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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 methano l
and water , which is conve rted 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 elec trical
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 voltage
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 ~f the powerplant.

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 lbs/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 manual adjustment of the
rate of fuel supply.

1.0 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 generator. The basic
features of a phosphoric acid fuel cell powerplant make it a very
attractive choice for this app lication. 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 manufacturint.1 processes designe~.1
to be compatible with mass production techn iques had been devel-
oped earlier at ERC on programs supported by USA MF.RADCOM .~~’~
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-
age regulator was supplied by MERADCOM .

1
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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 wac under development on this program are summarized
in Table 1.

TABLE I

POWERPLANT SPECIFICATIONS

1. rower Output - 1.5kw not DC at an adjustable voltage of 24 to 34 volts.
The uni t shall be capable of opera tion at 110% rated load for one hour in
every four.

2~ Fue l - Methy l Alcohol , Federal Specification O-M-232~~, Grade AA .

3. Water - Deionized

4. Weight 175 lbs maximum .

5. Volume - 8 ft~
’ maximu m ; 5 ft 3 design goal , with no l inear  outside dimen-

sion exceed ing ~‘.5 ft

6. Fuel Consumption - 1.2 lbs 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-ufl - Automatic - 15 minutes maximum ~t ambient temperatures of
—25°F to 125°F.

9. Up e r a t io n  — Automatic — completely unattemio~i.

10. Sh ut—Down - Manual activ~ition of a s in ~:le ~;w i t - ~’L i t  t - r  removal o~ external
1~ \1~1.

11. Nc~~;c Leve l — Inaudible at 100 :~1eters (32t~ t t~ wh~-n ~‘terating at :inv 1ca~I
level.

12. Re l iab i l i ty  and Avai labi l i ty  — ~5% Rel~ ai’~ l~.ty with a confidence leve l of
9~~ f~-~r a 24 hour mission , w i t h  an i n h er e n t  ~iv~ij Lti~i l i  t v  rate of 98%.
Test t i~~e determined on 2 defects basi~; .

13. Endurance - No major maintenance for 3000 hours of operat ion .

2 . 2  Sys tem Design

The methanol  fue l  cell powerplant  is based on the phosphoric
acid fue l  cell operat ing a t  300 - 350°F.  The fue l  is hydrogen-
rich reformer product  gas derived by steam r e f o r m i n g  of methanol
at 400 — 4 5 0 ° F .  Process ai r  to the fuel cell stack is supplied
by a blower; the same a i r  s t ream is used to m a i n t a i n  stack opera-
t ing  temperature  at 300 — 330°F.  The reac t ions  involved are
summarized in the flow diagram shown in Figure 1.

FIGURE 1

AIR EXHAUST

REFORMER FUEL CELL
3H2 ANODE
+ H2 ~~2H + 2e

FU EL :  
CO 2 TO ANODE 

CATHO DE 
+

METHANOL I I/2 0z + 2H + 2 e ’ —~~H2 O
WATER H20

—- - — CH 3OH AIR TO CATHODE

I EXCESS FROM ANODE
— -—0.1BURNER ~

t AIR

INDIRECT MENTHANOL FUEL CELL

3

_ _  



_ _ _ _  - .

Excess water is used in the actual operation 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 diffus ion electrodes produced on continuous
process equipment (rolling m i l l s) ;

(4) Matrix produced from phenolic fibers by a
papermaking process ;

(5) Electrolyte addition to the stack by wicking from an
external electrolyte supply.

4 
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The above stack features were developed with the purpose of
making components manufacturing compatible with mass production
processes. In this section , components and cell characteristiet~
of the phosphoric acid fuel cell stacks employed for construction
of the 1.5kw powerplants  arc briefly described .

2.3.1 Electrodes

The gas diffusion electrodes employed in the stacks are
produced by laminating a thin catalyst layer to a graphite p ap er
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  s teps .  The
catalyst , polytetrafluoroethylene (PTFE) and a pore-forming agent
(ammonium bicarbonate) are mixed intimately and calendered to a
thin layer. This layer is heated to remove the NU1,11C03 and
pressed onto the support layer , which has been impregna ted  w i t h
PTFE to render it wctproof. The electrodes are heated prior to
assembly in the stack to complete the wetproofing process.

The abgve 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 r a nge
of 0.016 to 0.019 in.; the catalyst layer itself measures about
0.001 in. t h i ck . The f i n a l  cut d imens ions  of the anode and the
cathode are shown in Figure  3.

2.3.2 Bipolar Plates

The bipolar separator plates used in bu i lding the stacks
were compression molded from a mixture of two ciraphi tes  (A s b u r y
Graphite Mills A—99 and Micro 850 in a weight ratio of 11 to 3)
and a phenolic molding resin (Colloid Chemical Labs 8440); resin
content in the mix was 33% by weight.

The plates were produced by a compression molding technique
described previously (a). The molding process is also sum ari.~ed
in the flow diagram shown in Figure 4.

Figure 5 shows the design of the plates. Plate weight was
maintained between 195 and 215 grams , which produced thicknes~; i n
the range of 0.165 to 0.175 i n .  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 prev ious ly  ( .‘ ) . A process flow diagram is
reproduced here for reference as Figure 6. T h i c k n e s s  of t he

I; 
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FIGURE 2

Electrode Manufacturing Process
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Bipolar Plate Manufacturing Process
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FIGUI~E 6

Matrix Manufacturing Process
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matrix was maintained at 0.017 to 0.019 in., and its poros ity
was 5~ to 60%. The cut dimensions of the matrix are shown in
Fi iure 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
stacks. A fluorolastomer cement (C0328 VITON RTV CEMENT, The
Connecticut Hard Rubber Co.) was applied at the edges of the
matr ix  and the electrodes. Tantalum metal shims were placed over
the edges of the fuel side of the plate , and TFE film inser ts
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.

Fill ing of the matrices with electrolyte is accomplished by
supplying electrolyte to the fill channels from an external
reservoir wh ile maintaining the stack at 270-300°F.

11
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2.3.5 Cell Performance Characteristics

Typical voltage - current charac teristics of cells built
as described above are shown in Figure 9. The data presented are
for pure hydrogen fuel; a decrease of about 2OmV 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 1.5kw powerplant. This cell n umber was chosen to
assure sufficient stack output voltage under all operating
conditions and to provide for voltage reduction resul t ing from
operation on reformer gas rather than on neat hydrogen as well as
for iiormal cell performance decay (a maximum voltage decay rate

• of 10 pV/hr can be anticipated for the electrode design employed) .

The 80-cell stack was supported between aluminum endplates
and epoxy-fiberglass insulat ing 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.

12
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2.3.6.1 Gas Manifolds

Fuel and air manifold designs for the 80-cell stack are
shown in Figure 11. 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 temperatur� 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 flowinq to the stack. The air flow rate thru
the stack was about 90 CFM with tbe stack operating at rated
power (1.9kW). The fully assembled 80—cell stack is pictured in
Figure 13.

2 .3 . 7  Stack Performance Characterist ics

A total of five 80-cell , 2kW stacks were cons tructed and
evaluated in the course of this program. Except f o r  minor

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

The stacks werc allowed to fill with electroly te 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. Gastiqhtness 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 11:0.

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

Polariza tion data for the five stacks are shown in Figures
14 thru 18. Voltage readings obtained at 40A (100ASF) for the
10-cell groups arc summarized in Table 2. Typical single cell
voltage readings recorded during the polarization tests are
shown in Table 3.

16
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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 d i f f icul t ies  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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FIGURC 14 Ch ARACTERISTICS OF STACK NO. 1
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F I G U R E  18 CHARACTERISTICS OF STACK NO. 5
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TAflLE 2: STACK VOLTAGE MEASUREMENTS

Current: 40A

Cell Group Stack 1 Stack 2 Stack 3 Stack 4 Stack 5

1 — 10 5.1 5.0 5.4 5.7 5.4

11 — 20 5.4 5.4 5.3 5.9 5.8

21 — 30 5.6 4.8 5.3 5.5 5.7

31 — 40 5.6 4.8 5.5 5.7 5.6

41 — 50 5.6 4.8 5.5 5.8 5.7

51 — 60 5.5 4.9 5.5 5.8 5.8

61 — 70 5.4 5.4 5.5 5.9 5.8

71 — 80 5.3 5.1 5 . 6  5.7 5.7

20
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TABLE 3

SINGLE CELL VOLTAGE MEASURE MENTS

Stack No. 5

Tet nperature 300°

Current: 40A

Fuel: 50% H2, 50% C02

Cell No. Voltage Cell No. Voltaqe Cell. No. Vo1tag~e Cell No. Volta9e

1 44 21 54 41 54 ol 55
2 48 22 54 42 51 62 51
3 49 23 56 43 55 63
4 50 24 57 44 57 64 56

5 50 25 54 45 55 65 54
6 53 26 53 46 55 66 58
7 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 77 55
18 55 38 56 58 54 78 52

19 54 39 56 59 58 79 50

20 55 40 54 60 58 80 51,)

TABLE 4 H
STACK COMPONENT WEI’HT

Unit Wei ght,
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 27 80 4 . 7 5
TFE Inserts .15 160 0.05

TOTAL 49.35
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Stack hardware contributed an additional 28.38 lbs. to the
• weight of the fuel cell subsystem . The major contributors to the

hardware weight were the aluminum endplates (14.73 lbs.) and the
tie bar—tie road assemblies (10.03 lbs.).

“~~~ ough an effor t was made to use li ghtweight components to
an ext~ -’~t consistent with the mechanical load requirements of thestack , 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 recommendations section of
this report.

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

TABLE 5

STACK ASSEMBLY HARDWARE WEIGHT

Unit Weight,
Grams Number Wei ght , lbs

Tie Bars 000 4 7.92

Tie Rods 240 4 2.11

Pressure Pads 45 8 .79

End Plates 3,360 2 14.78

L Insulator Plates 350 2 1.54

Current Collectors 70 2 .31

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 effor t was expended toward reduc-
tion of the weight of these components.
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TABLE 6

MAN IF OLDI N G AND BLOWER WEIGHT

Weight ,
lbs

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 reforme r converts a fuel mix ture of 1.3 moles
H20/1 mole CH 3OH to hydrogen , carbon dioxide , wa ter 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 reforme r reactor assembly.

The reformer reactor consists of 44 1—inch diameter SS-321
- tubes welded to two large plenums . SS-321 was chosen as the
material because of its repor tedly high resistance to hydrogen
embrittlement ( 1)

(1) R. 3. Walter and W. T. Chandlor in “Hydroqen Embrittloment of Metals
and its Con t rol. ”
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The liquid first passes into a serpentine 1/2” diameter
copper tube which allows heat transfe r from the burner flue gas
to the liquid for mixture vaporization . The vaporized fuel
en ters 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 . In 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 reforme r flowing in a
series—parallel arrangement. The volume of catalyst used is
450 in 3 , and its weight is approximately 22 lbs.

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 (Vi and
V2 )

• During fuel cell operation , hydrogen not utilized by the
stack flows to the burner assembly via valve Vl 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 supp lies 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 li quid 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 tempera ture sensors throughou t the
reformer subsystem. They are used to control the operation of
the powerpiant. Their use is explained in the Control Logic
section .

The entire reformer subsystem weighs 55 lbs and encompasses
a volume of 1.1 ft 3 . (See Table 7.) It is completely insulated
from other components in the powerplant.

TABLE 7

REFORMER WEIGHT

Tubes (44) 11 lbs
Plenums ( 2 )  1.5
Vaporizer 2.4
Reforming Catalyst 22.0

Subtotal 36.9

• Reformer Shell 3 .20
Re former Shell Top 1.0
Catalytic Burner 1.0
Combustion Chamber 1.5
Burner Assembly 2.1
Blower Motor 2.75
Burner Shroud 1.25
Exhaust Duct .85
Thermocoupled .45
Welds .50
Insulat ion 3.50

Subtotal 18.10

Total 55.0 lbs
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2.4.2 Reformer Development

Work on powerplant component development began with design,
construc tion , and testing of a sub—scale hydrogen generator.
Initial efforts were directed at catalyst selection and opt imum
geometric reformer design.

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

An estimated output of 2 kW from the fuel cell at a minimum
volta9e of 36 volts was used as the controlling pa:ameter. This
means a maximum current of 61 amperes. To produce 6lA in an 80
cell stack at 100% fuel utilization would require 1.2 ft 3/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 quick changing of the catalyst. The tube included a gas
mixing plenum at each end. The test reactor is shown in 4

Figure 21.
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The first test of this methanol steam reformer yielded
poor methanol conversion as seen in Figure 22. Th is may have
been due to the size of the catalyst pellets (1/8” x 1/4” dia-
meter) and the geometric shape of the reactor employed . - 

-

In order to evaluate these factors, the catalyst was crushed
to approximately 1/2 to 1/3 of the original pellet size. This
technique was employed after discussing the manufacturing of the
catalyst pellets with Girdler Chemicals , Inc. The vendor assured
the homogenuity of the pellets thus the increased exposed surf ace
area of the catalyst had a positive effec t on the methanol conver-
sion. Also, the reactor was redesigned to increase the L/D ratio.
The internal catalyst volume was kept constant at 0.03 ft 3 as in
the previous reactor , but the L/D was increased from 4 to 18.4.
The reactor consisted of 4 1.25” diameter stainless steel tubes
welded into a “W” configuration which would fit in a 4 inch square
box , 11.5 inches high.

The conversion performance with this reactor improved
greatly over the first unit. This design probably reduced
channeling effects. Complete conversion of the methanol feed
was achieved up to a space velocity of 867 hr ’. At 1022 hr ’,
the conversion was 85% as shown in Figure 23.

Also shown in Figure 23 are the results obtained with the
high copper catalyst from Girdler T 2107 (German). Its perfor-
mance is identical to the Girdler T 1707 (U.S.) designated as
T-2130 in Germany . The difference between the two , as stated by
the manufac turer , is that the T 2107 may be more active than
T 1707 and requires a shorter break-in period . A break-in period
for the low temperature shif t ca talyst was needed after lab
testing demonstrated an improvement from 85% -

~ 99.99% in conver-
sion after approximately 12 hours of running. This was attri-
buted to sections of the catalyst bed not having been completely
reduced during the initial reduction process of the bed. The
question with the T 2107 was its unknown life . Since the l i f e  of
T-2l30 is known to be good , it was desirable to use it and not
the slightly different T 2107. This catalyst , with a basic corn-
position of copper/z inc oxide, was tested and found acceptable .

Based on the data gathered on the sub-scale testing , a f u l l
scale reformer was designed and built. The catalyst volume of
the reactor was 215 in 3 , and the effective L/D ratio was 31. Its
configuration consisted of 16 SS 316 tubes of 1.25 inch diameter
and .020 inch wall thickness 9.25 inches long arranged vertically
in 4 parallel banks of four as shown in Figure 24. Several gas
intake and exhaust plenums were welded to the tubes giving final
reactor dimensions of 11” x 7 3/4” x 7 3/4 ” .

This reactor was tested extensively to determine optimum
operating parameters.  Testinq included operating the reformer
ca ta lys t  bed through a range of temperatures (360°F to 420°F) and
water—to—methanol peed ratios of 1.3 }l .’O/l.O CH~OI1, 1.4/1.0 , and
1.5/1.0. The resu s of this testing are shown in Figure 25.
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CATALYST VOLUME 215 CU IN
EST REACTOR WG T II POUNDS

COMMON CHAMBER , NO

/ BAFFLES__—

111

FIC~URE 24

16 TUBE REACTOR SECTION

The 1.3/1 water to methanol ratio was chosen for further
work because of the lower water burden content .  An operat ing
tempera tu re  of 380°F was chosen for  the ca talys t  bed . This
allows a high conversion of methanol with low CO concentration
in the product.

This design was incorporated in the breadboard model of
the 1.5kw generator. Subsequent testing of the breadboard system
validated this reactor at steady state conditions. The product
gas composi t ion on a dry basis ana lyzed  by i n f r a r e d  absorpt ion
was 72.5% hydrogen , 2 6 . 8 %  carbon dioxide and .7% carbon monoxide .
This composition test was carried out with a V.H.S .V. (Volume of
Hydrogen Space Velocity) of approximately 400 hr~~~.

~~ ~ 
- 

Volume of Fl .. produced/hr
- Volume of Catalyst in Reactor Bed

This represents a H2 production rate of .83 ft~ /m in. Fur ther
tests of this reformer demonstrated a maximum output of
1.25 ft 3/rnin of hydrogen . This is enough fuel for an output of
58 amperes in an 80 cell stack at a utilization of l00~ by the
fuel cell stack. During breadboard testinq , the limitations of
this reformer became apparent. The fuel cell stack incorporated
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in the system required 20-3Q% excess of hydrogen over the opera-
tional lo id range . Also durinq load response testing the reformer
exhibited marginal response characteristics. Relative~y long
periods of time , e.g. 2 to 3 minutes , were required to vapor—
ize/superheat and process the methanol—water mixture into the F!2
rich product stream .

It appeared from the above that an increase of reformer
volume would also increase its heat capacity , providing a heat
source for coping with large increases in feed rates. In addition ,
the advantage of a larger reformer would be to keep the operating
space velocity between 400-500 hr ’ at full powerplant loads with
fuel cell stack utilization as low as 60% (40% excess fuel).

2 . 4 . 3  Reformer  Performance

A new reformer was designed and fabricated with a catalyst
volume of 450 in 3 . It  consisted of 44 one inch diameter tubes
with qas-mixing plenums welded to each end of the tubes . The
design included a built-in vaporizer/superheater in the first
bank of the catalyst tubes. The overall dimensions of the re-
former were 14 3/8” x 9 1/2” x 6 7/8” . This reformer design is

- • shown in Figure 26.

The reformer was put on test at feed rates as high as
47.5 mi/mm of water—methanol mixture . This represents a produc-

- . tion of 1.86 ft 3/min of hydrogen at a V.I-1.S.V. of 430 hr~~ . This
reformer was found to be able to supply sufficient fuel to the
stack following load increases meaning greater than 15cc/mm in
liquid feed rate to the reactor (see response testing of the
breadboard system).

A problem developed during the testing in that the stainless
steel 3-tube and box vaporizer/superheater could not heat the
liquid fuel to superheat temperature at 28cc/mixi and above.
Additional lengths of copper tubing were installed in series with
the 3-tube and box vaporizer. The increased heat transfer area
enabled the liquid fuel to be superheated to 300°F with flowrates
to 47cc/mm of methanol-water mix. This design was incorporated
in the final powerplant design.

2.5 Automatic Control Unit

The 1.5kw methanol powerplant was desiqncd for unattended
automatic operation . An automatic control ux.it (ACU) was
developed and tested for ability to provide automatic control of
the following powerplant functions:

(1) Start up of the powerplant
(2) Fuel feed rate regulation with output load
(3) Temperature control for the fuel conditioner subsystem
(4) Shutdown of the powerplant

The functional block diagram of the ACU is shown in Figure 27.
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The control uni t  des ig n approach uses discre te analog an d
digital devices based on standard operational amplifiers and
4000 series CMOS integrated circuits. The circuitry is mounted
on five module cards with individual connectors for ease of
service. A sheet metal enclosure supports the module connectors
and provides a totally enclosed package.

2.5.1 Logic Description

The powerp lant system schematic diagram is shown in
Figure 28.

2.5.1.1 Start—Up Preparations

Opera tor Action

1) Connect external fuel line to powerplant fuel
pump . Insure there is an adequate fuel supply.

2) Connect external load to powerplant output
terminals.

3) Open intake and exhaust sealing dampers on
recirculating duct.

2.5.1.2 Start-Up Period (Described from start to idle)

System Conditions at Start-Up

1) Load relay is open .

2) Parasitic load relay is open.

3) Reformer injector is off.

4) Sensors and controls for reformer feed in-
operative .

5) Fuel cell air rec irculation damper pos it ioned
closed and controfled by temperature sensing
bimetal l ic  spring .

6) Damper from combustion chamber to start-up
heat exchanger is open with its solenoid
(S3) de-energized .

A. I n i t i a t e  Star t -Up — Opera tor Action

Main switch Si is pushed to start position and released .

V
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System Action

• 1) Fuel pump on.

2) Burner blower on.

3) Process air blower on.

4) Burner injector on at 23 ml/min . - —

5) Glow plug is powered for 30 seconds.

These system actions depend on the flame or no-flame
situation as sensed by burner flame sensor (Ti). If there is
no flame after 30 seconds ,

1) The fue l pump of f .

2) Glow plug off.

3) Burner injector off.

4) Process air blower is turned of f while the
burner blower continues to operate for 3
minutes.

This time delay of the burn er blower was
needed to purge combustible vapor build-up in
the reactor shell. After this time period , the
burner b lower shuts of f  and the operator can
then attempt another start sequence.

For normal start sequence , Ti senses
flame before 30 seconds passes; then

1) Glow plug off

2) Sensors and controls for reformer feed
operative .

3) Solenoid valve (Vi) is energized open.

4) Burner blower on.

5) Process air blower on.

6) Burner injector at 21 mi/mm .

B. Warm-Up Period

In this period , hot burne r flue gases are split between
the reformer catalyst and the start-up heat exchanger.
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The damper to the heat exchanger is opened at start-up ,
since solenoid S3 is kept de-energized .

When the stack air out reaches 280°F , T3 signals the
heat exchanger damper to close by means of a solenoid (S3).

The next system action occurs when the reformer exhaust
temperature reaches 200°F as sensed by T4. Lab experience
has shown that this temperature is indicative of an average
reforme r temperature of 250°F, which is hot enough to begin
hydrogen production . At T4 sensing 200°F, the reformer
injector pumps 7 mi/m m to the reactor , enough to support
parasitic load requirements. Since the fuel cell stack takes
longer to heat up than the re forme r , the initial hydrogen
produced is routed to the burner.

The burner injector is now controlled by reformer
exhaust temperature T4. When it reaches 260°F, the burner
injector decreases to 15 cc/mm from the start—up rate. It
further reduces to a bleed rate of 10 cc/mm when T4 reaches
310°F.

Next system action occurs when the stack air out reaches
200°F as sensed by T3. This signals Vl to close while
opening V2 and V3, thereby routing hydrogen through the fue l
cell. These valves (Vi, V2, and V3) are normally closed
2-way solenoid valves. These were chosen because it was
felt that the reactor would be protected from oxidation in
case of both fuel cell and battery power failure . The
hydrogen is allowed to purge the fuel cell for 30 seconds via
a timer circuit. After this time period , the parasitic load
relay close s and the powerplant begins to operate on its own
power; that is, all electrical components are switched off of
battery power and run by the powe rp lant. Also , the unit
begins recharging the start-up battery directly from the fuel
cell power.

C. Ready for Load

System Conditions

1) Reformer exhaust temperature (T4) at 300°F.

2) Fuel cell air exhaust temperature (T3) at 250°F.

3) Parasitic—relay is closed .
System is ready to assume external load .

At fuel cell air exhaust of 250°F the load relay closes ,
and assumes the external load.
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2.5.1.3 System Responses

A. Idle to Full Load

When reformer exhaust (T4) and fuel cell stack exhaust
(T3) temperatures reach 300°F and 250°F respectively , the
load relay closes and assumes the external load . Simulta-
neously , the voltage regulator cooling fan is powered on.

The reformer injector is controlled by a shunt on the
• fuel cell stack . Upon load increases the shunt signals the

reforme r injector to increase liquid fuel flow to 38 ml/min
for 100 seconds to the reactor. After this time period , the
injector decreases flow to the amount required by the load
at 65% stack utilization .

The burner injector is controlled by reformer exhaust
temperature (T4) at steady state conditions. During load
increases sensed by the load shunt, the burner injector in-
creases to its maximum 23 ml/min for 100 seconds. After this
time period , the injector is again controlled by the reformer
exhaust temperature (T4).

B. Idle to Part Load

The system, that is burner and reforme r injectors , re-
sponds in the same manner , as stated above in A , if the load
increase is 10 amps or above. If the increase is below
10 amps the reformer injector increases flow corresponding to
the load applied , and the burner injec tor rema ins controlled
by the reformer exhaust temperature .

C. Full Load to Idle

Operator removes load , the system action is ref ormer
injector reduces input into reactor to 7 mi/mm and burner
injector is controlled solely by reformer exhaust tempera-
ture (T4). If the stack air exhaust (T3) falls below 280°F ,
the solenoid (S3) controlled heat exchanger damper is de-
energized to the open position , providing make-up heat to the
stack.

D. Full Load to Part Load

Reformer injector reduces flow to rate matching load
on the stack , and the burner injector controlled by T4.

E. Part Load to Full Load —

Reforme r injec tor controlled by load shunt increases
flow as stated above in Section A if the load increase is
10 amps or above. If the load increase is below 10 amps the
reforme r injec tor increases to amount correspond ing to the
load imposed. Burner injector is controlled as stated above.
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F. Part Load to Idle

Reformer injector decreases amount of fue l to idle
rate 7 mi/mm . Burner injector is controlled by T4.

2.5.1.4 Shutdown

Initiated by operator or by system itself with an out of
range parameter.

A. Normal Shutdown - Operator Action

Operator activates main switch (Si) to off and releases.

1) Load relay disconnects.

2) Parasitic load relay disconnect s.

3) Fuel pump off.

4) Process air blower off.

5) Burner injector off .

6) Reformer injector o f f .

7) Voltage regulator cooling f a n  o f f .

8) Burner b lower runs for 3 minute s , then off.

9) Valves V2 and V3 are energized for 3 minutes,
then closed .

B. Emergency Shutdown

A multitude of conditions will initiate automatic ~vstem
shutdown . The major out of range parameters are presented
be low.

1) Uncontrollable temperature of
Fuel cell going too high 3c~0°F as sensed

by T3.
Fuel cell going too low - not hot enough to

support  load imposed .
Fuel cell temperature going toe hiqh or low
could be caused from

a) Fue l cell damper b i - me ta l l i c  ~p r in c  ~ams
during operation .

b) Solenoid controlling heat exchanier damper
fa i ls .
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Average reformer  ca ta lys t  too h i g h
> 350°F  as
sensed by

Average reformer catalyst too low - hydro- •

gen production
is too low to
support load on
sLdck

2) External dead short circuit breaker
opens , unit adjusts to idle.

3) Internal short - stack current will try to
rise , this is sensed , opening load relay,
system goes to shutdown .

4) Hydrogen product valves Vi , V2 , or V3 close
dur ing  operat ion . The fue l cell vo l tage
f a l l s  because of lack of hy drogen and un i t
goes to shutdown . If pressure builds up in
system to above 1 psi , a pressure re l ief
va lve pops open protecting the system .

5) Voltage from fue l cell too low for any
reason - unit initiates shutdown .

These reasons could be

a) Loss of burner flame - subsequent drop
in hydrogen production causes low volt-
age. —

b) Out of fuel situation . -

•

c) Rupture in vaporizer tube.

d) Rupture in reformer tube.

e) Reversed cells in fuel cell stack.

f) Process air blower failure .

g) Rupture in recirculating duct — stack
not able to maintain temperature .

h) S3 fails to open heat exchanger damper-
stack too cold to support load .

i)  Fil ter on ei ther blower or process air
blower become clogged. Situation would
be flame out or i n s u f f i c i e n t  oxygen to
the fuel  cell stack.
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j )  Burner or reformer injector failure .

k )  Fue l pump f a i l u r e.

1) Regulators become plugged .

6) Load relay f a i lu re  - uni t  f a i l s  to respond
to load imposed and i n i t i a t e s  shutdown .

7) Shunt f a i l u r e  - uni t  would sense open cir-
cuit  reading on amme ter and shut down .

8) Thermocouple f a i lu re would send signal of
no voltage to automatic controls. This
would say temperature is too low and initi-
ate shutdown .

9) RTD failure would send a maximum voltage
signal to automatic controls initiating
shutdown .

2.5.2 Circuit Functional Description

The circuit schematic diagrams are shown in Figures 29
thru 33.

2.5.2.1 Start Up and Ignition Sequence

When the main switch is pushed to the start position :
(Figure 33).

A. The fuel pump is started to provide fuel to the system .

B. The ignition glow plug is energized by relay K4.

C. The green ON lamp is energized .

D. A 30 second start up timer is energized . If burner flame
is not sensed at the end of this timing period , the system is
shut down and the red ”RESTART ” lamp energized .

E. The burner injector , which functions as a flow control valve
is pulsed, causing fuel flow into the burner. A more detailed
descript ion of each event follows .

The Star t switch causes relay K3 to pull in and latch
through its own N.O. contacts and Q3 on board “E” . A second
set of K3 contacts close to provide all c i rcui t ry  with power
from the +28V start up battery. (Figure 33).

The fue l pump required +28VDC (supplied from s tar t-up
battery) and begins pumping. The burner injector is pulsed by
a voltage controlled oscillator located on board “B” (Figure 30).
The VCO is composed of Q4 , Q5 , XR-555 , uA798 , and Section 4 of
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i~A3503. The oscillator frequency responds to the input voltage
• a t  pin 12 of the 3503. Frequency is d i rec t ly  proportional to

voltage where 1 volt equals  1Hz and 5 vol ts  equals 5Hz .  The
in jec tor  receives a pulse of 2Oms durat ion , whose frequency is a
funct ion  of fuel  flow requi rements. At start-up , maximum flow is
called for.

The Start switch causes relay K4 to be energized through
Qil on board “C” (Fig . 31) .  The green “ON ” lamp is energized
through Q9. The 555 , 30 sec. start up timer is operated at power
turn on causing pin 3 to be high , which af ter inversion turns of f
010 and turns on Oil .  A thermocouple is provided to sense burner
ignition , with the level corresponding to approximately 400°F.
At the end of the 30 scc. t iming period , 555 pin 3 goes low ,
making p in I of NAND gate 4011 high . If the burner has ignited ,
then pin 2 of the 4011 is also high , the output goes low turning
010 on , Qil off  dropping K4 out removing power from the glow
p lug . Should burner igni t ion not be sensed , pins 5 and 6 of 4011
are both high making pin 4 low , turning on Q7 and the “RESTART ”
lamp. Pin 4 of the 4069 inverter goes high , which turns Q8 on ,
causing Q10 to go on , and Qll o f f  dropping K4 out .  At the same

- • time , pin 11 of the 4011 goes low , which appears at pin 1 of type
• 4081 AND gate. Pin 3 of the 4081 goes low , turning Ql o f f  which

turns Q12 off, shutting off the fuel pump .

With burner ignition established , fuel flow is ma intained
while the reformer temperature increases. Reformer temperature

• sensing is performed by a Resis tance  Temperature Detector (RTD )
installed at the reforme r output .  The reforme r RTD is fed to a
signal conditioning circuit located on board “E” (Fig. 33). A
similar circuit for the fuel cell stack RTD is located on board
“C” (Fig.  31) . The circuit is comprised of both sections of a
747 operat ional ampl i f ie r  arranged so that 0 to +5V equals 0 to
550°F .  The conditioned RTD si gnal is fed to a 1A3303 quad
comparator located on board “D ”  (F i g .  3 2 ) .  Comparator t r i p
points are set at 200 °F , 260°F , 3 10°F and 360°F .  A second ~i3303
located on board “D” receives the conditioned stack temperature
signal. The three trip points are set at 170°F , 250°F and 280°F.
Each trip point will be discussed as its function takes place
during this powerplant description .

At a reformer temperature of 200°F , pin 14 of the 3303
comparator goes hiqh. This signal appears at pin 25 of board “C”
(Fig. 31), and at pin 14 of board “E” (Fig. 33). No effect is
produced at board “C” at this time , while Qi on board “E” is
turned on by the hiqh signal from ~‘in 14. The reformer voltage
controlled oscillator , consisting of Q2, Q6 , XR—555 , and 3 see-
tions of ~iA798 , beqins to oscillate to produce fuel flow into
the re former. Hydroaen produced by the reformer is recirculated

H to the burner to increase burner temperature while decreasing
liquid fuel flow requirements.

L - -  Hi
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At a reforme r temperature  of 2 6 0 °F , pin 1 of the uA33 03 goes
low . This signal is applied to pin 14 of board “B ” (Fi g.  3 0 ) ,
which  tu rns  of f  Q3. Turning 03 of f  reduces the voltage appearing
at the summing junc t ion  of pin 12 , pA 35O3 section 4. The de-
crease is equal to the contribution made by the outpu t  of section
3 of the IiA3503 fed through Q3. Fuel conservation is further
aided by reducing burner fuel flow. At a reformer temperature of
310°F , pin 7 of the i,iA3303 goes low. This signal appears at
pin 12 of board “B ” which turns off 02, further reducing burner
flow by the contribution of section 1 of the uA3503 , reducing the
level of voltage at the summing point of the VCO.

When the fuel cell stack reaches 170°F, pin 1 of the stack
~iA3303 comparator goes high (Fig. 32), making pin 12 of board “C”
high (Fig. 31). With the reformer above 200°F , AND gate 4081 pin
10 goes high triggering the 30 second parasitic load timer. This
tt:ner located on board “D” provides an ON delay . At the end of
the delay, pin 16 of board “C” (Fig. 31) goes high making pin 11
of AND gate 4081 high , turning of Q4 which energizes parasitic
relay Kl. The relay disconnects the startup battery allowing
the fuel cell to assume the load of the automatic control unit.
The 170°F stack signal also causes AND gate 4081 pin 3 to go
high , which turns on Q6 and turns off 05. Valve Vl is do-
energized , valves V2 and V3 are energized , and hydrogen produced
by the reformer is allowed to enter the fuel cell stack. The
fuel cell open circuit voltage comes up, and assumes the control
unit load when the parasitic relay is energized .

At a temperature of 250°F , p~~-~ 7 of stack comparator ~A3303goes high , which appears at pin 20 of board “C” (Fig. 31) causing
pin 4 of two AND gates 4081 to go high , turning on Q2 and ener-
gizing the load relay . An electrical load placed across tho
powerplant output terminals now receives power from the fuel cell.

2.5.2.2 Operation Under Load

A. Temperature Control

• At a temperature of 280°F, fuel cell stack compara tor
~LA3303 pin 8 goes high , making pin 18 of board “C” high , caus ing

• pin 10 of AND aate 4081 high turning on Q3, energizing the heat
exchange damper solenoid . This prevents heated a ir from the
burner from pass ing through the fuel cell, which is now generat-
ing heat while supplying load current. (Fig. 31).

B. Fuel flow cor.trol - Steady state condition

Flow control to the reformer is made responsive to load
current and transient load increases. Fuel cell load current
passes through a DC shunt rated at 50 millivolts for 75 amperes.
This signal, after passinq through an EMI/RF1 filter appears
across the input to differential amplifier iIA798 section lA
located on board “B” (Fig. 30). This amplifier is set.. for a gain - •

of 100 to provide a usable signal level and keep common mode re-

~~~~~~~ - ~~~~~~~~~~~~~~~~~
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joction high. The output of this stage is fed to pin 15 of board
“E” . (Fig .  3 3 ) .  The level of voltage appearing of the summing
junction , pin 5 of the ~iA798 board “E” , is directly proportional
to load curren t, and used to modulate the reformer injector VCO.
Reforme r fuel flow is thus made respons ive to the magnitude of
load current.

C. Fue l Flow Control - Step load change

A load increase of tei~ amperes is detected by a trigger •-
circuit located on board “A” (Fig. 29). The output of the shunt
amplifier is fed simultaneously to two non-inverting ampli fiers ,
whose output is fed to a differential amplifier. The first
amplifier section is allowed to follow the input immediatel y,
while the response of the second amplifier is delayed by the
100 ohm and 100 uf network. The differential amplifier under
steady state conditions produces zero output. When a load tran-
sierit occurs, p in I of the ~tA3303 follows the input  signal , whi le
pin  7 is delayed by the R . C .  time cons tant .  The d i f f e r e n t i a l
a m p l i f i e r , set for  an approximate gain of 4 , goes high causing
the comparator , p in 8 , to eo low and t r i gge r ing  a 555 t imer .  The
timer acts as a 100 sec pulse generator whose purpose is to pro-
vide maximum burner flow to keep up with the increased hydrogen
requirement of the L~ el cell. The 555 timer si gnal  appears at
the base of Q2 and Q3 t u r n i n g  them on and producing maximum
burner  f low , and also appears at p in 16 of board “E”  (F ig .  33)
which increases the input to the reformer VCO , increasing re-
former and burner  f low are reduced to the value cal led for  by the
ac tua l  load cur ren t , as sensed by the shunt  a m p l i f i e r  output , and
fed tc both burner  and rcformei  VCO ’s.

2 . 5 . 2 . 3  Shutdcwn Sequence

A. Shutdown Si gnal

Upon pressing MAIN SWITCH to the STOP position , a set-reset
latch located on board “E” (Fig. 33) is reset, and the shut
down signal at p in 20 goes h igh .  The s ignal  is generated from
p in 3 of NAND gate 4 Ol lA  wh~.ch makes up one half of the flip-flop .

The shut  down siqn~t 1 is app lied to:

a. pin 14 of board “C” (Fig . 31) where it  turns  o f f  01
which turns o f f  Ql2 and removes power from the fuel pump .

b. turns  of f  Q2 which remove s power from the load r e lev .

c. turns off Q3 which removes power f rom the heat exchanger
damper solenoid .

d. turns off A4 which removes power from Parasitic relay Ki.

e. pin 2 of board “ A” ( F ig .  29 )  where it turns Q3 on and Q4
off removing power from K2 and thus  the process air blower.
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The flip—flop on board “E” (Fig . 33) which generated the shut
down signal also triggers a XR-555 3 minute t imer by tu rn ing  on
Q4 and turning off Q5. Pin 3 of XR-555 goes high. which holds

• pin 5 and NAND gate 4 Ol lE  high , keeping 4OliB pin 4 low, and Q7
o f f .  C7 is held charged through R28 , and Q3 is held on , keep ing
K3 energized . At the end of the 3 minute  delay, p in 3 of the
XR— 555 goes low , c~ausing pin 4 of 4 Ol lB  to go high , turning on
Q7. The collector of Q7 going low provides a negative going
pulse to the base of Q3 turning it off , and dropp ing out relay
K3 , which removes power from the controller and the burner fan.
The purpose of this delay circuit is to allow the reformer fan to
continue to run, removing hydrogen which was produced during the

• cool down period.

2.5.2.4 Protection Circuits

The shut down circuit is activated , and the shu t down signal
• goes high under the following conditions:

1. Reformer temperature exceeds its high limit of 500°F.

2. Fuel cell stack temperature reaches its high limit of 360°F.

3. Reformer pressure exceeds 0.95 P.S.I. due to failure of out-
let valve or its driver circuitry .

4. Burner flame out, due to pump f a i lu re , exhausted fuel
• supply,  or reformer injector failure .

5. Fuel cell voltage falling below 37 volts.

2.5.3 Operating Limitations

System electrical noise was aenerated by solenoid valves, -
•relay coils , fuel  pump current pulses, and the inverter—drivers

for the burner and process air blower.

The present design did not prevent this stray noise from
interfering with the control system basic logic. A particular
problem was the current sensing circui t, which provides input to
the reformer fuel flow control circuit. Improvements are re-
quired in isolation of specific circuitry and elimination of
ground loops in the overal l system. These problems were identi-
fied to late in the program to effec tively include solutions into
the deliverable powerplant. More important , however , it would
now appear that microprocessor technology , not readily cost ef-
fective at the start of the project , should be used as the basis
of future automatic control units. Incorporation of a micro-
processor would require at least six months , us in g the basic
powerplant logic which is assumed va l id. Therefore , it was not
possible to make this correction at this time.
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2.~ Voltage Requlator

The ‘.o1ta~ie regulator used in the powerplant is a ~ul tcn
Industries Model EMVR i5~~. It supplied 1.5kw of regulated
28 V.D.C. power from the variable power input of the fuel cell.
The efficiency of the regulator ranged from 86~ to 92% over the
power range of the unit.

The overall dimensions of the unit are 5 1,’2” x 6” x 20” .
It weighs approximately 15 lbs. An aluminum duct was attached to
the cooling fins and a Globe Industries Vane axial 15 CFM fan was
employed for forced convection cooling .

2 . 7  Anci l la ry  Equipment

In addition to the main subsystems , a number of ancillary
• components are required for the powerplant. Every effort was

made in this program to utilize commercial equipment for this
purpose.  A l ist of commercially produced components and their
function in the powerplant is shown in Table 8.

2.7.1 Burner

The burner assembly was purchased from the Benmar Heater
Division . It is the 20,000 BTU/hr assemb]y. Initial attempts
were made to decrease the size of the unit and increase the
reliability of the dual shafted 24 V.D.C. motor . The blower and
shrouding were removed and a Rotron Axi-max 2 110 volt A.C. fan
motor , 40 CFM, 33 watts was secured to the back of the combustion
chamber. Additional air entry holes were drilled in the chamber
to allow more oxygen for combustion . During operation of the
breadboard unit, local overheating of the catalyst tube banks
was observed at various loads. An additional fan motor was in-
stalled in the combustion chamber. This was the Rotron i\xi-max
1 23 CF~-t at 16 watts. It was used solely in an over—temperature
situation . Further breadboard tests showed that with the 44 tube
reformer the increased back pressure on the fan prevented an even
heat flow through the reactor . Also, the axially mounted corn- 

*

bustion air fan exhibited a tendency to blow out the burner
flame . The air flow through the combustion chamber with the
axial fan was very sensitive to back pressure in the reactor as-
sembly. This produced cold zones in the burner and coupled with
the amount of II~O in the fuel mix ture produced fr equent burner
flame outs. The original Ben~ar Burner design was re-installed
in the system with some modifications. The 24 V.D.C. dual
shafted fan motor was replaced with a Rotron dual shafted 29
V.A .C. ~O watts motor. The Rotron Batac Inverter was used to
chanqe the 28 \T .D.C. signal to 28 V.A .C. The combustion chamber
was drilled to accommodate the hydrogen inlet tube. The exterior
shrouding of the burner was reduced in size and the orioinal
impellers from the Benmar fan were used supp lying 40 C.F.M . The
combustion air was directed radiall y at first in the fan assembly
and then sent into the combust ion chamber wi th incr eased turbu-
lenco . Subsequent testing gave taverablo resul t~~. The reactor
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TABLE 8 
*

TABLI~ OF ANCILLARY EQUIPMENT -~ II

Component Function Specification Vendor

Fue l Pump Reformer and #477883 Automotive Facet
Burner Feed Type 24VDC Enterprises

Flow Regulators Pressure Regulation # CA 1-5 Alondra
of Reformed Burner Automotive Corp.
Feed Lines Type

Injectors Meter Flow to # V—27200—466 Valcor
Burner and Reformer 18—30 VDC Engineering

Aircraft Type

Burner Assembly Combusts Liquid # C2002 Benmar
and Gas Feed 20.000 BTU Assembly Heater Div.

Blower Impellers Supplies Combustion # B2057 Benmar
Air 20 ,000 BTU Assembly Heater Div .

Burner Fan Motor Power for Combustion # ].834AF Rotron , Inc.
Air Supply 28V AC Dual

Shafted Motor

Catalytic Burner Completes Combustion Type Torvx Matthey
or Unburned Flue Gas Platinum Coated Bishop , Inc.

• Effluents Ceramic

Solenoid Control of Heat #174432 Ledex Inc.
Exchanger Damper 24VDC Tubular

Solenoid

Solenoid Valves Direct Reformer # V53A1020 Skinner
Product Gas Flow 24VDC Normally Inc.

Closed 2-way va lves

Relief Valve Pressure Relief * SS4CP2-1 Norwalk Valve
of Reformer lpsi Viton Seals & Fitting

Process Air Process and Cooling *1792 JF Propi-Max Rotron , Inc.
Blower Air for the Fuel Cell 3B 28V 400hz 70 watt

Bi—metallic Fuel Cell Air #1708 Operational Crest Mfq.
Spring Recirculation Control Range 0-600°F

Ducting Directs Process and .032” and .020 ” Danbury
Flue Gas Flow Aluminum Sheet Sheet Metal

Fran~e—Subfra me Enve lope for 3/4” Square Tubing Mohawk
Powerplant Al 6061 Aluminum, Inc.
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TABLE 8 (Cont.)

Component Function Specification Vendor

Shock Mounts Dynamic Isolation # J-8350—82 Lord
of Puwerplant Elastomer Kinematics
Components BTRIV

Start-Up Battery Start-Up Power # DllO Energy
for Powerplant loainp-hr Research — -

Silver—Zinc Corp.

Voltage Regulates Fuel Cell EMVR 159 Gulton
Regulator Output to 28VDC Mfg.

Fan Cools Voltage l9A2 525 Globe
Regulator 15CFM Mfg.
Overload Range

heat—up time was decreased from 28 minutes to 18 minutes along
with a similar decrease in the frequency of burner flame outs.

2.7.2 Fuel Vaporizer

The initial design incorporated in the breadboard reactor
for the 16 tube reactor was approximately 5 ft. of 1/2” wound
copper tubing placed perpendicular to the axis of the reactor.
See Figure 34. Initial tests yielded good results in the ability
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FIGURE 34 BREADBOARD REFORMER WITH VAPORIZER
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of the coil to vaporize and superheat the mixture to approxi-
matelv 400°F. One problem was noticed. Periodic surging of the
reformer product was observed as high as 10” to 12” of 1120. This
phenomenon was due to sporadic vaporization of the liquid feed . —
To insure an even vaporization , copper strands were inserted into
the coil. This reduced the problem significantly , i.e. the re-
former outlet pressure varied only 4” to 6” of 1120.

For the final scale up of the 44-tube reformer , a vapor izer
consisting of 3 1” stainless steel tubes connected to a T-shaped
superheater box was installed in the reformer. It was filled
with a copper wool product to maintain good heat transfer.

The basis of vapor izer sizing was determined by the heat
load needed to vaporize and superheat the liquid methanol and —

water feed at powerplant operation of 1.65kw net.

88ft9hour of 112 is the fuel cell requirement at this power
level. This corresponds to 2.62 lbs/hour of CR3011 and 1.92 lbs/hr
of 1120. The heat needed to vaporize and superheat this mixture
to 300°F is 3730 BTU/hour. An assumption of an overall “U” value
of 9 BTU/hrft2°F was used for the area calculation . A 1

~
’1
~ea~i 

Of
382°F was calculated. These values substituted in

Q = U A i~T

yielded

A = 1.08 ft2

equal to 4.14 ft of 1” 0.D. tubes.

The vaporizer was incorporated in the reactor and tested . Super-
heating of the vapor was not accomp lished at li quid flew rates
above 27cc/mm .

Assuming an overall “U” of 5 BTU/hrft2°F , the transfer area
needed was equal to 1.97 ft . An additional 7.5 ft of 1/2” O.D. *

copper tubing was added to the existing vaporizer. This design
was tested and validated for mix flow rates of 47cc/mm . The
vapor was heated to 300°F with a delivery pressure of 2” to 3” of
1120. This design is incorporated in the final powerplant design .

2.7.3 Start—up Heat Exchanger

A heat exchanger is used during the powerplant start-up mode
to bring the fuel cell temperature from ambient to an operating
temperature of 250°F. An initial design was a flat plate cross
flow stainless steel heat exchanger. See Figure 35. Flue gases
fiom the reformer burner assembly are ducted through one side of
the unit while recirculating air for the fuel cell passes perpen-
dicular to this stream . The heat necessary to bring the fuel
cell to an operating temperature of 250 °F was calculated as
1800 BTU. A •\Twean was chosen at 190°F and a overall heat *

56
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FIGU RE 35 START-UP EXCHANGER
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transfer coefficient (13 ) was assumed at 5 BTV/hr—ft 2-°F. Heat
transfer area was calculated as 1.89 ft2 .

An initial design of 3/8” high .010” thick corrugated stain-
less steel sheet with .010” stainless steel flat sheet sandwiched
between was nickel brazed at 1900°F in a vacuum oven. To hold
the unit, measuring 4” x 5-1/4” x 5-1/4” , in the desired shape at
that elevated temperature , a graphite holding fixture was de—
signed and machined. Initial testing in the breadboard demon-
strated an inability to heat the recirculating air above 150°F.
A re—design utilizing 1/4” high .010” stainless steel corrugated
sheet with a new heat transfer area of 44 1 in2 and the same
ex ternal dimensions , e.g. 4” x 5-1/4” x 5-1/4” , was fabricated .
Tes ting exhibited a marked increase in the rec irculating air
temperature to as high as 280°F. Results also showed a ~

\Tmean
to be 347.8°F. Utilizing this in our calculations showed the
“U” to be actually 1.7 BTU/ft2 °F. This design was incorporated
in the final system.

2.7.4 Recirculating Duct

A rec irculating duct wa s fa bricated from .032” aluminum
sheet stock. The duct is connected to the inlet and exhaust air
manifolds of the fuel cell stack. See Figure 36. The duct
supplies heated fresh air for the e].ectrochemical fuel cell re-
action. Ambient air is pul~~ d into the duct , heated by the start-
up heat exchanger and into the inlet air manifold pass ing through
the fuel cell and exhausting into the exit manifold . At this
point a bi—rnetallic controlled damper directs the air flow into

* 57 
~



— ~~~-..~~
--.-‘-:

~
- 

~~
- •

- 
~~

- ‘-- ---- ; - 

~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~ .-- --
~~~~~~. 

5- —— - 5----—- —-5—-.- . - ----5 -.- ——5—--- -5 - --- - -5—- ~~~~ -

f lf l S  PAO! IS BEST QtJALIT~ ?EAcT1G&~Z~Z *

~~~~~~~~~~~~~~~~~ — 

.

. 

-

-

~ I~I

Ii~ 
- -~~~~~~--  ---- .5 *--- I ;; -

‘ I I  -
~ ~~;~~

—.-- —

~~

- I - : - - -  -I.. I~ 
- .  -

-

1- ~~- - 
~

- - — — i~~~l ~~~ ; -
- t .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
p-f ,.~

- - - -  
____ - 5

~
4 I~

j

\ 

1~~~~

—_ 

~~~~~~~~~~~~~~~~~~~~~~

- . - - •

/ - - 

I
~ I 

. I

// \
. 

— -
I

I

\ \

\ 1 4  

_ _~~~~~~~ \ 

/

-

I
f

__________________ -

58

I - — - - - - - - - ~ I I I ~~



- 5 1 - 5 1 1 1 - 1 1 1 1 5 _______________________
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--

the recirculat ing leg of the duct or exhausts the heated air to
atmosphere. During start-up , the heated air is directed into the
recirculating leg of the duct to continually heat the stack to
operating temperature. The fuel cell temperature rises until an
air out temperature of 300°F is reached . The bi-metallic spring con-
trolling the damper closes off the recirculating leg and simulta-
neously opens the exhaust leg of the duct. This passive tempera-
ture control works over the full range of stack loads. Manually
operated external intake and exhaust dampers are mounted on the
recirculating ducts. These are used to seal the fuel cell when
the unit is not being operated .

2.7.5 Process Air Blower

The process air blower is the Rotron Propi-Max 3B
28 V.A.C. 70 watt unit. A Batac Inverter is used tc invert the
28 V.D.C. power from the voltage regulator to 28 V.A.C. at
400 cps. The blower delivers approximately 130 CFM at 1” of H~0to the fuel cell for both the elec-trochemical reaction and cool-
ing of the stack plates. The unit is rigidly mounted inside the
recirculating duct in front of the start-up heat exchanger.

2.7.6 Process Air Regulator

The bi-metallic coiled spring used on the recirculating
damper is a Crest Mfg. P/N 1708 design operational from 0 to
600°F. The spring is incorporated in a damper assembly located
directly above the air exhaust from the fuel cell. The coil is
pre-stressed to begin damper actuation at an air temperature of
300°F. Damper movement continually changes the volume ratio
between recirculated and exhaust air. At a temperature of 340°F ,
the damper is in full open position exhausting all air from the
stack. Since the recirculating duct is an open loop in this mode ,
a maximum of ambient air is allowed into the stack for cooling.

2 .7 . 7  Star t—up HEX Solenoid

The start-up heat exchanger damper is controlled through a
mechanical linkage by a Ledex Inc. 10 watt solenoid. At start-up
of the powerplan t, the damper is in an open position, solenoid
de-energized , allowing reforme r burner flue gases to pass through
a duct to the start-up heat exchanger. There the heat is trans-
ferred to the process air stream and utilized for fuel cell warm-
up. When the fuel cell is at operating temperature as indicated
by a thermocouple in stack air exhaust, the solenoid is energized ,
closing the damper and directing all flue gases through the re-
former.

2.7.8 Solenoid Valves

Three Skinner Inc. 3/8” orifice 28 V.D.C. solenoid valves
rated at 10 watts are used to direct re former product gases
through the powerplant. The internal seats of the valves are made
of Viton to withstand the elevated reformer gas temperatures of
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approximately 300°F. During initial hy drogen product ion  by the 
*

reforme r , valve 1 (Vl) directs the qas flow to the burner. When
the fue l cell is raised to an oporatinq temperature , Vi closes
and V2 and V3 open directing hydrogen to the fuel cell. The
valves .ire a normally closed type . These were chosen to protect
the reformer cata lyst from oxidation in case of powe r f a i l u r e
during system operation .

2.7.9 Catalytic Burner

Two ca tal ytic burners are employed in the powerplant. They
are Mathey-Bishop Inc. Torvx Type 1 ASTM Mesh Size 12 with Plat-
inum deposited on a ceramic honeycomb catalytic burner. Both are
placed downstream of the burner assembly to comp h-te combustion
of hydrogen or unburned products of the liquid burner fuel. One
is placed between the burner assembly and the catalyst tubes , the
other in the start-up heat exchanger duct so that all combustion
flue qases are reacted before exiting the powerplant .

2.7.10 Fuel Pump

A single fuel pump is used to pressurize fuel to the burner
and reformer. It is a Facet Enterprises 24 V.D.C. automotive
type pump . Pump power consumption is 9 watts at a delivery
pressure o 4 1/ 2 psi.

2.7.11 Pressure Regulator

Two Alondra Corporation ad jus table automotive type pressur e
requlators are utilized in the burner and reformer feed lines.
These are used to maintain a constan t downstream line pressure
to the injector valves.

2.7.12 Injectors

The reformer and burner injector valves are Valcor Eng .
Corp. 2-way normally closed 18-30 V.D.C. solenoid valves. The
valves are pulsed in an on/off mode to meter flow accura tely to
the burner and reformer. Both injectors receive signals from the
automatic control unit. The burner injector rate is controlled
by the reformer exhaust temperature . As this temperature in-
creases , flow is reduced to the burner. The reformer injector is
responsive to the amount of external load applied to the power-
plan t. An increase in load amperage increases the reformer in-
jector metering rate by a corresponding amount.

2.7.13 Pressure Relief Va l ve

A C i r c le  Seal Inc . pressure relief valve is located immedi-
ately downstream of the reformer. r t  is set to open at 1.1 psi .
It is designed to pass 4.85 CFM of air at 70~ F. The seals in the
valve are all Viton to withstand the 300°F reformer gases. The
valve maintains system pressure within safe limits so as not to
damage other system components such as seals in the fue l cell stack.
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In conjuncti6n with the relief valve , a Consolidated
Controls Corporation high temperature pressure switch set at
0.95 psi is utilized in the event of a component failure such as
the 3 solenoid valves Vi , V2 , or V3. The switch signals the
Au tomatic Control Unit to initiate a unit shutdown if set pre~-
sure is exceeded.

2 . 7 . 14  Battery

A start—up battery for the powerplant consisted of 17
10 amp-hr silver-zinc cells yielding 25.5 volts. The 17 cells
were placed in a stainless steel box measuring 15 3/8” x 15 3/8”
x 7/8” and attached to the powerplant frame. A Vernay Labora-
tories umbrella type relief valve was included in the box to
vent pressurized gases during battery re—charging .

The fuel cell provides poweL to recharge the startup
battery as soon as it accepts parasitic load. The charger used
provides a charging current of about 1.OA , recharging the battery
in under 4 hours after startup . As the battery accepts charge
arid its terminal voltage comes up, the potential difference be-
tween battery and charger is reduced , and the charging curren t
is reduced . A trickle current of 0.100 ampere is maintained to
keep the battery fully charged.

The charger is located on board “B” and shown in zone B-S of
drawing 900081. A Low Battery lamp is provided to indicate there

• 

- 
is insufficient battery capacity to bring the powerplant up from
a cold s ta r t .  -

3.0 BREADBOARD POWERPLANT TESTING

The breadboard testing was needed to achieve confirmation of
component design and performance as part of a system . The int~’r-
dependence of subsystems was obtained . This led into the trans-
fer of operation control to the electronic control circuitry .

The first breadboard unit consisted of a 16—tube reforme r *

(catalyst volume 215in 3 ), an 80—cell stack , basic automatic
control circuitry, a voltage regulator , and an electrical load
bank and meter panel. See Figure 37. The load bank consisted et
a car bon pile load for direct conversion of generated power to
heat and tes ting of the fuel cel l and an automotive sealed beam
headlamp load bank for testing the system with the voltage regu-
lator.

Initial testing was conducted to verify the desicTn validity
of the various components, e.g. heat exchanger , control circuit-
ry ,  re forme r , the 80-cell stack , damper desiqns , burner  assembly ,
blowers , etc. ,  and the physical ar r angements  of the u n i t .  Also ,
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FIGURE 37 Breadboard Powerplant

testing was aimed at establishment of a control logic for fu l ly
automatic operation of the unit.

Initial testing of the powerpiant yielded an output of 1512
watts gross power from the fuel cell. This corresponds to 75%
net power of the full rated load. System problems were identi-
fied at this time.

First, the recirculating air damper system was found to re-
strict the fresh air intake for stack cooling. Accordingly ,
damper placement and actuators were re-evaluated. One damper was
eliminated and the second was placed in the fuel cell air outlet
stream. In this position the damper could simultaneously control *

the volume of fresh air and the volume of recirculating air.

The original f lu id  bulb , capillary tubing , and bellows
damper actuator setup for stack temperature control was found to
be bulky and unreliable over the operating temperature range .
This system was replaced with a bi-metallic spring as the damper
actuator . The spring is exposed to stack air exhaust and oper-
ates reliably over the temperature range of the stack.

The start-up heat exchanger had 3/8” high corrugations and
was placed in an 18” long duct connecting to the combustion
chamber. Results showed the air flowing to the stack could not
be heated above 150°F with this arrangement. Ducting to the
heat exchanger was considered too long, and the heat exchanger
itself had too little heat transfer area. The heat exchanger

62 

~-I - I -- IA



- I • I~ . . .I.:
1 1 _ _  _ __ _ _  _

was redesigned with 1/4” high corrugated stainless steel sheets,
which produced an increase of 60% in the heat transfer area.
A lso , the hot flue gas diverter duct was shortened. To accom-
plish this, the recirculating duct was turned 90° to the vertical
axis of the fuel cell. Instead of the ducting going over the
tie-rods of the stack , it was placed between the rods. This ar-
rangement allowed air into the stack to be heated to approximate-
ly 280°F. It also reduced the volume of the fuel cell subsystem
from l.85ft 3 to l.75ft3 .

Preliminary unit response tests were conducted . The re-
former with a catalyst volume of 215in 3 was found to be insuffi-
cient in capacity to handle up-load changes. Response time to
load increases was considered excessive with a unit steady state
established after 2 to 3 minutes. A new reformer was designed as
described in Section 2 with a volume of 450in 3 . It consisted of
44 1” diameter tubes arranged in a staggered sequence to help
heat transfer to the catalyst.

The change in the reformer geometry adversely affected the
burner assembly. The staggered reformer tubes caused an exces-
sive pressure drop for the burner axial flow blowers , ascer tained
by uneven temperature distribution in the reactor bed. They were
replaced by the original Benmar Burner assembly utilizing a dual
shafted motor with two centrifugal impellers. Heat flow was
conducted evenly through the reactor assembly and the methanol—
water mixture was observed to combust with less frequency of the
f lame outs than previously noticed .

The basic control logic was defined by operation of the
breadboard . Start-up , shutdown sequences, unit response to out
of range parameters, and steady state operation were accomplished
with the automatic control unit. See Section 2.5 for Control
Logic.

With the integrity of all components assured and redesign
accomplished , a series of tests were conducted to determine un i t
characteristics. * 

-

The first test conducted was for start-up and hot idle.
Conditions were established to enable the unit to hot idle , i.e.
maintaining reaction temperatures in the reformer and the stack
and having the unit produce enough power to run the parasitic
equipment load. The paras i t ic  load was 4A at 57 volts = 228 watts.
The fue l consumption for  the un i t  averaged for  4 hours was
1.17 lbs/hr of methanol. This represented 10cc/mm to the burner
and 8cc/nUn to the reformer.

Fuel cell stack hydrogen u t i l i z a t i o n  tests were car r ied  out
to verify calculations as to the amount of excess hydrogen needed
to ma in t a in  the endothermic re forming ca talyst at a reaction
temperature over the load range of the power plant. Results in-
dicated the stack utilization should be in the 65% to 70% range .
The utilization was increased to 75% in the final system by
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increasing the amount of insulation on the reformer subassembly
from 1/8” to 1/4” thickness.

The next series of breadboard tests were directed at
determination of unit start-up time. Fuel was fed to the burner
at a rate of 23cc/mm . The reformer catalyst reached a reaction
temperature in approximately 20 minutes. The fuel cell stack
heat up rate lagged the reformer. It reached 160°F, which is hot
enough for the cell to assume the parasitic load, within 27 mi-
nutes. The cell temperature increased to 250°F in 40 minutes —

from start whereupon an external load was able to be supported.

Further tests were conducted on load response of the unit.
The breadboard unit was started and brought to a “hot idle”
condition. This idle rate was maintained for 1 hour at 5 amp and
56 volts with both fuel cell and reactor at optimum operating
temperatures e.g., catalyst bed at 400°F and fuel cell plate tem-
perature at 320°F.

The initial tests were run by manually applying load and
increasing reformer feed correspondingly . The maximum load step,
which was successfully accomplished by the unit, was an increase
from 5 amps and 56 volts to 30 amps at 46 volts which represents
a 1.1kw increase. This load was supported for one hour wi th an
average fuel feed rate to the reactor and burner of 26ml/min and
lOmi/min , respectively . This represents a methanol feed rate of
2.35  lbs/hr .

Further breadboard testing was directed at full automatic
unit operation . Start-up and shutdown controls were installed
and tested satisfactorily. Their operation is described in the
section on the Automatic Control Unit. The controls for steady
state operation and load response were added to the breadboard .
Steady state operation was accomplished. Problems developed with
the ability of the unit to accomplish up-load response changes.
The control circuitry was believed to be affe cted by electrical
noise generated by the other components in the powerplant. Iso-
lation was not accomplished. This control problem is discussed
in the Automatic Control Unit Section .

4.0 POWERPLANT CONSTRUCTION

Based on information gathered in breadboard testing , the
Model A powerplant construction began . See Figure 38, Assembly
Drawing .

A frame of 6061T6 Aluminum 3/4” square tubing, 1/8” wall.
thickness, was welded together with outside dimensions of
29 1/2” x 24” and 18 1/2”. This means a volume of 7.6 ft 3 for
the powerplant. Gussets were welded at corner junctions to in-
crease main frame rigidity . A subframe was assembled and shock
mounted to the main frame u t i l i z ing  Lord Kinematics , Inc . hard
rubber mounts. The mounts were installed in a shear plane . The
subframe supported the weight of the reformer and the fuel cell
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subsystem. The main and subframe s including the lif ting attach-
ment with assorted hardware weighed 13.5 lbs .

The recirculating duct , heat exchanger , and flue gas intake
and exhaust ducts were attached to the fuel cell manifolds and
placed on the subframe. See Figure 36, Stack Subassembly . The
reformer subsystem was next installed . Six 8—32 bolts secured
the combustion chamber of the reformer to the heat exchanger in-
take duct. Brackets mounted the reformer to the subframe. See -:
Reformer Subassembly , Figure 39.

The control panel with 2 ammeters, 2 voltmeters , a circuit
breaker , 2 on/off toggle switches, and 3 status lights was in-
stalled on the main frame with two quarter-turn fasteners.

Next, the Gulton Industries voltage regulator with a small
cooling fan and attached duct was installed under the fuel cell.

The plumbing of li quid and gas lines to the reformer and the
fuel cell stack were routed through the unit , tightened and then
leak tested .

The start—up silver-zinc battery was charged and installed
• in the frame envelope .

The wiring of all electrical components into harness bun- 
*

die was completed, and then the automatic control unit was in-
stalled.

All hot components , e.g. reformer subsystem and fuel cell
subsystem, were inculated with a WRP-X—AQ “fel t  wet pak ” 1.4”
thick. An additional layer of aluminized fiber insulation was
added and all components were painted olive drab . Figure 40
shows a photograph of the powerplant .

5.0 POWERP LANT TESTING

The completed 1.5kw Powerplant weighed 258 lbs. and occupied
a volume of 7 .6  f t 3 . A complete weight breakdown is included in
Table 9. The powerplant was set up for testing a described in
the Quality Assurance of the Purchase Description .

Voltmeters , ammeters , thermocouples , a graduated cylinder ,
and 2 rotameters were installed in the test set-up to determine
unit operating parameters , e.g. stack voltages , stack amperes ,
temperature profiles of components and fue l consumption at
different external load levels.

During the testing of the powerplant, automatic start-up was
achieved to the idle condition. From the point to full load con-
ditions , it was necessary to make manual adjustments to operate

• 66 9 I
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TABLE 9

POWERPLANT WEIG HT

Fuel Cell

Stack 49.35
Stack Hardware 28.38
Manifolds 28.42

Total Fuel Cell 106.15

Reformer 55.0

Voltage Regulator 15.0

Frame & Mounts 13.50

Miscellaneous 68.65

Total Powerplant 258.30 lbs .

COMPONENT WEIGHT

Component Weight , lbs

Fuel Cell

80 cells

Bipolars (81) 38.31
Electrodes (160) 3 .34
Matrices (80) 1.41
Ta strips (160) 0.70
Electrolyte (15 mi/cell) 4 .75
Cement (5g/cell) .84

Subtotal 49.35

Stack Hardware

Tie Bars (2)  7 .92
Tie Rods & Nuts (4 )  2 .11
Pressure pads (8) .79
Endplates , Al ( 2 )  14.78
Endplates , Plastic (2 )  1.54
Contact Sheets (2 )  0.31
Fill Parts ( 4 )  0 .66

I I 
Heaters (2)  0 .27

Subtotal 28 .38
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TABLE 9

(Cont.)

Manifolds

Air Manifolds (2)  10.00
Fue l. Manifolds (2)  5.00
Manifold bolts I 

0 .92
Hex with blower 10.00
Hex duct 2 .50

Subtotal 28.42

Total 106.15

Reformer

Reactor

Tubes (44) 11
Plenuins (2 )  1.5
Vaporizer 2 . 4
Reforming Catalyst 22.0

• Subtotal 36.9

Re former Shell 3.20
Reformer Shell Top 1.0
Catalystic Burner 1.0
Combustion Chamber 1.5
Burner Assembly 2.1
Blower Motor 2 .75
Burner Shroud 1.25
Exhaust Duct .85
Thermocouples .45 •

Welds .50
Insulation 3.50

Subtotal 18.10

Total 55.0
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TABLE 9

( Cont.)

Miscellaneous

Start—up Battery 16.0
Control Panel 4 .3
Solenoid Valves (3) 5.3
Injectors (2)  0. 4
Fuel Pump 1. 7
Load Relay 1.3
Controller 10.0
Blower Transformers (2 )  3.0
Pressure Regulators (2 )  .8
Solenoid Damper Control 1.0
Insulation 7 .0
Power Wire 2 .7 5
Pressure Switch 1.0
Plumbing 9.0
Misc . Electrical Wire 1.0
Misc , Nuts and Bolts 3.9

Subtotal 68.65 lbs

the unit as spurious noise signals interfered with the curren t
sensing shunt signal for automatic fue l flow control . While it
is necessary to correct this deficiency, described in detail in
the ACU portion of the report , ERC believes that these electron-
ic problems are minimal and can be readily corrected in future
programs .

The unit was started with fue l consumption and time to idle
conditions determined. The burner start-up rate was measured at
1.58 lbs/hr of CH 3 OH . The time to reach idle conditions - e.g.
re former catalyst at an average temperature of 400°F and the fuel
cell at a temperature of 250°F with the fue l cell energizing all
parasitic components , was 40 minutes. The parasitic load was *

measured at 210.7 watts. See Table 10. The fuel consumption at
idle was measured at 1.1 lbs hr of CH3OH .

External loads were applied to the powerplant at small
percentage load increments. A gross power level of 672 watts was
the initial step . The net power was 370.5 watts corresponding to
approximately 25% load . The unit was allowed to reach steady
state conditions and the fuel consumption was measured at 22cc/nUn
of total mixture . This represents 1.5 lbs/hr of CH 3OH .

The power increment was then increased to ap~ roximate1y 50%
load . The gross power level was measured at 1035 watts. The net
power was 741 watts. The unit was operated at this power leve l
until temperatures stabilized. The fuel consumption was measured
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TABLE 10

Parasitic Load Requirements

Component Power Consumed (watts)

Glow Plug (at start—up for 30 sees.) 240.0
Fuel Pump 8.4
Burner Injector 5.6
Reformer Injector 5.6
Solenoid Valves (Vi and V2) 20.0
Heat Exchanger Damper Solenoid 13.7
Voltage Regulator Cooling Fan 12.0
Parasitic Load Relay 6.0
Load Relay 17.4
Burner Blower 49.5
Process Air Blower 72.5

Total 450.7 watts at start—up

210.7 watts at steady state

at 27cc/mm of mixture representing 1.85 lbs/hr of CH3OH.

The uni t power level was increased to 1419 gross watts and a
net of 1083 watts. This corresponds to 75% load. Again the unit
was allowed to stabilize and fue l consumption was measured at
36cc/mm total equaling 2.47 lbs/hr of CH3OH.

The powerplant was brought up to nominal power at 40 volts
and 46 amps equal to 1840 watts. The net power was equal to 1454
watts.

The specific fuel consumption was measured at 44cc/mm of
mix or 3.1 lbs/hour of CH3OH.

The final increase in load demonstrated the units ability to
accomplish the 110% load demand. The gross power was equal to
2.028kw with a net power equal to 1.65kw. Af ter  temperature
stabilized , the total fuel consumption was measured at 48cc/mm
or 3.3 lbs/hr of CH3OH.

Powerplant an~ stack performance are plotted in Figure 41.-

Gross and net efficiencies for the powerplant were
calculated and included in Table 11. The value of 328,700 ETU/ib
mole of the CH 3OH was utilized in the calculations.

The powerplant was shutdown , final packaging and cosmetic
work was completed , and then the unit was delivered to MERADCOM .
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6.0 WATER RECOVERY STUDY

The 1.5kw indirect methanol-air fuel cell powerplant re-
quires 1.3 moles of water per mole of methanol in the reformer
feed. The two powerplant effluent streams - burner flue gas and
process air from the fuel cell stack - contain water vapor. If
a method for the recovery of this water can be devised , it coul d
be combined wi th the feed methanol , doing away wi th the need to
supply external water to mix with feed methanol.

The amount and concentration of water vapor in the effluent
streams depend upon the operating conditions and the ambient
cond itions. The powerplant heat losses to the surroundings vary
wi th ambien t tempera ture , which a f fect the amoun t and concentra-
tion of water vapor in the effluent streams. If the water vapor
recoverable from the effluent streams is sufficient for the feed ,
it can be recycled and the need of supp lying external wa ter can
be eliminated. This study investigates the feasibility of water
reclaim.

6.1 Development of Water Availability Matrix

An assessment of total water available in the effluent
• streams and the feed water requirements at various operating and

ambient conditions was carried out. The conditions studied are
listed below.

Load condi tions , %: 100, 75, 50, 25, 0 (hot idle)

Ambient tempera ture s , °F: 125, 100, 70 , 40 , 10,— 10, —40 , — 65

Relative Humidities (R.I-1.), %: 0, 50, 100

The assessment involved material and energy balance calculations
for the powerplant.

Depending upon the opera ting and amb ien t condi tions , the
powerplant operates in either of the following modes;

(1) At hi gh load conditions, the amount of heat generated
in the stack is large. If the ambient temperature is high
too, heat losses to the surroundings will be very low. In
order to maintain the operating temperature of the fuel cell
stack , this extra heat should be removed by passing more
process air. Process air requirement in this case will be
larger than the stoichiometric and the extra air will serve
as a cooling medium .

(2) At low load cond ition s, heat losses to the surrounding
exceed the heat generated in the stack . This requires ex-
tra supply of heat to the stack to maintain its desired
operating temperature . Part of burner flue gas is used for
this purpose. As there is no extra heat to be carried away,
process air supplied is close to the stoichiometric require-
ment.
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A computer program was prepared for each operational mode to
perform material and energy balance calculations. Estimated
stack performance was used in the computations. It is shown in
Figure 42.

F’I(~URE 42

1.5kW il’IDIRECT M E T H A N O L - A I R
FUEL CELL P OWERPL AN T PERFOR MAN CE

(ESTIMATED)

70- •25

STACK POWER

60 - 2.0

50 - 
NET POWER 

- 1.5

~~4O-

- 

STACK VOLTAGE 

-

I I
10 20 30 40 50 60

STACK CURR ENT, A

A schematic of powerplant, showing various streams, is pre-
sented in Figure 43. The water availability matrix showing
amount and concentration of water in the effluent streams, re-
former exit stream (RES), and stack anode exhaust (SAE) is pre-
sented in Appendix B. Feed water requirements are summarized in
Appendix C. Plots showing the e f fec t  of ambient air temperature
and R.H. on water in feed and effluent streams at various load
conditions , were prepared and are presented in Figures 44 to 1 48.
It can be observed that water in the powerplant effluent streams
is always more than that required in the feed. Knowing this, the
next step should be a search for a suitable water reclaim process
which is discussed in the following section.

6.2  Reclaim Process Se lection

The various options of reclaiming wate r from powerplant
effluent streams are discussed .
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100% Load

A. Total water in exit stre ams
1. 0% R .H .20. 

B. Feed Water Requirement / A3
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I I I I
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Ambient Temp.,

Fiqure 44 Effect of Ambient Temperature and R.H.
on Water in Feed and Exit Streams at
100% Load.
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75% Load

20.0- ‘ A. Total Water in Exit Streams
1. 0% R . H .

2. 50% R.H.
3 .  100% R . H .  A3

B. Feed Water Requirement

10.0 -

9.0 -
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6 . 0 - -

5.0~~

3 0• Al
0
I-,
(hI

~ 2.0 -
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Figure 45 Effect of Ambient Temperature and R.ff.
on Water in Feed and Exit Streams at
75% Load
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50% Load

A. Total Water in Exit Stream
1. 0% R.H.
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- - 3. 100% R.H. 1A3

8.0 I B. Feed Water Requirement
7.0 I
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Figure 46 Effect of Ambient Temperature and R.H.
on Water in Feed and Exit Streams at
50% Load.
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25% Load
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8 . 0-  2 .  50% R . H .

7 . 0 -  3. 100% R.H.
B. Feed Water Requirement
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-
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Figure 47 Effect of Ambient Temperature and R.H.
on Water in Feed and Exit Streams at
25% Load
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Figure 48 Effect of Ambient Temperature and R.H.
on Water in Feed and Exit Streams at
Hot Idle Condition
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6.2.1 Air-Cooled Exchanger

The effluent stream containing water vapor can be cooled
below its dew point, condensing water out. Air cooled exchanger
in which ambient air is blown over the finned tubes through which I -

the hot stream is passing (cross flow) can be used for this
purpose.

Amounts of water recoverable from powerplant effluent
streams under various load conditions for a typical case of
ambient air at 70°F and 50% R.H., are presented in Table 12.

TABLE 12

WATER RECOVERY IN AN IDEAL SYSTEM FOR

AMBIENT CONDITIONS OF 50% R.H. & 70°F

% LOAD FEED CONDENSED WATER, lb/hr % WATER
WATER 

I 

-

lbs/hr RFG BFG SFG AIR OUT RECOVERY

100 1.7106 1.5696 1.6146 186.0

75 1.2907 1.2402 1.2870 195.8

50 0.9533 0.9774 1.0062 207.9

25 0.6403 0.7128 0.0666 0.6678 226.0

Hot Idle 0.5516 0.5652 0.3006 0.3492 220.3

Exchanger area was assumed to be infinite. Feed water require-
ments and the percentage water recovery based on this are also
presented to show the attractiveness of this option. A hundred
percent water recovery means recoverable water is exactly equal
to water required in the feed. For low load cases, burner flue
gas (BFG) is split into reformer flue gas (RFG) and stack flue
gas (SFG) .

6.2.2 High Pressure Condensation in Air Cooled Exchanger

Pressures higher than atmospheric enhance condensation of
water. The liquid fuel mixture can be pressurized above atmos-
pheric pressure (approximately 5 atmospheres) before entering the
reformer, and water vapor in the reformer product gas can be
condensed in an air cooled exchanger. The reformer product gas
leaving the exchanger can then be throttled down to atmospheric
pressure, before entering the stack anode side.
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Thermodynamic equil ib rium calculations show tha t conver sion
of methanol at 400~F changes from 99.97% at 1 atmosphere to
99.15% at 5 atmospheres. Hence , composition of reformer exit
stream (RES) changes very little. The dew point of the fuel
mixture (56.52 mole % methanol) at 5 atmosphere total pressure is
270°F. Hence, reactants will be a vapor at the reaction tempera-
ture of 400°F. The amount of water condensed increases from
0.2592 lbs. at 1 atmosphere to 0.3528 lbs. at 5 atmospheres for
a typical case of 100% load, 70°F ambient temperature and 50% R.H.
Infinite exchanger area was assumed. The gain in water recovered -~~ I - -

is very small (0.0936 lbs.). This is because the total amount of
water in the RES itself is very low. Pumping work required in
compression , assuming 50% pump eff ic iency,  is 0.41 watts.

Even though this option reduces the size of reformer and
exchanger and it requires little additional energy for pumping,
it does not look attractive because of the low ga in in recover-
able water.

6.2.3 Spray Chamber or Packed Tower

Water vapor can be absorbed by some liquid chemicals. A
spray chamber or a packed tower can be used for this purpose.

The simplest spray absorber consists of an empty chamber -

into which liquid is sprayed at the top and gas is introduced at
the bottom. Such a uni t has the advan tage of very low pressure
drop and inexpensive construction . Because of mixing of the gas
within the chamber and en trainmen t of f ine  spray droplets , spray
chambers are unsuitable where true countercurrent action is needed.
A spray chamber closely approaches the performance of a packed
tower for very short heights (of the order of 26 inches).(6~

The packed tower consists of an equipment filled with pack-
ing material up to a certain level. Liquid is fed from the top
and gas is introduced from the bottom. The packing material pro-
vides larger gas-liquid contact surface area to aid in heat and
mass transfer between the two phases. The larger the gas-liquid
contact area , the lower the height of the tower required but the
higher the pressure drop through the equipment.

Separa tion of wa ter from the absorben t liqui d of fe r s  prob-
lems and increases the system complexity in both cases - spray
chamber and packed tower. Hence , thi s al terna tive was d iscarded
from further study.

6.2.4 Bed of Granular Material (Solid Desiccants)

Water vapor can be absorbed or adsorbed by suitable solids
and then recovered by heating the solids during their regenera-
tion . Deoending upon the mechanism of water separation , solids
can be classified into two types.
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(1) Absorbents: Water is absorbed by the chemical reaction
between water and solid, Materials such as CaC12, LiC1, CaO , BaO,
Mg (C1O~j2, CaSO~., P~O5, NaOH are common water absorbents. Each
of the above has at least one disadvantage . CaO and BaO form
insoluble carbonates in atmospheres containing CO2 and thus ,
greatly limit water absorbing capacity . Magnesium perchlorate
and lithium chlor ide are deliquescent, causing serious practical
problems such as bed deterioration and water drippage. Some of
the materials are highly reactive , and their use requires careful
control of trace contaminants in the strea~ms from which water is
to be recovered . There is no regeneration possible in cases of
CaCl2, P205 and NaOH. CaO requires a very high temperature of
1832°F for regeneration .

(2) Adsorbents: Water is adsorbed because of physical
attraction of water molecules to the surface of solid. Capillary
action is involved with some materials. Silica gel , activated
alumina , and molecular sieves are the three most applicable
adsorbents. Each adsorbs other gases, particularly C02, in addi-
tion to water vapor. These materials are inert and have good
structural properties. Their major limitation for long-term
usage arises from the possibility of surface poisoning as the
result of adsorption of high molecular weight compounds or surface
deactivation during regeneration heating cycles. Adsorptive
capacity of molecular sieves decreases by one—third over approx-
imately 200 cycles. ~~ For these materials , water capacity de—
creases with increase in temperature. Molecular sieves have
higher water capacity at low water vapor pressures than ei ther
silica gel or alumina. Minimum regeneration temperature of
silica gel is about 250°F. Because of their high water affinity ,
molecular sieves and activated alumina require regeneration tern-
peratures between 300°F and 600°F.

Wa ter vapor can be absorbed or adsorbed at the tempera ture
of effluent streams (approximately 300°F) and then recovered at a
higher temperature. The weight of 0.7 density silica gel bed was
computed for a typical case of 100% load , 70°F ambient tempera-
ture and 50% R.H. to be 12.2 lbs. Maximum weight of the bed re- .

quired would be 15.5 lbs. Weight of the bed is high because of
low water capacity at low temperatures. This approach is deemed
unattractive .

6.2.5 Direct Contact With Methanol

Liquid methyl alcohol will absorb eater vapor at tempera-
tures of 300°F. This concept can be used to reclaim water from
the powerplant effluent streams. Some of the methanol is vapor-
ized in the hot gas stream. This methanol can be condensed and
recovered by indirect heat exchange with ambient air. This re-
quires the use of an air cooled heat exchanger. Recovery is a
function of dew point and at the temperatures involved , would
not be complete. This option was not deemed practical or supe-
nor to just directly condensing water vapor . The use of an air-
cooled exchanger to directly condense water from the powerplant
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effluent stream proves to be the most practical method or re-
covering water . Therefore , this concept will be further examined .

The water condensed in the air-cooled exchanger should be
mixed immediately with methanol in order to prevent the freezing
of the reclaimed eater at temperatures below 32°F. A water re-
covery system was designed for this purpose. A schematic of the
water recovery system is presented in Figure 49.

COOL ING AIR BURNER
0 T F L U E 1 G A S

A IR LED 
L~~

._. AIR  AT HODE

~~~~
HAj

O~~~~ COND
~~

S
E
E
R
D OOL I NG 
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~~~~ PREM IX
FEED
TAN K

-~~~TO B U R N E R
I i 8 R E F O R M E R

FIGURE 49

SCHEMATIC OF WATER RECOVERY SYSTEM

As the level of the feed mix in the pre—mix holding tank
falls, level switch (L) signals the automatic control unit (ACU).
The ACtJ actuates the three—way valve (V5) which allows condensed
water to flow into the pre-mix feed tank . Water to methanol
molar ra tio of 1.3 is main tained by controlling the specif ic
gravity of mixture at the correct value. Specific gravity of the
mixture is measured by a hydrometer (H). A detailed schematic of
the hydrometer set up is given in Figure 50. As water from the
exchanger flows into the pre-mix feed tank, specific gravity of
the mixture increases. As a result hydrometer rises. When the
specific gravity reaches the upper allowable limit, the conduc-
tive ring (C) touches the upper pair of contacts (A and B). A
signal is sent to the ACU which opens the valve V4 in the meth-
anol line allowing methanol to flow into the pre-mix feed tank.
As the specific gravity decreases, the hydrome ter fa l ls, but the
valve V4 still remains open. When the specific gravity reaches
the lower allowable limit, conductive ring touches the lower pair
of contacts (D and E). The control circuit is closed and a
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FIGURE 50

SCHEMATIC OF HYDROMETER
SET-UP
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signal is sent to ACU which closes the valve V4. When the mixture
level in the tank reaches a desired height, the leve l swi tch
senses it and operates a 3-way valve V5 , directing the water flow
from the exchanger to dump .

Thus both the required functions of main tainin g the mix ture
level below the maximum specif ied height and main tain ing the water
to methanol molar ratio close to 1.3 - a r e  pe r f o r m e d .

6.3 Water Balance Cross Plot

For the specified water recovery system , the percentage water
recovery for all ambient and load conditions was computed under
the assumption of 100% component and system efficiency or infinite
exchanger area . The above assumpt ion implies that eff luent
streams were cooled down to the tempera ture of ambien t air avai l-
able for cooling. The amount of water condensed is the maximum
possible for the respective condi tions. Percentage water recovery
was defined on the basis of feed water requirement. A hundred
percen t water recovery means wa ter condensed is exac tly equal to
the water required in the feed to the reformer and burner. A
sample calculation for a typical case of 100% load , 50% R.H., and
70°F ambient temperature is presented.
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Both the effluent streams are treated separately, though they
can be mixed together. Each stream when it leaves the condenser
will be in equilibrium with liquid water at 70°F.

vapor pressure at 70°F = 0.3631 psi

.. partial pressure of water vapor in effluent
stream leaving = 0.3631 psi

system pressure = 14.7 psi

.. mole fraction of water vapor in effluent stream
leaving = ~H2O = 0.3631/14.7 = 0.0247

mole fraction of noncondensable gases = ~NC
= 1 —0.0247 = 0.9753

Flue gas from reformer:

Total Flue gas = 1.5392 lb moles

Noncondensable gases = 1.4141 lb moles

Flue gas leaving = 
1.4161 ~~~~~~ = 1.4520

NC lb moles

.. Water condensed = 1.5392 - 1.4520
= 0.0872 lb mole

Process Air Out:

Total process air out = 3.8089 lb moles

Noncondensable gases = 3.6273 lb moles

Process air leaving condenser = 
3.6273 

=

NC

= 3.7192 lb moles

Water condensed = 3.8089 - 3.7192 = 0.0897 lb mole

Total water condensed = 0.0872 + 0.0897=0.1769 lb mole

Feed water requirement = 0.0951 lb moles

% water recovery = x 100 = 186

The results of the computations are summarized in Appendix D.
Cross plots on the water availability matrix showing all the oper-
ating and ambient conditions under which complete water balance is
possible are presented in Figure 51.
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6.4 Process Design Considerations

An air cooled exchanger wa s des iyned for a typ ical case of
100% load , 70°F ambient temperature , and 50% R.H. The design
ca1cu1ations~

4
~ are presented in Appendix E. The design specifi-

cations of the exchanger are listed below .

Tube Bundle:

Linear d imensions : 9” x 2’ x 6 rows of tubes

Extended surface area : 270 ft 2

1” OD tubes

Tube pitch 2 1/4 inch triangular

6 tube passes

Fin height by fin/inch: 5/8 inch by 10

Air blowers:

2-8” diameter , 23 watts fans

blower power on tube side: 53. watts

A schematic of air cooled exchanger of water recovery system is
presented in Figure 52.

Aluminum is the most economical fin material up to 750°F on
the process side , which limits fin temperature to about 450°F. (~~
As the effluent streams are noncorrosive , aluminum can be used as
the matorial of construction for the tubes. Metal can be cold-
extruded into high fins on the outer side of tubes. A design
temperature as high as 550°F on the process side can be allowed
in this case.

The weight of the aluminum tube bundle was estimated to be
11.2 lbs. The volume of the tube bundle is approximately 1.55 ft~.Total volume of the exchanger including tube bundle , air plenum
chamber, blower, and supporting frame will be close to 3 ft 3 . A
complete water balance envelope for this design was delineated.

Using this design, various operating and ambient conditions
were tested for complete water balance. ATm is a function of U~ .
So by trial and error , the value of U required to handle the
required heat load w ith the designed ~ea t transfer area wa s
computed. Using the d~ siqiied exchanger dimensions and flow rates ,
overall transfer coefficient available was calculated . Complete
water balance envleopes for 0%, 50%, and 100% R H .  are shown in
Figure 53. It can be observed that the envelope sizes are con-
siderably smaller than those at 100% system efficiency . It be-
comes difficult to recover water as the load decreases. As the

89



‘~~~ ‘~~ 
-
~~ ~T1

FIGURE 52

AIR COOLED EXCh ANGER FOR

WATER RECOVERY SYSTEM 

2’

-- — ---.-
~.._8”D IA EA N

‘

‘

~~~~~~~~~
‘
~~~~ 

.

_

9 
/ t I

- 
—..

‘ I
\ 

~ _ _ > 

-

( 
-
~iiJ1~ II ~1J ~ LLff K Jfl f ~ t ‘~rk~ ~ v I

” D I A  TUBE

-- - - - - . J

ET1 JJI~
~ 

( ~—=— — --- =- _

,

~~~~
- ~L::~ .~~i: i:. :ii.ii .

9” .-.
-

~

1 :JpT~~~~
_ LT ~~~TTT 4 

~

90 

_______



.~.,.,, : ~~~~~~ ‘ _ ~~~~~~~~~~~~~~~~ -----

140 —

120 —

100 —

0 15 50 75 100

% Load

Fiqure 53 Complete Water Balance Envelopes for
the t)esigned Air Cooled Exchanger

91 D0076

_ _ _
~~ k, ‘

~~~~ ~~



•1

load decreases , effluent stream flow rates decrease ; hence , the
available heat transfer coefficient decreases, requiring higher
heat transfer area. Since heat transfer area is fixed , the wa ter
recovery is incomplete. As expected , as the R.H. increases , the
envelope size increases.

Efforts were made to increase the size of the complete water
balance envelope. An exchanger was designed for 100% load , 80°F
ambient temperature and 50% R.H. case. The overall transfer co-
eff icient was higher , 0.96 in this case. The extended surface
area required was 189 ft2 , but the number of tube passes increased
to 8 which resulted in higher pressure drop through tubes. The
power requirement on the tube side increased to 236 watts, and
on the air side , it increased to 60 watts making the total para-
sitic power requirement very high - 296 watts.

Decreasing the number of passes reduces the overall heat
transfer coef ficient requiring a larger ex tended surface area
resulting in increased linear dimensions of the exchanger beyond
the allowable limit.

Larger envelopes can be obtained at the cost of parasitic
power.

7.0 CONCLUSIONS AND RECOMMENDATIONS

The indirec t methanol powerplant generally performed in
accordance wi th the concepts developed on this and on earlier
programs. The fuel conditioning subsystem performed well , with
methanol conversion at over 99%. Fuel cell performance was some-
what lower than projected , but this was at least partially due
to maintenance of a conservative temperature level for the stack.

Response to sudden load increases was instantaneous for
surrent steps under 10-15 amperes. Larger stepwise current in-
creases produced “squatting ” , i.e., voltage drops in the stack
sufficiently large to initiate shutdown of the powerplant.

This condition appears to be characteristic of the present
indirect methanol fuel cell system design , but a number of
measures for improving response may be suggested . One such
measure evaluated on this project involved increasing the fuel
feed to the re former and to the reforme r burner following an up-
ward load change larger than 10 amperes stack current. This ap-
proach appeared to be at least partially ef fect ive , but diff icul-
ties with making it compatible with the automatic control logic
were encountered, and the deliverable powerplant did not incor-
porate this feature.

Difficulties were also encountered with the control of re-
former fuel flow in response to variations in stack current.
This situation was caused by the effec t of stray electrical noise
signals from other system components on the current-sensing cir-
cut. This difficulty can be overcome by redesigned system
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grounding and more rigorous noise suppression methods. Recent ad-
vances in microprocessor technology make this practical alter-
native for the controller circuit hardware .

The final powerplant size fell within the 8 Cu. ft. target
for this project. The final weight , however , was higher than
projected (258 vs. 175 lbs). The excess weight resides partially
in a considerably oversized reformer which was deemed desirable
for this powerplant since it improved response to upward load
changes. Other excess weight resides in off-the—shelf ancillary
components, such as solenoid valves and plumbing. Finally , much
weight reduction can be expected from further stack ancillary
hardware development as well as from higher stack load voltage
allowing the use of a smaller stack.

The rate of fuel consumption of this powerplant also exceeded
the project goals (2.]. vs. 1.2 lbs MeOH/kW). The higher consump-
tion is partly due to a lower than expected fuel cell voltage .
Improvement in fuel efficiency should also by achievable by fur-
ther insulation of the powerplant to minimize heat losses.
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0:
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I
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CO

______________ _________ 
I 
_________ _______ __________ _________ _________

8 2

TOTAL 

J 

0 .2 198  
~~~~

O . 0
I 

0 .0091 100.0 0 .0

TE.’~P. •F 70

__________ _______ — 

STREAN~~~~~

c rI:’sE~T PHASE ~~ /fl R ~cr % LB—MOLE MOLE % HEA T

___________ ________ _______- ________ -________ ________ 

CON’~ - N T

CH ~OH

)120 G 0.1116 0.8 0.0062 1.2 117.6

0) G 3.4048 2 3 . 1  0.1064 2 0 . 7  0.0

G 11.2392 76.1 0.4014 78.1 0.0

Co2

Co

H’

TOTAL - 14. 7556 10 0 . 0  0 . 5 1 4 0  100 .0  1 1 7 . 6

TEMP q 70
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[ 

WT C:~~ T~~~T

__________ _______ _______ 
I 
_______ _______ 

I 
_______ ______

L12 0 0 .0774  11.2 0 . 0 0 4 3  11.6 89 .5

02

CO2 0 .5676 81.9 0.0129 34.7 28.1

CO 0 .0084 1.2 0.0003 0.7 0.5

8 2 G .0394 5.7 0 .0197 53.0 31.5

TOTA L . 6 9 2 8  100.0 0 .0 3 7 2  100.0 149.6

TEMP . °F 300

STREAM 
(E~

)
COMPONENT PHASE LB/HR WT % LB-MOLE MOLE % HEAT

HR CONTENT
_____________ ________ ________ ________ ________ ________ 

F3TU

CH,O H

82 0 0 0 .7 7 9 4  5.0 0 . 0 4 3 3  7 .8  1089.2

02 G 2 .8 9 2 3  18.5 0 . 0 9 0 4  16.4 4 9 3 . 4

• C 11.2392 71. ’ 0.4014 72. 7 2 0 9 2 . 8

CO2 
- 0 0 .7568  4 .8  0.0172 3.1 133.2

CO

TOTAL . 5.6682 100.0 0.5523 100.0 3808.6

TEMP ‘F 804.3 
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11:0 G 0. ~‘ 7 - 2 4 5 .0  0 . 0 4 3 3  7 .8 1 0 0 3 . ~

0~ G 2 . 8 9 2 0  18 .~ 0 . 0 9 2 4  1~. . 4  33~~.2

N 2 ~~~~~~~~ 7 1. 7 0. 4 0 14 7 2 . 7 1 1 4 3 1 . 4

CO 1 3 0. 75~~3 4 . 8  2 . 0 1 7 2 .1 .1 88. 9

CO 
___ —__ ___ 

‘ 1~ _ _ _

TOT.\L 5 .1) 6 82 1 20 . 0  0 . 5 52 3  100 .0 2R~’9 . 3

• TEMP . ‘F 590

STRE AM (~
)

COMPONENT PHASE LB/HR NT % LB-EOLE MOLE % HEAT
CONTFNT

• _____________ _________ ________ _________ _________ 
BTU

CihOll

8,0 G 0. 7794  5 .0  0 . 0 4 3 3  7 . 9  9 0 5 .4

O~ 0 2 . 8 92 8  18.5 0 .0 9 0 4  16.4 154.5

N,  C 11.23~~2 71. 7 0 .4 0 1 4  7 2 . 7  6 72 . 3

CO, C 0 . 7 5 6 8  4 . 8  0 .0 172  3.1 3 9 . 2

CO

TOTAL 15.6682 100 .0 0 . 5 5 2 3  100.0 1771.4

TEMP ‘V 
310
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CO2

Co
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J

O . O

TEMP . ‘F 70

STRE AN
@

COMPONENT PHASE LU/HR WT S LB-MOLE MOLE S
HR CONTENT

____________ ________ ________ ________ ________ ________ UTU

CH,OH C 0 . 4 2 2 4  57 .7  0 .0 13 2  4 3 . 4  286 .4

11,0 0 0.3096 42.3 0.0172 56.6 372.5

0,

N,

CO2

CO

H)

TOTAL. 0 .7 32 0  100.0 0 .0 3 0 4  100.0 658 .9
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N,

~ 0 . 5~~7~ 7 1 . ’. 0.01:’ 22.1 30 .8

~i 0 . 0 0 84  1.1 0 , 2 2 0 . 1 0 .5  0 .5

0 0 . 0 7 8 D  1 0 . 8  0 , Q 3 ’~.l 6 9 . 2  6 8 . 3

TOTAL 0.1320 120.0 0 .OSt . 8 100.0  1 8 9 . 0

TEMP . ‘F 320

STREAM ~~~~

COMI’ONENT VI1A~~ LU/ h R W’F S Lhl-1l~2I ,E MOLE S HL ~M’ 
- CONTENT

_____________ ________ ________ _______ _______ ________ ________

CM OH

11,0 0 0.0108 .8 0 .000~. 1.3 11.4

0, 0 0 . U3 6  2 2 . 9  0 .0 0 9 8  2 0 . 5  0.0

N t 0 1 . 0 4 4 4  7 6 . 3  0 . 0 1 7 3  7 8 . 2  0 , 0

Cot

Co

11,

TOTM. 1.3688 100.0 0.0471 100.0 11.4

TEM P ‘I’ 
-- 

0
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Co2

Cl:’

H,

TOTAL 1 .40 80  100.0 0 . O’i ,’S 100 .0 47 6 . 3

TEMP . ‘F 290

STI~EAM

COMPONENT PHASE LU/HR NT S l I % - - M ’ t . l ’  HtlI 1: S m~:AT
CON rENT

CII

11 ,0. S 1 . 30 ’ O  2.’~. ’) 0 . 0 1 2 ’  3 5 .2  l~~04 .0

ot C 0 0 0 0 0

N, 0 3.7408 74.1 0.i3 )i, 64.8 205 .1

co,

CO

II,

TOTAL ‘..04511 100.0 0 .20 ( . l 100.0 1709 .1

TEMP ‘F
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CIl , O l l

8,0 C 1.3158 2 0 . 5  0 .073 1  28 .8  1 4 9 2 . 9

02 C 0 .3 136  4 . 9  0 . 0 0 9 8  3 .9 12.5

N , C 4 .7 8 5 2  f 7 4 . 6  0 .1709  67 . 3 2 15.1

CO2

Co

TOTAL 6 .4146  100.0 0. 2538 100.0 1720.5

TEMP . F 250

STREAM

COMPONENT PlEASE LB/HR NT S LB-MOLE MOLE S HEAT
HR CONTENT

__________________ ____________ ____________ ____________ ____________ ____________ ‘Cr11

CU iOU

11,0 C 1.6686 25 .9  0 .0 9 2 7  35 .2  1923 .0

0 0 0 0 0 0

N) C 4.7852 74.1 0.1709 64.8 262.4

CO,

Co

H*

TOTAL 6 . 4 5 3 8  100.0 0 . 2 6 3 6  100.0 2 1 8 5 . 4
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COMPONENT P112: .l:~~~~. 1), BR ~4T ~ 

— 

I I -MO) .” • ‘ ‘ LC ~~

C i l i O l l  L 0 .2 5 9 2  5 i . I.s 0 .0081 4 . 1. 3  0 . 0

11,0 I. 0 . 1908  4 2 . 4  0 .0 1 0 6  T6. 7 0 . 0

0,

N 2

CO)

CO

H2

TOTAL 0 . 4 5 0 0  100 .0 0 .0187 100.0 0 .0

TEMP. ‘F 70

STRE AM
S

COMPONENT PHASE LB/HR NT S LU-MOLE HOLE S h EAT
CONTENT

CII OH

0 0 .3 4 7 4  0 .8 0 .0193 1.2 366.0

O~ 0 10 .3392 23 . 1  0 .323 1  20 .8  0 .0

C 34 .0312  76 .1  1.2 154 78.0  0 .0

Co t

CO

H,

TOTAL 44.7178 100.0 1.5578 100.0 366.0

TEMP ‘F 70
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___________________________ ________________ - . _________________ __________________ ________________ 

1 1 1 ’

CII ,OlI I 
_______________ _______________

1120 G 0 . 4 2 4 8  11.3 0 . 0 2 3 1 )  14 .5 49 1. 5

0,

N 2

CO~ C 3.1548 84.0 0.0717 44.2 T 1~~~.2

CO G 0.0448 1.2 11 .0016 1.0 2.6

C 0.1310 3.5 0 .0 6 5 5  4 0 . 3  1 0 4 . 7

TOTAL 3 .7554  100.0 0 . 1 u 2 4  100 .3  755 .0

TEMP . ‘F 300

COMPONENT PHASE LB/HR NT S LB -MOLE MOLE S MEA T
CON’I’ENT

__________________ ____________ ____________ ____________ ____________ ____________ 
U r u

CII ,OH

1120 C 2 . 43 36  5.0 0 . 1352 1 .9  33 87 .5

0) C 8.8768 18.1 0 . 2 7 7 4  16.2 1489 .6

Nt 0 34.0312 69.6 1.2154 71.1 6237.4

CO, S 3.5816 7.3 0.0814 4.8 61~ .8

Co

H,

TOTAL 48.9232 100.0 1.7094 100.0 11714.3

TEMP ‘F 793 .1
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CII2OII

11,0 C 2 .4 3 3 6  5.0 0 . 1352  7 . 9  3041.9

0, G 8.8768 113.1 0 .2 7 7 4  16.2  863.5

N3 C 34.0312 69.6 1.2154 71.1 3664.4

CO, C 3.5816 7 .3  0.0814 4 . 8  348.1

Co

112 -

TOTAL 4 8 . 9 2 3 2  100.0 1. 7094 100.0 7917.9

TEMP . ‘F 500

STRE AM

COMPONENT PHASE - LB/HR NT S LB-MOLE MOLE S HEAT
HR CONTENT

Cli OH

11,0 C 2 .4 3 36  5.0 0.1352 7 .9  2821.2

0, C 8.8768 18.1 0 .2774  16.2 4 6 3 . 4

N , C 34.03 12 69 .6  1.2 154 71.1 1990.0

CO2 C 3.5816 7.3 
— 

0.0814 4.8 181.4

Co

Hz

TOTAL 4 8 . 92 3 2  100.0 1.7094 100.0 5456 .0

TEMP ‘E’ 304.6
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C5 I:~ ’ M7 :1T PII2 ’SE LU/M R NT t ~~ fl.~2iJ.i ~~II1(
13 i V

L 2.3 45~ 57.8 0.0733 43.5 0.0

11, 0 L 1.7154 42.2 0.0953 56.5 0.0

0~

N,

CO,

CO

11,

TOTAL 4 .0610 100.0 0.1686 100.0 0 . 0

TEMP . ‘F 70

STREAM

COMPONENT PHA SE LB/HR NT S LU-MOLE MOLE S HEAT
HR CONTENT

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  
hlTt ’

Cfl, OH G 2 .3 4 5 6  57.8 0 . 0 7 3 3  43 . 5  1590.5

11)0 0 1.7154 4 2 . 2  0 .0 9 5 3  56 .5  2063 . 9

0,

N i

Co2

Co

H,

TOTAL 4 .06 10 100.0 0 .1686 100.0 3654.4

TEMP ‘F 400
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L 1’) P 1 1 I — —l a .  LL . 1 .1

IJTO

CII I 
___________ ___________ ___________ ___________

11:0 C 0 . 4 2 4 8  10.5  0 .0.1 3 6 7.  ~ 4 9 5 . 5

0,

N, 
_______ _______ _______ _______ _______ _______

CO , C 3.1~~4 8 O . 0 7 U  2 2 . 7  171.0

CO C 0 . 0 4 4 8  1.1 0.2l : .1 l~- 0 .5  2 . 1 3

C 0 . 4 3 6 6  10.7  0 .2 1 5 3  6 9 . 3  3 7 9 . 4

TOTAL 4.0610 100.0 fo . 3Ua 2 100.0 1048.7

TEMP. ‘~~ 
320

STREAN
e 

— ______ ______

COMPONENT PHASE LB/HR WT S LU-MOLE MOLE ~ H E AT
HR CONTENT

________________ __________ __________ __________ ___________ ___________ 
UT) !

CH,OH

14,0 C 1.0044 0 . 8  0 .0555  1.2 1058.0

0, G 29.8400 23.1 0.9325 20.7 0.0

N, C 98.2184 76 . 1  3 .5070 78 .1  0 .0

Ca,

Co

U,

TOTAL 129 .062 13  100.0 4 .4 9 6 1  100.0 1058.0

TEMP r 70
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11:0 G 3 . 7: I8
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2 .~ ~ . 2 O 1 3~- ~~~ ~~,2.3
I

___________ 
I
______ 

127.3952 2 1 . 2  0 . 8 5 1 ) 1  1:1 .7 1457 .9

B , I C 198. 2 184 75 .9  3 .5078 I :t’ .7 585t . S

TOTAL 129.3684 100.0 4.5725 100.0 11u74 .7

TEI~~ . ‘F 3 0 9 .2

STI1VAM

CC~l . ~iVNT PHASE LU/HR NT S I l l  ( 1 1  E501 V S
- - 

IR  
-
~~~~ CON I EN T

______________________ ______________ ______________ ______________ ______________ ____________ 
VT)’

CII , Oil

11,0 C 2.3580 2.9 0.1310 4 . 5  2 7 3 8 . 4

0, C 17 .4144  2 1.1  0 . 5 4 4 2  10. 7 ~2 6 . 9

N2 C 62.5800 76.0 2.2)50 76.8 3731.6

CO2

Co

11~

TOTAL 82.3524 100.0 2.9102 100.0 7396.9

Tl: i I ’  ‘F 3 0 9 . 2
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cc:. ~ :; :VT Ei1~~~E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~E~~
EiE’

~~~ ~~~~~

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
I 
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _  

I 
_ _ _ _ _ _ _ _

11,0 C 3..M~24 1.6 0 . 1 8 1 8  2 . 1 3  3683 .0

(‘. 47 . 2 54 4  2 2 . 3  1 . 47 t ~7 19. 9 981 .9

N: a 1 1) 0 .7983  7~’ .1 5 . 7 4 2 8  77 . a, 3 7 9 0 . 0

CO:

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  ________ I________ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

TOTAL 211 .4192 100.0 7 . 40 6 3  100.0 8 4 5 4 . 9

TEMP . ‘F 164. 7

STREAM

COMPOV1IN T PHASE LU/HR NT I LU-~I0LE M01~V S HEA T

CH ,OH

14,0 C 6.1128 2.9 0.3396 4.5 7098.7

0, 0 4 4 . 8 0 9 6  21 .2  1.4003 18.7 2 3 8 4 . 8

N , 0 160 .7984 1 75 .9  5. 7428 76 .8  9588.1

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  I _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _

Co

H,

TOTA L 211.7:08 io o .o  7 .4 8 2 7  100.0 19071.6

TEMP ‘F 309.2
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Apnendix : C

Feed Water Requirement
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TABLE Cl FEED WATER RE QUIREMENT , LBS./HR. - O~ R.H.

AMBIENT _________ % LOAD 
-~

TEMP., °F 
, 

100 75 50 25 HOT IDLE

125 1.5394 1.1375 0.8146 0.4737 0.2763

100 1.6189 1.2081 0.8779 0.5374 0 3729

90 L6497 1.2357 0.9030 0.5603 0.4315

80 1.6808 1.2636 0.9284 0.5835 0.4912

70 I L7107 1.2908 0.9533 1 0.6400 0.5515
40 1.8096 1.3793 1.0336 

I 
0.8298 0.7400

10 1.9067 1.4672 1.1139 1.0258 0.9349

—10 1.9736 , L5276 ~, 1.2190 1.1609 1.0691

-4 0  
‘ 2 0764 1.6205 1.4265 1.3701 1.2768

—65 2.1643 1.6999 1.6057 1.5504 1.4556
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TAB1J-~ C2 FEED WAT ER RFQUXREMflNT, LBS ./PR. — 5 f l’~ p~~~~, a .

AMBIENT - - - ‘ - ‘ a 
9~~- a -~ _ .  . ,  , , . , f

T E M P . ,  °F 100 75 50 25 HOT IDLE
- — - - -  - - -  -- .- - — - - - — . - 4 - . . . - — - —  __________

125 1.5392 1.1373 0.8145 0.4736 0.2762

100 ~. 1.6188 1.2080 0 .8779  0 . 5 3 7 4  0 . 3 7 3 3

70 1.7106 I 1.2917 0.9533 0.6403 0.5516

40 1.8095 1.3793 1.0336 ~
‘ 0 . 8 2 9 9  0 . 7 4 0 0

10 1.9067 1 .4672  1.1139 1.0258 ~I 
0 9349

-10 1.9736 1.5275 1.2191 1.1609 1.0691

—40 2.0764 ‘ 1.6205 1 1 .4265  1.3701 1.2768

-65 2 .1643  1.6999 1.6057 1 .5504 1.4556
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TABLE C3 FEED WATER RE~UIRE~ FNT , LB~~./HR. - 100% R.H.

AMBIENT ~
____ -.- —_a- a- a-- _

~
a-_

~~~~~~~~~~ -~~ 
,. . --

H TEMP.,  °F 100 75 50 25 HOT IDLE

I 
—- -—

~~~~~~

-

~~~~~~

—-‘ -

~~~~~~~~~~

—

~~~

‘

125 1.5389 1.1372 0.8143 0.4735 
I 

0.2762

100 1.6186 1.2079 0.8778 0.5373 0.3736

70 1.7106 ‘ 1.2907 0.9532 0.6407 0.5517

40 1.8095 1.3793 1.0336 0.8300 0.7401

10 1.9067 1.4671 1.1139 1.0258 0.9349

—10 1.9736 1.5275 1.2191 1.1609 ~, 
1.0691

—40 2.0764 1.6205 1.4265 1.3701 1.2768

—65 2.1643 1.6999 
I 

1.6057 1.5504 1.4556



- ~~~~~~~~~~~~~~~~~~~~~~~ . .,. ~~~~ ~~--~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~

-
~~~

a- a-.’ ’y 1
S S

S a

Appendix: D

Percentage Water Recovery ~atrix

(100% System E f f i c i e n c y )
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T~ BLC Dl PERCENT.\~ E WATER RECOVERY AT 0% R . H .  (100% SYSTEM a

EFFICIENCY)

AMBIENT % LOAD

TEMP., °F 1OO 75 50 25 hOT IDLE

125 0 0 0 0 0

100 1.2 2.1 3.7 23.1 82.6

95 17.5 18.9 21.0 71.8 101.8

90 31.7 33.7 36.5 111.9 122.1

80 55.1 75.6 109.1 168.2 158.2

75 86.3 109.4 137.9 187.9 173.4

70 117.4 136.8 160.6 197.5 185.6

65 143.1 159.3 179.1 205.9 196.3

60 164.3 178.0 194.5 213.1 205.6

55 181.2 192.7 206.3 219.4 213.7

• 50 195.4 205.1 225.4 220.5

45 207.2 214.9 224.4 230.0 226.2

40 216.3 222.8 229.9 234.1 231.1

10 245.7 247.4 249.3 248.9 248.4

—10 251.1 251.7 252.1 252.1 252.0

—40 253.4 253.6 253.5 253.7 253.7

—65 253.7 253.9 253.9 254.0 254.1
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TABLE D2 PERCENTAGE WATER RECOVERY AT 50% R.H (100% SYSTEM
EFFICIENCY)

AMBIENT % LOAD
TEMP., °F 100 75 50 - 25 HOT IDLE

125 0 0 0 0 0

110 29.5 31.1 33.5 67.0 140.8

100 51.1 53.5 84.4 139.6 167.1

90 101.5 120.7 143.4 184.6 189.2

80 152.0 165.7 182.4 211.7 206.6

75 171.1 182.7 196.6 221.5 214.5

70 186.0 195.8 207.9 225.8 220.6
40 235.0 238.6 242.1 244.3 242.8

10 249.7 250.7 251.7 251.6 251.3

—10 252.4 252.8 252.9 252.9 253.0

—40 253.6 253.8 253.6 253.9 253.9

—65 253.8 254.0 253.9 254.0 254.2
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T1\BLE fl3 PERCENTAGE WATER RECOVERY AT 100% R.H. (100% SYSTEM
EFFICIENCY)

AMBIENT % LOAD
TEMP., °F 100 75 50 25 HOT IDLE

125 259.4 259.2 259.2 260.1 261.4

100 256.1 256.3 255.9 256.7 257.0

70 254.6 254.8 254.7 254.8 255.2

40 253.9 254.3 253.7 254.4 254.3

10 253.8 253.9 254.0 254.0 253.9

—10 253.8 253.8 253.7 254.0 254.2

—40 253.9 253.9 253.8 254.0 254.0

—65 253.9 254.0 253.9 254.1 254.2
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Appendix : E

Design Calculation for

Air Cooled Exchanger
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a- —----‘—‘-—-“ ~~~~~~~~ -‘ - — “~~a-’ “ a-” , ça-’a-a-”
- • ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - a- 5?’5 T” ”a-”a-’.

~~
5” a-’a- a-7 a—- - - ‘a

a - . .  , .. , - -

Req~ired da ta for hot stream~
2:
~~

Average temperature 200°F

Viscosity (p) = 0.021 cp

Thermal Conductivi$-y (k) = 0.0192 btu/hr ft~ (°F/ft)

Heat Load (Q) = 10267 btu/hr

Flow ra te (We) = 151.7 lbs/hr

Temperature in & ou t : T 1 = 307°F. T2 = 85°F

Fouling Factor rd~ 
= 0.001

Required da ta for air:

Ambient temperature (t1) = 70°F

Basic Assumptions

• Type : Forced Draft

Fin tube : 1 inch CD wi th 5/8 inch high fins

Tube pi tch : 2 1/4 inch triangular

Trial

Let approximate overall transfer coefficient

~~ be 0.5 btu/hr f.t
2 °F

H Approximate Air Temperature Rise

(U + 1) f~ + T2
= 

x 1 — t 1~a 10 \ 2 1
= 
0.5 + 1 (307 + 85 

— 70\= 19°F
10 J

Corrected Mean Temperature Difference ( CMTD) :
‘ C 

°F °F

Hot Stream 307 -‘ 85

Ai r 8 9 -  ~~
218 15

_
_ _  ,
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a- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ 
a-~~~~~~~a - a -~~~ “a- “a-’ “Sa-’ Ca-~a-’5’ a- ’~~ - a-_ a-a- 5?~~~~’~~~~~~~~ ”'’ a-’a-a- ~~~~~~~~~~~~~~~~

• ‘ “ ‘~~~‘a- a -~~~~a-a-a C ”- - , , ,

Log Mean Temperature Difference (LMTD ) = 76°F

Assume number of passes (Np) = 6

.
.
. correction factor F = 1

~
Tm = LMTD X F

= 76 x 1 = 76°F
Required Surface :

X (Uk) (ATm)

= 
10267 

= 270.2 ft2
(0.5) (76)

Area per square ft. of bundle face area (APSF) = 178.2

Face Area

A
F = _ _

a APSF 
•

270.2 2= _____  = 1.516 ft (assume 6 rows)
178.2

Assume length of tube (L) = 2 f t .
F

Width = —p.

L

= ~~~~~~~~~~~~~~ = 0.758 ft = 9.1 inches

Area/ft. of fin tube in square ft. (APF ) = 5.58

A
No. of tubes Nt = (APF) CL )

270 .2
— 5.58 (2~) 

— 25

Tube inside cross-sectional area (At) for 1 inch CD x 16 BWG

tube = 0 .5945 square inch
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.a-~ a- -‘-a-.” ' -a-a-” ,a-~a - a -~~~~”..a-” — “a-a-”' -a _____________

~~~tube  s ide  mass  v e l o c i t y

(14-fl (W
e

) (Np

(3600) (Ne) (At
)

144 (151 7 ) ( 6 )  ‘)
= _ _ _ _ _.- 

- = 2.449 lb/sec ft 
--

( 3 6 0 0 )  (2 5 )  ( 0 . 5 9 4 5 )

Internal diameter of tube (Di) = O 8 7  inch

Mo d i f i ed  Reynolds No.

(D-) (C
N = ‘ _.IL
R 1,’

= 
0.87 x 2 449  

= 101.5
0.021

Cp
—~~~ = Prandtl No. = 0 7 4 , J = 66 0 ( f rom plo t of J Vs NR)k a

Tube side f i l m  c o e f f i c i e n t

tl/3 \0.l4

h 
J k — ’ ~— ’_____________ -

6b0 x 0.0193 (74)
1 3  

1 
= 13.6 Btu/hr. ft2 °F

Air rlo~., r a t e

= 
C) 

= 
1fl~ 67 

= ‘
~‘~~l ~ lb/hra (0.24) (At ) (0.2- i ) (I ’~T ‘

Ai r Face Mass Veloc i ty

W
G =a F

= _ _ _ _ _  = 1485.2 lb, hr/su . ft. face area
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a--a- a-’ ‘ “ . 
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Air side film coefficient

ha = 6 . 3  Btu/hr f t 2 °F

Area ratio of fin tube compared to the exterior area of 1 inch -

‘

CD bare tube which has 0.262 sq. ft./ft. (AR) = 21.4

AR (D0)
A 

- _ _ _

x

Ax is outside extended surface of tube

A1 is inside surface of tube

Aj  
= 
21.4 X 1.0 

= ~~-) 6 
—

A~ 0.87

- ‘, ~~~ A \  -‘

= 
C ‘~ + rd~ 

‘I + rm + hx ~~ t , ~~~~ a

= ~~-L ( 2 4 . 6 )  + 0.001 (24.6) + ~-!-~-

= 0.502

(metal resistance is small compared to other resistances)

Friction factor f = 0.0032

Correction factors:  B = 0.0033 , Y = 3.3

Tube side pressure drop

f Y L N
AP =—  ~~+ B Nt p

— 

= 
0.0032 x 3., ,3 x 2 x 6 

+ 0.033 x 6

= 0 .325 psia 9” H2 C

0 4 (F
Minimum fan area/fan (FAPF) 

~~ , fans )

0 .4  x
2

1.516 
= 0.3032 sq. f t .
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a - a -  a-a-a- ”'” ~~~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a - a - _  “ ‘~~~~ -~a--

Fan Diame te r = ~~~~~~~ = 0.621 ft.

Pressure drop factor F~ = 0.0365

Density Ratio DR at average air temperature = 0.98

Numbe r of rows of tube s (N)  = 6

Pressure drop factor F~ = 0.0365

Air static pressure drop

(F
— p (N)

a (DR)

= 
(0.0365) (6) 

= 0.223 inch

Actual  air volume us ing  DR of a i r  at f a n

r. — 
(0.222) (Wa)

AC~M —  DR

= 
0.222 (2251.5) 

= 500 Total

= 2 5 0/ f a n

Approximate fan total pressure using DR of air at fan

ACFI’!PF = 
~a 

+ 

~4 0O0 3 1 ,, f(D 2 ’\l 
(DE )

= 0 . 2 2 3 + f
~~~~~~~~~ 

( 1 . o)

I 4 x 1 2
4 /

= 0.275

Approximate horse power per fan

— 
( A C FM/ f a n)  (PF)

K0 
— 

~~ 6370) (0.70) 
C

2’
— 

6370 x 0.7 
— -

= 11.5 watts
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Tube side power requirement:

Volumetric flow rate V = 2917.3 ft ” /hr

— 0.325 psi

Work — VAP t — 2917.3 x 0.325 x (144/3600) x 1.356
= 51 wat ts

Total Parasitic Power = 23 + 51 74 watts
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