. With
Stack #3, some difficulties were encountered with gastightness
following the initial performance tests, but this condition was
corrected by repeating the electrolyte filling procedure.

Stack #5 was installed in the powerplant, and Stack #4 was
supplied to MERADCOM together with other parts.

2.3.8 Stack Weight
The total weight of the 80-cell stack (excluding assembly

auxiliaries) amounted to 49.35 lbs. A breakdown of the stack
weight by component is shown in Table 4.
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FIGURE 14 CHARACTERISTICS OF STACK NO. 1
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FIGURE 15 CHARACTERISTICS OF STACK NO. 2
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PPICURE 16 CHARACTERISTICS OF STACK NO. 3
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FIGURE 17 CHARACTERISTICS OF STACK NO. 4
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FIGURE 18 CHARACTERISTICS OF STACK NO. 5
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TABLE 2: STACK VOLTAGE MEASUREMENTS
Current: 40A
Cell Group Stack 1 Stack 2 Stack 3 Stack 4 Stack 5
1 - 10 Sie kL 5.0 5.4 el 5.4
11 - 20 5.4 Sid 5.3 5.9 5.8
21 - 30 5.6 4.8 5.3 5.5 57
31 - 40 5.6 4.8 S D 5.7 5.6
41 - 50 5.6 4.8 5.5 5.8 Sa
51 - 60 5.5 4.9 ) 5.8 5.8
61 - 70 5.4 5.4 L 5.9 5.8
71 - 80 53 Sed 5.6 S i Sl
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TABLE 3

SINGLE CELL VOLTAGE MEASUREMENTS
Stack No. 5

Tewperature 300°

Current: 40a
Fuel: 50% Hz, 50% CO2
Cell No. Voltage Cell No. Voltage Cell No. Voltage Cell No. Voltage
1 44 21 54 41 54 61 55
2 48 22 54 42 51 62 53
3 49 23 56 43 55 63 54
4 50 24 57 44 57 64 56
5 50 25 54 45 55 65 54
6 53 26 53 46 55 66 58
¥ 53 27 54 47 54 67 57
8 54 28 54 48 55 68 58
9 53 29 52 49 55 69 49
10 55 30 54 50 53 70 58
11 58 31 53 51 56 71 54
12 52 32 54 52 56 72 57
13 54 33 54 53 58 73 55
14 55 34 55 54 56 74 56
15 55 35 53 55 55 75 50
16 55 36 54 56 52 76 53
17 57 37 53 57 56 17 55
18 55 38 56 58 54 78 52
19 54 39 56 59 58 79 50
20 55 40 54 60 58 80 50
TABLE 4
STACK COMPONENT WEIGHT
Unit Weight,
Grams Number Weight, lbs

Bipolar Plates 215 81 38.31

Anodes 9 80 1.58

Cathodes 10 80 1.76

Matrices 8 80 1.41

Ta Inserts 2 160 0.70

Cement 4.5 80 0.79

Electrolyte g 80 4.75

TFE Inserts % L 160 0.05

TOTAL 49,35
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weight of the fuel cell subsystem. The major contributors to the
hardware weight were the aluminum endplates (14.78 lbs.) and the
tie bar-tie road assemblies (10.03 lbs.).

i
Stack hardware contributed an additional 28.38 1lbs. to the ' ]
-

{

ATt hough an effort was made to use lightweight components to
an extc.t consistent with the mechanical load requirements of the
stack, no development of special lightweight stack assembly hard-
ware components other than aluminum endplates was undertaken on
this program. Some suggestions for reducing stack auxiliary
hardware weight are presented in the recommendatioans section of
this report.

|
i
F

b S ekl i st

% A stack assembly auxiliary component weight breakdown is
shown in Table 5. ;

TABLE 5
STACK ASSEMBLY HARDWARE WEIGHT
Unit Weight, ;
Grams Number Weight, lbs
4 Tie Bars 800 4 7.92 ]
Tie Rods 240 4 2oL
Pressure Pads 45 8 .79
i End Plates 3,360 2 14.78
| Insulator Plates 350 2 1.54
Current Collectors 70 2 .31 j
Fill Ports 75 4 .66 !
Heaters 61 2 27 ‘
TOTAL  28.38

In addition to the stack assembly hardware, gas manifolding
and ducting, as well as a heat exchanger and an air blower, are
required to complete the fuel cell subsystem. A weight break-
down for these components is shown in Table 6. As in the case of
the stack hardware, no special effort was expended toward reduc-
tion of the weight of these components.
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TABLE 6

MANIFOLDING AND BLOWER WEIGHT

Weight,

Libw
Air Manifolds (2) 10.00
Fuel Manifolds (2) 5.00
Manifold Hardware + 92
Heat Exchanger and Blower 10.00
Air Ducts 2.50
TOTAL 29.42

2.4 Fuel Conditioner Subsystem
2.4.1 Description of Methanol Reformer

The methanol reformer converts a fuel mixture of 1.3 moles
H,0/1 mole CH;0H to hydrogen, carbon dioxide, water vapor and a
small amount of carbon monoxide for use in the fuel cell sub-
system. The reformed gas composition on a dry basis is 70%
hydrogen, 29.2% carbon dioxide, and 0.8% carbon monoxide. The
reactor operates at a space velocity of 400 hr~!' for this
product gas composition.

Figure 19 shows a schematic of the methanol reformer sub-
system.

The feed mixture is pressurized by a fuel pump into the unit

and then split into two streams. One stream is directed through
a liquid pressure regulator into a metering burner injector

solenoid valve and then into a burner assembly which combusts the

liquid. The other stream is directed to another liquid pressure

regulator into the metering reformer injector valve and then into

the reformer reactor assembly.

The reformer reactor consists of 44 l-inch diameter S§S§8-321
- tubes welded to two large plenums. SS-321 was chosen as the
material because of its reportedly high resistance to hydrogen
embrittlement (1),

(1) R. J. Walter and W. T. Chandler in "Hydrogen Embrittlement of Metals
and its Control."
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The liquid first passes into a serpentine 1/2" diameter
copper tube which allows heat transfer from the burner flue gas
to the liquid for mixture vaporization. The vaporized fuel
enters a 1" stainless steel tube, through a superheater box and
exits from two 1" stainless steel tubes into a gas mixing plenum.
This arrangement allows superheating of the fuel to approximately
300°F.

The superheated gas mixture disperses from this plenum into
8 1" diameter SS tubes, filled with Girdler Chemicals Inc., T 2130
copper/zinc catalyst crushed to 1/2 of its original 1/8" x 1/4"
pellet size. The crushing provides more catalyst surface area
for the endothermic reforming reaction. 1In the presence of the
catalyst, the vaporized water and methanol react at an average
temperature of 390° to form hydrogen and oxides of carbon. The
methanol and water react throughout the reformer flowing in a
series-parallel arrangement. The volume of catalyst used is
450 in’, and its weight is approximately 22 1bs.

The output from the reformer is directed to either the fuel
cell intake manifold or to the burner assembly to be combusted
directly. The direction of hydrogen is determined by powerplant
requirements at this point of operation. The gases are routed
by the use of two two-way large orifice solenoid valves (V1 and
v2).

During fuel cell operation, hydrogen not utilized by the
stack flows to the burner assembly via valve V1 to augment the
heat input requirement of the endothermic reforming reaction.

The burner assembly is shown in Figure 20. It includes a
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dual-shafted blower motor with impellers, a burner chamber,
vaporizer stone and a glow plug. The blower supplies ambient
air for combustion and also directs the hot flue gases over the
reformer reactor tubes in a two pass configuration.

During the start-up mode, the flue gas is ducted to a
start-up heat exchanger used to warm the fuel cell to operating
temperature. A solenoid operated damper is used to direct this
gas to the heat exchanger. It is controlled by stack temperature
(T3).

Downstream of the burner assembly is a honeycomb
catalytic plate. It is used to complete combustion of unburned
products from either the liquid feed to the burner or spent fuel
gases exhausted from the fuel cell anode. This plate is also
included in the start-up heat exchanger duct.

There are various temperature sensors throughout the
reformer subsystem. They are used to control the operation of
the powerplant. Their use is explained in the Control Logic
section.

The entire reformer subsystem weighs 55 lbs and encompasses
a volume of 1.1 ft?, (See Table 7.) It is completely insulated
from other components in the powerplant.
TABLE 7

REFORMER WEIGHT

Tubes (44) 11 1bs
Plenums (2) L
Vaporizer 2.4
Reforming Catalyst 22.0
Subtotal 36.9
Reformer Shell 3.20
Reformer Shell Top 1.0
Catalytic Burner 1.0
Combustion Chamber LS
Burner Assembly 2.1
Blower Motor .75
Burner Shroud 1.25
Exhaust Duct .85
Thermocoupled .45
Welds .50
Insulation 3.50
Subtotal 18.10
Total 55.0 1lbs
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2.4.2 Reformer Development

Work on powerplant component development began with design,
construction, and testing of a sub-scale hydrogen generator.
Initial efforts were directed at catalyst selection and optimum
geometric reformer design.

The gross output needed from the fuel cell is the deter-
mininag factor in the sizing of the reformer.

An estimated output of 2 kW from the fuel cell at a minimum
voltaye of 36 volts was used as the controlling parameter. This
means a maximum current of 61 amperes. To produce 61A in an 80
cell stack at 100% fuel utilization would require 1.2 ft3/min. of
hydrogen. With these calculations as a basis, a test reactor
unit of approximately one-quarter capacity of the full 1.5kW
system size was designed and fabricated. The reactor was a cy-
lindrical unit 13 inches long and 2 inches in diameter. A
special, easily removable end cap was made for one end to facili-
tate gquick changing of the catalyst. The tube included a gas
mixing plenum at each end. The test reactor is shown in
Figure 21.

FLUE
EXHAUST

PRODUCT EXHAUST
T (I —— e

— WELDED JCINTS

i i3

==

INTAKE —==

VAPORIZER_COI
CHL U+, i G
LICiin E g |__——QUTSIRE GAN
Q;i | —REFCRMINE CATALYST

|__—MIXING PLENUM
ASBESTCS GASKET

FLAME
g i

__——BURNER

————————