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ABSTRACT
In recent years . spurred by the changing availability of petroleum fuels, the Army has begun to Invest igate the use of alternat ive
fuel s such as methanol. Under its SLEEP ISifant Lightweigh t Electric Energy Plants) program , MERADCOM has sponsored a

design investigation to determine the viability of a methanol-fueled I .b-kW fuel cell power plan t for f ield se rvice. The design
is based on a low-temperature reformer and a commercial phosphoric-acid-technology fuel cell stack . Compar ison of predic ted

power plant characteristics w ith goal Purchase Deicription Requirements shows th at the concep t has sufficient pote ntial to be
pursued further. Experi mental work shows commerc Ial-methanol fuels conta ining higher alcohol s may be suitable fuels for this

power plant. Additional experimental work and system analyt is are needed to finalize reforme r end power plant operating
conditions and cha racteristics.
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SUMMARY

The objective of this program was to determine whether the low-temperature
reforming process and a commercial technology fuel cell stack we re a viable
basis for the design of a 1.5- kW fuel cell power plant for Army field service.
Two power plant concepts were evaluated : one fueled with a premixed
methanol-water fuel and the second fueled with methanol only. The second
concept incorporates a water -recovery system that condenses water from the
power plant exhaust and supplies it to the fuel processor for the reforming
reaction .

Preliminary system designs were prepared and preliminary power plant char-
acteristics were defined . An artist ’ s rendering of the premix power plant is H
shown fn Figure 1. Nine key parameters selected from the Army ’s goal

Purchase Description Requirement were used as the criteria against which to
evaluate the power plants. These parameters and the characteristics of the
premix power plant are presented below . The design satisfies all requirements
but weight and volume. However , the power plant’ s fuel consumption is 40
percent better than required . A tradeoff can be effected between fuel
consumption and power plant weight and volume . A preliminary estimate shows
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Figure 1. Preliminary l.5- kW Methanol Fuel Cell Power Plant Design
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that by increasing fuel consumption 14 percent for the dc power plant , the

weight and volume goals can be sat isfied . This design is considered a viable
basis for power plant development and should be studied further.

The power plant with water recovery is 48 percent heavier and 16 percent
greater in volume than the premix fuel power plant. Because of the increased
weight and volume , decreased MTBF , higher development cost due to system
complexity, and the problem of freeze protection in the water recovery system ,
this design is not recommended for additional study.

A major portion of the program was devoted to investigating the low -
temperature reforming of methanol and the effect on the reaction of higher
alcohols contained in the methanol. The results indicate that some higher
alcohols , such as ethanol and isobutanol , can be permitted in the fuel if
reforming temperature is raised . The temperature increase is within the
low-temperature reforming regime . Additional work , however , is required to
confirm that increas ing the temperature has no adverse effect on catalyst life
or act ivity over long operating periods. The effects on the fuel cell of
reaction products of higher alcohols or unreacted higher alcohols that pass
through to the cell stack must also be determined to verify the suitability of
operating on low-purity methanols.

MODE IV POWER PLANT CHARACTERISTICS , DC SET:  PREMI\ FUEL

REQUIREMENT DESIGN

RATED OUTPUT KW 1.5 1.5

WEIGHT LB ISO 175

VOLUME FT3 6.0 1

FUEL CONSUMPTION LB/KWH R 2.2 1.22

START TIME MIN 15 IS

OPERAT ING LIFE HR 6000 6000

MTBF HR 750 1500

TEMPERATUR E RANGE °F -65 to +125 -65 to +125

NO. OF S T A R T S  2000 2000

vi 
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PREFACE

This f inal technical report was prepared by the Power Systems Division of
United Technologies Corporation and is submitted as part of the contractual
requirements of U.S. Army Mobility Equipment Research and Development
Command Contract DAAK 7O-77-C-0195 .

The technical work presented in this final report was performed during the
period between September 1977 and March 1978.

Messieurs R. N. Belt , W. G. Taschek , and S. S. Kurpit of the U. S. Army 7

Mobility Equipment Research and Development Command provided valuable
assistance in carrying out this work.
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INTRODUCTION

The U. S. Army is engaged in fuel cell programs directed primarily at devel-
oping a family of Silent Lightweight Electric Energy Plants (SLEEP) with out-
put ratings of 0.5 to 5.0 kW. Originally, only logistic fuels were considered

— under this program , but the changing availability in recent year ’s of traditional
petroleum-based fuels has prompted serious consideration of alternative fuels.
In 1973 , MERADCOM demonstrated a methanol-fueled 1.5 -kW power plant based
on a low-temperature steam reformer and a phosphoric-acid stack. The
success of this work led to Contract DAAK 70-77-C-0 195 to assess the potential
of this power plant concept for development to Army field service
requirements .

The assessment considered two power plant concepts , one fueled with a premix
of methanol and water and a second fueled with metha nol only. The latter
incorporates a system for recovering water ’ from the power Dlant exhaust for
the reforming process. The potential of both concepts for field development

• was assessed by defining their’ characteristics in a conceptual desi gn study
and comparing those character ’ istics with nine key parameter ’s selected from the

• Army ’ s goal Purchase Description Requirement for’ a I .5 -kW fuel cell power
plant.

The power plant design was based on the low-temperature reforming process
and commercial fuel cell power plant technology for the cell stack and ancil-
lan es wherever possible. Power conditioner characteristics were based on
units developed for MERADCOM under previous contracts. This approach was
chosen because it minimizes the development wor ’ k the Army must sponsor’ and
reduces the cost of bringing fuel cells into military ground power service:
only the technology which is unique to Army requirements , i .e.,  a methanol
reformer , need be developed by the Army atone.

1. S. S. Kurpit , U.S. Army , MERADCOM , IECEC Record (1975) , “1. 5- and
• 3-kW Indirect Methanol-Air’ Fuel Cell Power Plants. ”
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The program was carried out in three major subtasks: 1.0 , Data Base Review ;
2.0 , Data Base Confirmation Testing; and 3.0 , Conceptual Definition of Power
Plant Systems. Under Subtask 1.0 , a technology base was established for the
fuel cell stac k , the control system , the power conditioners , and the fuel
processor. Because the low-temperature reforming process data available had
in greatest part been based on reagent-grade methanols , the second subtask ,
2.0 , was undertaken . This work defined the effects on the reforming process
of higher alcohols and impurities in the feed stock. Higher alcohols and other H
impurit es are found in many commerc ial sources of methanol . Higher alcohols
do not reform as completely as methanol , so the effect of higher alcohol carry -
over from the reformer into the fuel cell was investi gated in laboratory tests.
Using the data base established under these two subtasks , a conceptual design
for a 1 .5-kW premix -fuel power plant was defined and its characteristics were
established in Subtask 3.0. Under Subtask 3.0 , the design and characteristics
of the power plant with water recovery were also defined .

2
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INVESTIGATION AND DISCUSSION

SUBTASK 1 .0 , DATA BASE REVIEW

A. Low-Temperature Reformer Technolog y

Several variable parameters of catalyst behavior have to be defined for use in
the fuel processor’ desi gn calculations. First , an expr’ession is required for’
the rate of conversion of methanol over the range of operating temperatures
and teed compositions . Since it is common in practice for the act iv i t y  of a
cata h, st to decrease with time due to the cumulative effects of a variety of
chemica l and physical phenomena. a rate of degradation must be estimated in
order that the reactor can be designed to meet rated power’ r’equirements at
the end of its projected lifetime . Two treatments of this problem are possible.
The cumulative rate of decay in activity can be measured at close to operating
conditions and the end-of- l i fe activity estimated b~ extrapolation . Alterna-
tively, the contribution of individual phenomena to the overall decrease in
activity can be evaluated separately and factored into the basic expression for’
initial catal yst activity to generate an end -of-l ife value. The more flex ible
second approach has been employed in this study.

The degradation phenomena evaluated included the following : the decrease in
act iv i ty  due to thermal sintering and loss of surface area of the cataI ’~ s t .  the
degradation of the catalyst due to carbon formation at low steam to carbon
ratios in the teed gas , and the decrease in activity due to sulfur and chlorine
impurities in the feed . These effects were determined in exper’iments using
high-purity , reagent-grade methanol. The effects of higher alcohols as im-
purities in the methanol were also evaluated in order’ to permit consideration of
commercial alcohols as reactor feed .

Design calculations for the fuel processor employed reactor conversion computa-
tions that included heat- and mass-transfer ’ considerations within the catal yst
bed and an expression for the intrinsic activity of the catalyst for stea m

reforming methanol. Although the true funct ional dependence of the rate on

_ _  

~~~~~- ~~~~~~~~~~~~
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steam and methanol press ures was obviously complex , as will be seen in the
data presentation , a simple treatment , pseudo-first-order in methanol , was

deemed adequate for reactor design since a similar treatment had given satis-
factory results for low-temperature reforming of hydrocarbon feeds.

Not included in program plans was an optimi zation of catalyst activity. The
decision was made, considering limitations of time , to use available data to
select the best commercial catalyst for evaluation , rather than to screen the
performance of a number of catalysts. No systematic study of catalyst activity
for methanol steam reforming has been reported other than that of Leesona
Moos Laboratories ,’ in which a variety of cobalt , iron , nickel , and copper-
containing catalysts was examined and a copper zinc-oxide catalyst from
Girdler Catalyst Company was selected as optimum . A number of studies of
related copper zinc oxide catalysts confir m this activity , 2 3 and therefore we

selected for evaluation a similar copper zinc-oxide catalyst recommended by the
. United Catalyst Corporation (formerly Gird ler).

Some data had been previously reported for the activity of similar copper
zinc-oxide catalysts in methanol steam reforming. The data were collated in
Figure 2, where in each case a simple pseudo-first-order treatment was applied
for comparison . Considering the spread in time between studies , which wil l

introduce variation in catalyst formulation , and variation in source of methanol ,
the first-order rate constants were in reasonable agreement. In each of the
reports , some considerat ion was made of catalyst degradation , but this was
generally an evaluation of the cumulative effect of a specific methanol feed and
reactor condition . In this work , therefore , we chose to determine a baseline
activity for the catalyst T2130 , manufactured by United Catalysts , Inc.,
operating on a laboratory reagent-grade methanol and to subsequentl y estimate
the effects of individual modes of deactivation .

1. N.I. Palmer , Leesona Moos Laboratories , Project 7255, SR-65-72 55, August
4 , 1965.

2. F. L. Kester , A. J. Konopka , and E. Camara , Institute of Gas Tech-
nology, USEPA , Office of the Air and Water Programs , Contract 68-03-2057 ,
November 1975.

3. Army Mobility Equipment R&D Cent~r, Fort Belvo ir , Virgin ia. Private
communication .

4. UTC commercial program data .
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B. Fuel Cell Technology

The design of the power plant’s fuel cell stac k is based on the cells that PSD
is developing for commercial application in the 1980’s. This work is being
sponsored by the DOE , EPRI , and PSD for both large megawatt-scale electric
utility power plants and on-site power plants with outputs in the range of 40
to 250 kW.

Figure 3 shows the cell performance curves used for this study . An initial
performance line , a 6000-hour performance line without a 2000-start degra-
dation allowance , and a 6000-hour performance line with a degradation
allowance for 2000 starts are shown . The first two lines are based on tests of
subscale cells (2 x 2 in.) of the commercial conf iguration under development
for 1980’ s application . The test data is shown in Figure 4 with the baseline
used for development of the curves in Figure 3. The baseline data is for cell
operation at 375°F and 200 amperes per squar’e foot . For this design ,
operating temperature was reduced to 350°F to reduce the loss of acid into the
cathode airstream . The maximum design current density is less than 150 ASF ,

iø~-
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Figure 2. Pseudo-First-Order Rate Constant for Methanol Steam Reforming on
Copper Zinc-Oxide Catalysts
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- 
- we ll under commercial power plant desi gn and experience levels. The con-

ver’sion of the baseline data to the power plant design performance was carried
out using an analytical method verified by test experience. The third line
includes a degradation allowance for 2000 starts because the Army ’s weight ,
volume , and star’ t -time r’equirements pr’eclude the use of the protective syste m s
used in commer ’cial power plants to circumvent these losses.

The added degr’adation is an estimate calcu lated from PSD’ s semi-empirical
correlation of ’ startup and shutdown conditions , i.e., temperature and
operating potential , and their’ effects on performance. To be conservative , we
doubled the calculated value and then subtracted it from the upper 6000-hour’
performance curve to define the lower line. PSD recommends that verification
of startup and shutdown losses over thousands of starts be included in a
future program if development of this power plant is pursued .

The electrochemica l portion of the cell consists of an anode , cathode , and
matrix. The anode and cathode are fabricated of carbon fiber paper with
submilligram catalyst loadings . The matrix consists of an inorganic particulate
layer filled with phosphoric acid. In most of PSD’ s commercial power’ plants ,
the cells are maintained at an average tempe r’atur’e of ’ 375°F , bitt for the Army
application the temperature was Iower’ed to 350°F to reduce acid loss caused by
the high air’ flows r’equired for cell cooling.
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Figure 3. Cell Performance
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C. Power Conditioner Technology

INVERTER. The inverter characteristics used in the conceptual design of the
Mode Ill set are based on an inverter developed by Delta Electronic Control
Corporation of Irvine , California. The data used in this design study is
contained in a report by Dietrich J. Roesler (U. S. Army Mobility Equipment
Research and Development Command , Fort Belvoir , Virginia) and Larry R.
Suelzle (Delta Electronic Control Corporation , Irvine, California), and is sum-
marized in Table 1.

TABLE 1. DESIGN STUDY SUMMARY

Power 1.5 kW
Efficiency 81 to 86%
Voltage (input) 36 to 60 Vdc
Weight 54 lb
Volume 151] in3
Tare Power 60 watts (logic and blower)
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DC VOLTAGE REGULATOR. The PC14 dc voltage regulator was selected for
the power conditioner in the Mode IV set conceptual design. This dc regulator
was developed by Engineered Magnetics , Inc., of Hawthorne , California and

was incorporated into the four PC14 1.5-kW power plants suppl ied to
USAMERADCOM under Contract DAAKO2-7 0-C-0518. Although there have been
advances in integrated circuit and transistor technologies , since this design
was established , they are judged to have no significant impact on the power
plant’ s primary characteristics. A comparison of the purchase descri ption
requirements with demonstrated PC14 voltage regulator performance in Table 2
shows that the regulator meets or exceeds all requirements except the output
voltage adjustment range. Modification to achieve compliance with the Purchase
Descr ip tion in this area w i l l  not s ign i f ican t ly affec t the regu l ator or power
plant characteristics. The primary characteristics of the voltage regulator are
shown in Table 3.

TABLE 2. VOLTAGE REGULATOR PERFORMANCE

Purchase Descript ion PC1 4 Vol tage
Requiremen ts Regulato r Performance

Power 1.5 kW 1.5 kW

Vo ltage Ad jus tmen t 23 to 35 volts 26 to 34 volts

Voltage Regulation 3% of 28 volts 2.4% of 28 volts

Steady-State Stability 2% of rated voltage 2% of rated voltage
@ all constant loads 0 all constant loads

Voltage Ripple 5.5% peak to peak 1.1% peak to peak

Voltage Drift 5% of rated value 5% of rated value

Transient Voltage 30% dip from no load to 30% dip from no load to
Performance rated load , 40% rise rated load , 40% rise from

from rated load to no rated load to no load
toad

TABLE 3. VOLTAGE REGULATOR PRIMARY CHARACTERISTICS

Efficiency 91%
We i gh t 14 l b
Volume 660 in 3
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SIJBTASK 1~~Ø , DATA BASE CONFIRMATION TESTING

A.  Low-Temperature Reformer Investigation

EXPERIMENTAL PROGRAM OBJECTIVE.  The experimental program objective
was to pr’ovide a data base for design of the methanol steam-reforming reactor.
The f ir’st task was to obtain data necessary to design the reactor’ for operation
with r’eagent -grade methanol. Catalyst activi t ies were determined f’om’ operation
of the power plant at rated power’ and for changes in per’ for’mance expected
from operation at off-rated conditions of ’ temperature , pressure , and feed

composition . These data defined the baseline catal yst ac t iv i ty .  The second
task was to measure the effec t on steam-reforming act iv i ty of impurities ex-
pected to be present in commercial grades of methanol . Performance penalties
r’esulting f rom various levels of contamination could then be estimated and
factored into the baseline activity so that the reactor’ could be desi gned to
achieve rated power’ with the end -of- l ife catalyst act iv i ty .

E\PERIMEN [AL DETAILS.  The exper imental details of the progr’am to pr’ovide
a data base for design of the methanol steam-reforming reactor are given in
the following par’agraphs on apparatus , catalyst , methanol , and experimental
procedure .

Apparatus. CataI ~ St àC~~’~ t y and the effects of operating parameter variat ion

were determined in a packed-bed flow reactor. Diagrams of ’ the reactor’ and
test stand appear in F igures 5 and 6. The premixed reactant was pumped into
an elect rical ls, heated boiler by a Milton Roy variable-speed recipr ’ocatirg
pump. The boiler , a tube 0.75 inch in diameter , 24 inches long, and filled

with 1 - 8-inch stainless steel shot , vaporized the reactants into the reactor.
The reactor was a tube 0.15 inches in diameter’ (0.65 inch i .d.) and ~4 inches

long , heated by five separatel y controlled resistance heaters. Provision was
made for reading the temper’atures by thermocouples placed in the axis o1 the
tube and at the exterior ’ wall .  Temperature dift’erences between the two post -
tions were never more than 5°F. The catal yst was loaded in three sections 01’

___________ _ _ _ _ _ _ _ _  J
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1 inch, 2 i nches , and 9 i nches , separated by stainless steel shot. At first ,

analyses of reaction products were ta ken at the reactor exit and between the
three catalyst sections to give convers ions simultaneously at two space veto-

cities , but early exper i ments showed that it was not poss i ble to w ithdraw
samples from taps w ithout disrupting the reactant flow . Consequently, only

the exit sample tap was used in the experiments reported here . Experiments
with 99 and 25 g of catalyst in the reactor gave the same intrinsic activity for
the catalyst , indicating that no significant blank activity resulted from inclu-
sion of the stainless steel shot .

The et’fluent gas from the reactor passed through a pressure-regulating valve ,
enabling the system to be operated above atmospheric pressure when desired ;
then the gas entered a condenser tube and liquid condensate trap operated at
40°F. The rate of gas evolution was measured with a wet test meter on the
effluent from the liquid condensate trap. Some methanol vapor passed through
this trap, but by the inclusion of an additional condensing coil in an ice-bath ,
the amount of methanol vapor was shown to be insufficient to affect the wet
test meter r’eading. The dry gas flow could be diverted for analysis by gas
chromatography. Both CO and CO 2 were determined by non dispersive
infrared detector. Hydrocarbon gases could be determined by flame ionization
detector , but they were always insignificant in quantity . Leaks in the reactor’
system would admit N2, but this was shown to be absent by thermal con-
ductivity detector. The volumetric flow rate of CO , C02, and (by difference)
H2 were therefore calculated from the total dry gas flow rate . The conversion
of methanol was calculated from the rate of hydrogen evolution, based on
stoichiometric conversion to carbon dioxide:

CH3OH + H20 -~ CO 2 + 3 H2 (1)

Since the ratio of CO to CO 2 produced was always less than 0.02 , this did not
introduce significant error. The conversion could also be calculated indepen-
dently from the quantity of water condensate from the reactor’ . As shown in
Figure 7, the two methods were in good agreement.
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In addition to the liquid reactant pump, provis ion was made for dry hydrogen

and nitrogen flow through the reactor , used in reduction procedures. There

was also an independent supply of pure water vapor to the reactor , although

this was not used in this present experimental sequence .

The reactor was assembled in a test-stand facility with provision for some

automated operation . Temperatu res and pressures in critical sections of the

apparatus were monitored and would initiate automatic shutdown of the reactor
and flush it with nitrogen if preset parameter limits we re exceeded .

Pretest and post-test characterizations of the catalyst were performed by the

analytical services group of the Power Systems Division .

The experimental apparatus operated without serious difficulty . In experi-
ments where the reactant mixture was being changed , care had to be exercised

that the liquid feed lines were thoroughly degassed to keep vapor lock from
stopping the pumps.

Catalyst. Chemical characterization of catalyst T2130 , United Catalysts , Inc.,
is given in Table 4. Two catalyst part icle sizes were used in the experimental

program , 1/16-inch granules and 1/ 8-inch pellets . The granules , obtained

from the manufacturer , were taken from the dried filter cake of catalyzer

precipitate , before it had been pelletized in the manufacturing process. This

material was pelletized by the manufacturer to produce the 1/8-inch pellets.

Before each experiment , the catalyst was reduced in flowing hydrogen by

following a schedule in which hydrogen was gradually increased in concen-

tration from 1% in helium to 100% over a 4-hour period , at 400°F.

12 
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TABLE 4. T2130 CATALYST SPECI FICATION

Chemical composition Percent by Weight

CuO 33 (‘3)

ZnO 65 (+3)

A1203 Oto 2

Na Approximately 0.1

Chlor ide Less than 100 ppm

Physi cal char acter istics

Bulk Density 80 (+5) lb/ft3

Crush Strength (Side ) 15 lb

- 
Surf ace Area 30 (+5) m2/g

Methanol. Fisher reagent-grade methanol was used in all but one experiment.
Manufacturer ’s purity specificatons are shown with additional analyses for
ethanol , sulfur , and chlorine in Table 5. Chlorine consistently appeared in

TABLE S. METhANOL ANALYSIS

(Fish er Cert if ied ACS )

MANUFACTURER S SPECIFICATION

Res,du~ Afta r Evaporation ( 5 ppm)

Acetone 1 A ldehydes About 0,001% AcetOne

Acidity (Es HCOOH) 0.002%

Al kalinity (as NH,) 3 ppm

ANALYSIS FOR THIS STUDY

- 

I Sulfur Less th an 0. 05 ppm

Chloride 0.5 ppm

Ethanol 20 ppm

ISO A

SO .  /
HYDROGEN EFFLUENT SO-

COl ON

WATE R EFFLUENT CONVERSION,
PERCENT

Figure 7. Methanol Conversion Calculated from Water and from Hydrogen
Reactor Effluent
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this and analyses of other reagent grade methanols , in the 0. 5 to 1.0 ppmw
range. Manufacturers cleainied that methanol left their production process with
chlorine content at less than the detection limit and hence that the chlorine
observed in our samples must have entered during subsequent handling .

In one experiment , a less pure grade of methanol , Fisher “Purified ,” was
used . It was described as 99%, and was shown by gas chromatography to
contain about 100 ppmw ethanol , along with other unidentified impurities .

Experimental Procedure. The testing sequence is defined , below , with a list
of the objectives of each test. Unless otherwise stated , the standard reactant
feed was a mixture of water and methanol in the ratio of 1.5 to 1.

Catalyst Charge No. 1: 1/16-Inch Granules, 99 g.

Determine intrinsic activity of catalyst as a function of time at
400°F. Monitor conversion at setpoint for 500 hour’s.

Determine effect of total pressure on catalyst activi ty. F
Determine effect of var iation in steam/methanol ratio on catal yst

activity .

Catalyst Charge No. 2: 1/8 -Inch Pellets, 99 g

Determine effect of particle size on catalyst activity

Catalyst Charge No. 3: 1/8-Inch Granules, 99 g.

Determine effect of ethanol and isobutanol impurity on methanol
steam reforming activity .

Determine effect of high temperature (to 600°F) on catalyst
activity . Measure deactivation due to catalyst s intering.

Catalyst Charge No. 4: 1/16-Inch Granules, 25 g.

Check reproducibility of intrinsic activity data .

14
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Catalyst Charge No. 5: 1/8-Inch Pellets, 25 g.

Check reproducibility of pellet activity data .

EXPERIMENTAL RESULTS. The experimental results of the program are re-
ported in the following paragaphs on catalyst activity and stability , reactor

operating parameters , and variations in catalyst and product properties .

Intrinsic Activity of T2130 Catalyst. For each experiment , the conversion of
methanol was plotted as a function of the theoretical hydrogen space velocity,
THSV. The THSV was calculated assuming reaction to occur as in Equation
(1) above . A typical plot is illustrated in Figure 8. The data was analyzed
assuming a pseudo-first-order dependence of rate on methanol pressure . Since
the data was taken at appreciable conversions , an integrated form of the rate
law , including volume expansion due to conversion , was employed , based on
the stoichiometric conversion to carbon dioxide as in Equation (1).

300 - 0

4so
,,
,/~

- o7
” ~~~~~~~~~

METHANOL / A’
CONVERSION — 1 / FIgure 8. Steam Reforming Methanol:

PERCENT ~~ 
- 

~, Conversion versus Space
i °r 35rr Velocity for T2130 Charge

1/ ~~~~~ No. 1

2 5 / ~~~~7/ o/’ 501W ClONES CALC01ATIN

,

,-/

“ 

~
:
~~~

l

~~&v4:~~~

III

0 i _i I_ Io o.i 0.4 0.6 0.6 1.0 12
RECIPROCAL THSV X i0 3 HOURS
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A value for k , the pseudo-first-order rate constant , was obtained by a visua l

best fit to the data points using the expression :

~ + ~
) In + c 

~~ I

where : W cata l y st  ~ve ight , grams

F initial methanol flow rate , moles/sec

p initial methanol pressure , atmospheres
(1 z fractional conversion of methanol

expansion factor (0.8 for H20/CH3OH 1.5)

The rate constants so obtained were plotted in an Arrhenius plot , as a func-
tion of reciprocal temperature , in Figure 9. Data from three separate charges
of catalyst are shown. Values for k from charges 3 and 4 are in good agree-
ment , but the rate constants from charge 1 are significantly less. This differ-
ence in activity is demonstrated for the conversion data in Figure 10.

The lower activity of the first charge was thought to be due to deactivation by
residual poisons , probably sulfur , flushed from the system in the initial start-
up of the reactor. The reproducibility in the activity measurement evident in
the agreement between charges 3 and 4 was further demonstrated by the
agreement in activity values for 1/8-inch pellet catalyst between charges 2 and
5 , discussed later.

The curve defined by charges 3 and 4 in Figure 9 was therefore taken to
represent the intrinsic activity for steam reforming methanol on T2130 . The

activation energy for the reaction , calculated from the slope of the curve , was

27 .03 kcal/g mole , and the first-order rate constant was:

7 (-27~030\ g moles/g cat sec atm - ‘

k~~~7.2 x 10 exp
~~ RT oK)

This was the baseline activity of the catalyst on reagent-grade methanol.

16
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Figure 9. Arrhenius Plot for Steam Reforming Methanol
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— Stability of Catalyst_Act iv i ty.  The long-term endurance of catalyst activity,
using reagent-grade met hanol , was established by operat ing the catal yst at

400°F and a THSV of 852 hr ~ , for 500 hours . The data of Figure ii show
that , after about 100 hours , no significant decrease in activity occurred , . -
wi thisi the scatter of the data , for a further 400 hours.

Effect of Total Reactor Pressure. The total pressure in the reactor was in-
creased from 14. 1 to 50 psia by throttling a valve downstream of the r’eactor ,
at constant reactant flow rate. The conversion of methanol , determined at the
two pressures , is shown in Figure 12, which also shows that after operation at
50 psia , the activi ty at 14.7 psia had not changed . The conversion and the
rate constant decreased as pressure increased (Table 6) by an amount that
yielded d dependence ~ rate on total pressure of (P~Y°~

3 .

Effect of Steam/Methanol Ratio on Rate of Methanol Reforming. The effect 01 a
change in the ratio of water to methanol on the rate of methanol steam reform-
ing was demonstrated by experiments , reported in Figure 13. At constant

100 °8 0 
_ _ _

90 ~~~~~~~~~~~~~~~~~~~

80 AMETHANOL A

CONVERSION 10 
A

PERCENT 60 t
A

50 00 THSV 652 HOURS I

A THSV 1724 HOURS ‘

04 PRODUCT GAS —
0 PRODUCT LIQUID

0
O 100 200 300 400 500

TIME , HOURS

Figure 11. Methanol Steam Reforming on 12130, 500-Hour Endurance
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TABLE 6. EFFECT OF TOTAL REACTOR PR ESSURE
ON REACTION RATE

(Conditions: 400°F , H20:CH3OH = 1.5:1)

Reactor Pressure , Rate Constant , Initial Rate ,
psia moles/g Cat sec atm moles/g cat hr

14.7 1.65 X 10~~ 2.38 X iø
_ 2

50 3.48 X i0 6 1.7 X iO~
2

9 0 -

• 8 0 -
.

7 0 -

6 0 -

50 H2 0:CH3 OH = 1.5:1

40 400°F

METHANOL CONVERSION 1/ 16 INCH GRANULE
30 -

PERCENT S 50 PSIA
0 14.1 PSIA . BEFORE 50 PSIG

20 - Q 14.1 PSIA. AFTER 50 PSIG

10 •

0 —  I I

0 0.2 0.4 0.6 0.8 1.0 1.2
RECIPROCAL THSV x iO~ HOURS

Figure 12. Steam Reforming Methanol : Effect of Total Pressure
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temperature , 400°F , and constant liquid feed rate , the H20/CH 3OH mole ratio

was varied from 1. 5 to 0.7. The conversions measured for the lower ratios of
feed composition were less , but the rates of methanol conversion increased
slightly as the ratio decreased (Table 7). The time at a given fuel ratio was
not always sufficient for the conversion to reach a steady value , but the
experimental observations were thought to be sufficient to define behavior
ex pected from brief excursions of feed composition . No increase in the pres-
sure drop , aXP , across the catalyst bed was observed in up to 25 hours of
operation at low fuel H20/CH 3OH mole ratios. Also , no change in the bench-
mark act iv ity ( 400°F , 1724 hr -’  THSV , H20/CH :10H 1.5) was measured after
200 hours of operation with feeds at lower H20/CH 3OH ratios .

Effect of Catalyst Particle Size. Some decrease in ca ta l y s t  act iv i ty might be
ex pected with increasing catalyst  particle size caused by the onset of reacta nt
diffusional restrictions in the pellet pore structure . Cata l y s t  T2 130 was there-
fore tested as 1/8-inch pellets for this effect. The conversions measured on
charge 3 are shown in Figure 14 , and the rate constants , calculated in the
usual way , for two charges , 3 and 5 , are shown in Figure 15 . Excel lent
agreement was obtained in the results from different charges .

TAB LE 7. EFFECT OF WATER-METHANOL RATIO ON
RATE OF METHANOL STEAM REFORMING AT 400°F

H20:CH3OH F/W Initial Rate ,
Mole Ratio moles/g cat hr Conversion moles /g cat hr

- 
X 102 \ 102

1.5 1.84 0.75 1.38

1.0 2 .12 0.66 1.40

0.95 2.15 0.65 1.40

0.90 2.18 0.67 1 .46

0.80 2.26 0.70 1.58

0.70 2.33 0.67 1.56

Rate i 17W , 2 mI /m m liquid feed , 16.4 g catalyst

20
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1/16 INCH GRANULE , 400°F, 2cc/MIN LIQUID FEED
0 1.5

100 0 I.I
A 016
Q 0.l0

90 , 0 :60

METHANOL
CONVERSION — 

— I  

—

0 50 100 150 200
TIME , HOURS

Figure 13. Steam Reforming Methanol : Effect of H20/CH 3OH Ratio
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Figure 14. Steam Reforming Methanol : Conversion versus Space Velocity
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The activation energy , Ea i for react ion on the 1/8-inch pellet was close to that
for the 1/16-inch granule at low temperature , i.e.,  27.03 kcal/g mole. At
high temperature , the activation energy for the pellets decreased to 19 kcal /g
mole , approaching ‘he value 13.5 kcal/g mole , Ea/2 i predicted by theory .

At low temperature , both granules and pellets should exhibit the same absolute
value for their intrinsic act iv i ty .  The difference observed in Figure 15 , in
the low-temperature range , is thought to be due to the compaction of the
granules in the pellet ing process , leading to occlusion of copper metal and loss
of effective surface area in the pelleted material.

Product Distribution. The dry gas products of methanol steam reforming were
CO , C0 2, and H2 . No CH 4 was detected . In each experiment these products
appeared to be in shift equilibrium with H20. This is demonstrated in Figure

• 16 tor an experiment in which the ratio H20/CH 3OH was 0.2. The reactant
space velocity was varied to achieve different conversions , both above and

below the stoichiometric point of 20 percent conversion . At all conversions ,
the CO content in the dry gas was that predicted by equilibration of the
products in the reaction of equation (3):

CH 3OH + H20 -
~ CO2 + 3H2 (2)

CO + H20 CO2 + H2 (3)

Deactivation Caused by Thermal Sintering of the Catalyst. There was concern

that operation at temperatures as high as 600°F might cause deactivation of the
catalyst because of sintering and loss of surface area of the cata lyst .  To

evaluate this effect , the catalyst was operated for 50 hours each at 450°F ,
550°F , and 600°F. Because conversion was 100% at the highest achievable
space velocity at these temperatures , the activity of’ the catalyst was deter-
mined at the benchmark point of 400°F , between each excursion to higher
temperature . The results of this experiment are listed in Table 8.

The initial excursion of 450°F appeared to have increased the activity of the Ca-
talyst. It was possible that the catalyst may have been incompletel y regenerated

22
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Figure 15. Arrhenius Plot for Steam Reforming Methanol
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Figure 16. Equilibration of Products of Methanol Steam Reforming at 400°F
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after a previous experiment with isobutanol . Subsequent experiments
at higher temperature would then increase activity as isobutanol desorbed .

It could be concluded from Table 8 that no large losses in surface area of
catalyst were incurred by operation for 50 hours at 600°C. Since sintering
phenomena are known to follow rate laws that have high orders with respect to
time ,b a very rapid short-term surface area loss , followed by a much slower
long-term rate of surface area decrease , generally occurs. The absence of
significant deactivation in the short term in Table 8 therefore implies that
longer-term deactivation was slow .

Effect of Ethanol and lsobutanol Impurities on the Rate of Methanol Reforming .
Previous studies of impurity effects on methanol reforming have been perform-
ed either’ at low contaminant levels or at low space velocities. The present
experiments , using ethanol or isobutanol as contaminants , were performed at
high space velocity and concentration to accelerate the resulting deactivation .
A catalyst charge of 1/ 16-inch granules of T2130 was “lined out” on reagent-
grade methanol for 90 hours at 400°F and 1724 hr 1 THSV (Figure 17) .  The
feed was then switched to one containing methanol with 400 pprnw ethanol but
with the same H20/CH 3OH ratio. The conversion fell rapidly from 85 to 46
percent in less than 20 hours , after which it remained constant for more than
80 hours. A subsequent switch to a feed with 800 ppmw ethanol produced
only a sli ght further decrease in conversion .

TABLE 8. EFFECT OF HIGH-TEMPERATURE OPERATION
ON CATALYST ACTIV ITY (THERMAL SINTERING)

Treatment Conversion* Rate Constant at 400°F
at 400°F g moles /g cat sec atm

\ 1O~
400°F , initial 0. 70 2.02
450°F, 60 Hours 0.78 2 .6
550°F , 50 Hours 0.85 3.5

600°F , 60 Hours 0.78 2.6
*Conversj on and rate constant determined at 400°F, 724 hr t THSV ,
following operation at temperature in first column .

S. J . A . S .  Bett , K. Kinoshita , and P. Stonehart , J. Catal . , 35 , 307 (1974 ) .
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Upon reversion to reagent-grade methanol , the conversion rapidly recovered
its initial value. A feed containing 100 ppmw ethanol gave similar deactivation
behavior , but achieved a steady-state activity intermediate between methanol

• contain i ng 400 ppm ethanol and reagent-grade methanol .

In Figure 18, a similar response of the catalyst to isobutanol impurity is

shown . The catalyst rapidly approaches a reduced steady-state value for
activity that is close to the minimum value observed for poisoning with ethanol ,
but for isobutanol the minimum value is achieved at lower impurity concentra-
tion . From this data , relative rates , normalized to the catalyst activity with
reagent-grade methanol , were calculated using the pseudo-first-order proce-
dure. These were plotted versus impurity level in Figure 19.

Increasing temperature increased the rate of steam reforming for methanol
contaminated with 200 ppm ethanol , as shown in Figure 20. The apparent
activation energy was close to that measured for reagent-grade methanol .

• 1O0~ O
8 0

90 
~ 

—O
80 -

10-

METHANOL 6 0 -

CONVERSION 50 400 F -
PERCENT 40 - 

A TNSV 1724 $1”
A HtO: CN~ON = 1.5:1

30 - 0 O PPM ETHANOL
O 400 PPM ETHANOL

20 - A 600 PPM ETHANOL

10 - * 100 PPM ETHANOL

0 0 100 200 300 400 500 600 7~0
TIME , HOURS

Figure 17. Steam Reforming Metha no ’ : Effect of Ethanol
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The trapping efficiency of the downstream condensers was not sufficient to
determine the conversion of ethanol or isobutanol in these experiments. Chro-
matographic analysis of the effl uent liquid confirmed that unreacted ethanol
and isobutanol were present , but the conversion could not be estimated .

Steam Reforming “Technical ” Grade Methanol. All the preceding experiments
used reagent-grade methanol as reactant. Most previous studies in the litera-
ture , particularly those using a less pure , technical -grade methanol , have

reported slow deactivation of copper zinc-oxide catalysts , continuing over
hundreds of hours . In contrast , our experiments with ethanol and isobutanol
impurity suggested that , at very high space velocity or impurity con-
centration , the copper catalyst deactivated rapidly to a steady-state value
associated with equilibrium coverage of impurity . To confirm this observation ,
and to determine the effect of other impurities present in less pure methanol ,
a catalyst charge was run at very high space velocity , on “purified ,”
technical-grade methanol. Th is fuel was analyzed and found to contain about
100 ppmw ethanol , among the other unidentified impurities.

The catalyst , 1/8-inch pellets , was “lined out” on reagent -grade methanol , the

conversion falling to a value consistent with previous measurements of act iv i ty,
i.e ., 1.56 x 10~ g moles/g cat sec atm at 400°F. After switching to

“purified” methanol at a theoretical hydrogen space velocity of 7500 hr ’ , the

1 O0
[~

CONVERSION :
PERCENT

40 — T h y  1724 M~ N~0 : CN ,0N . U :
o 100 PPM I$OIUT&N0t
O 200 PPM SO SUTANOL

20 — 0 O PPU ISOSUTANOL
A SO PPM $0501 AMOL

o 1 i~~
_ i

0 20 40 80 80 100 120 140 160 180
TIME , HOURS

Figure 18. Steam Reforming Methanol : Effect of Isobutanol
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Figure 19. Effect of Higher Alcohols on Rate for Methanol Reforming at 400°F
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Figure 20. Effect of Ethanol on Rate for Steam Reforming Methanol
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convers ion dropped again , in about 50 hours , to a lower , steady-state value
that did not decrease further in over 200 hours operation at these conditions
(see Figure 21). The lower conversion gave a rate constant of 1.086 x 10~~
g moles/g cat sec atm for’ a relative rate k/k0 of 0.70. This value was less

than that reported in Figure 20 for 100 ppmw ethanol , but it was reasonably

consistent with that data.

Effect of Sulfur and Chlorine. Both sulfur and chlorine are known , from

industrial experience with catalysts similar to T2130 in the shift reaction , to

flave a deleterious effect on catalyst activity. Nevertheless , no experiments

were planned to evaluate the effect of sulfur and chlorine contamination on
catalyst activity. Instead , the problem was addressed by app lying deactivation
data reported in the literature for the shift reaction , to methanol steam-
reforming . This was judged to be a reasonable procedure for estimation of
these effects , since sulfur acts to obscure active copper’ surface adsorption ,
and chlorine acts to accelerate catalyst sintering and loss of surface area.
Both phenomena therefore should apply equally to either reaction . Fi gure 2~
is a compilation of data from a number of sources , showing deactivation of
copper-containing shift catalysts as a function of cumulative loading of sulfur’
and chlorine on the catalyst.

DISCUSSION. The intrinsic activity of catalyst T2130 for steam refor’ming
methanol , defined by the Arrhenius plot in Figure 9, has been compared with
the values determined in previous studies of similar copper zinc-oxide cata-
lysts , in Figure 2. The rate constants determined in this work are greater’
than any previously reported , but the general reproducibility of the present
data from charge to charge , and the theoretically consistent differences be-
tween the activity of 1/16-inch granules and 1/8-inch pellets demonstrated in
Fi gure 15, indicate the hi gher values to be real. Catalyst T2130 must there-
fore represent an improvement in formulation over other cata ly~ 1s represented
in Figure 2.

I
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Figure 21. Steam Reforming “Purified-Grade” Methanol
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Figure 22. Effect of Sulfur and Chlorine Poisoning on Activi ty of
Low -Temp erature Shift Catalysts
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The pseudo -first-order kinetic treatment used to anal yze the rate data ~ as

recognized as a simplification . A complex treatment , wi th elucidation of a more
fundamentall ’-, sound rate law , was not justif ied by the scope of the present

program . Nevertheless , some kine ti c i nforma ti on was conta i ned in the response

of the system to variations in total pressure , space ve l oc it y, and ~~~ CH3OH

mole ratio of the feed . However , no consistent interpretation was possible ii

the form of a power’ ta~s rate equation , i . e . ,

ra te~~~k ~m n
methanol H2O

Using computation techniques , a best fit to the conversion versus space

velocit y curves and the 
~~~~~~~ 

dependence of pressure was obtained wi th
values for m = 1.5 and n -1.8. But the dependence of rate on H.~0/ CH~,0H

mole ratio , given in Table 7 , would only permit a fit to m = 0 , n -0.3.
Experiments designed specifically to elicit kinetic information would be required
to resolve this anomal y .  Meanwhile , the pseudo -first-order treatment was
considered satisfactory for reactor design.

TABLE 9. DEACTIVATION FACTORS FOR SULF u R AND CHLORINE
AFTER OPERATION FOR 8000 HOURS AT THSV OF 580 HR

Sulfur in Fuel Sulfur in Catalyst Deactivation
ppmw pprnw Facto,’

0 .1  123 0 .93

1.0 ~230 0 . 10

Chlorine In Fuel Chlorine in Cata lyst Deactivation
ppmw ppmw Factor *

0.1 123 0.83

1.0 1230 0.45

30

---- . ----



- - - -______

Power Systems Division FCR-0883

Similarly, the cursory investi gation of sintering at high temperature , of effects

of H20/CH 3OH mole ratio , and of total pressure were intended only to

determine the short -term effects of excursions of the power plant reformer

• from rated conditions. Longer-term endurance testing would be required to
ensure the absence of deactivation at low H2O/CH 3OH ratio or high tem-
perature . In particular , the steady -state values for activity reported for
ethanol and isobutanol-contaminated methanol in Figures 17 and 18 should be
measured for longer times to detect possible deactivation by reaction of
surface-adsorbed species .

A unique feature of the present study was the response of the rate of steam
reforming methanol to contamination by higher alcohols. The rapid decrease in
activity upon exposure to low levels of higher alcohol concentration , and its
rapid reversal upon removing the contaminant , indicated that the decrease was
caused by preferential coverage , at steady state , of the active copper surface
by the higher molecular weight species . That isobutanol produced a “satura-
tion ” deactivation to the same value as ethanol , but at lower’ partial pressures ,
is consistent with a higher heat of adsorption of isobutanol. The rate of
desorption of isobutanol also appeared sl ightly slower than ethanol (Figures 17

• and 18) , again consistent with this interpretation .

Previous workers , in demonstrating effects of contaminants , have used lower
levels of contaminant , or lower space velocities , and consequently the effects
reported have been gradual reductions in act ivit~~, not recognized as reversible
adsorption- . Only Leesona Moos Laboratory , using 500 pprnw concentrations of
a variety of organic contaminants , reported deactivation comparable to Fi gure
17. They did not report , however , that this effect was reversible.

The experiment with “purified” grade methanol reported in Figure 21 confirmed
that other impurities likely to be found in less pure methanols behaved in a
manner similar to ethanol and isobutanol. A steady-state , deactivated activ i ty

could therefore be predicted for technical -grade methanols.

31
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The stated goal of this study was to define a baseline activity for steam re-

forming methanol on 12130 catalyst .  In addition , cor’rect ion factors were to be

defined for various deactivation mechanisms that would permit adj ustment of

the baseline activity to the lower value expected at the end -of-l i fe for the

power’ plant , i .e . ,  8000 hours at rated power ’ , 580 hr 1HSV . Thus , this

study has quantified deactivation due to thermal sintering and to contamination

by sulfur , chlorine, ethanol , and isobutanol . The end-of -life activity may

then be estimated by application to the baseline activ ity of any combination of
deactivation factors representing the conditions at which the power’ plant is
expected to operate , e .g.,

kEnd of - life kBaseline ‘~EtOH ‘~Isob ‘is ‘1Cl ‘1Sinte r

An advantage of this approach is flexibility in per’mitt ing the tradeoffs between

fuel purity, fuel avai labi l i ty, and power plant efficie ncy and lifetime to be
readily evaluated by insertion of the appropriate rate constant in the design

model .

A more detailed discussion 01 each deactivation factor follows .

D A IA  INPUT TO R E A C T O R  DESIGN. The data input to the reactor desi gn is de-
scribed in the following paragraphs on baseline act iv i ty;  deact ivation factor ’s

for sintering , suflur , chlorine , higher alcohols; and r’ate constant for’ methanol
steam r’et’orming .

Baseline Activity . The baseline activity of catalyst 12-130 was the intrinsic
activity defined by the Arrhenius p’ot of Figure 9 and by the rate constant

k - 1 2 ~~ 
( -27 030\ g moles

- e P \ RT~ K / ~ 
cat sec atm

This value was fixed for’ operation at a mean reactor temperature at’ 400°F , on

reagent-grade methanol with a H2O/CH 3OH ratio of 1.5. It is possible , how-

ever , that operating transients in the boiler’ might result in delivery 01 feed

32
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with lower values for this ratio for short times. The experiments of Figure 13
• show no detrimental effect on act ivity at baseline conditions after brief times

with feed ratios as low as 0.7. Furthermore , the rates for methanol conver-
• sian at the lower value for feed ratio increased ; hence , no deactivation factor

was included for variation in H20/CH 3OH feed ratio .

Likewise , although increase in pressur’e lowered catalyst activity , no change

was observed on return to baseline conditions; therefore , no deactivaflon
factor was included for pressure variation .

The baseline activi ty is the intrinsic act ivity of the catalyst exhibited by small
particles at lower temperature . Adjustment of this value for the effect of
diffusion of reactants in the pores of pelleted catalyst , i .e., the effectiveness
factor , was included in the reactor design model .

Sintering Deactivation Factor, ‘1Sinter~ 
No deactivation of the catalyst was

indicated in Table 8 by 50 hours operation at up to 600°F. Y oung and
• Clarke ,6 however , claim a 1.4 percent loss in activity per 1000 hours of

operation at 500°F because of’ thermal sintering. An effect of this magniiude
would have escaped our detection . We therefore apply a correction factor ’ of
0.89 for 8000 hours of operation at a mean temperature of 500°F.

Sulfur Deactivation Factor, r15. The curves for sulfur deactivation in Fi gure
22 were used to estimate deactivation factors for the methanol steam-r’eforming
reaction , after 8000 hours of operation at the space velocity required for rated
power , 580 hr - ~~, and at two contaminant levels , in Table 9. Since the source
of sulfu r is immaterial to the ultimate response of the catalyst , the figure for’
sulfur concentr’ation in methanol must be regarded as a value for fuel-
equivalent concentration . Thus , for exa mple , the 0.1 ppm value assumes zero
sulfur concentration in water. Any sulfur appearing in the water portion of
the feed requires an equivalent subtraction from the designated level in
methanol . 

___________________________

• 6. P. W. Young and C. B. Clarke , Chem . Eng. Prog . 69 , 69 , (1975 )
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Chlorine Deact ivation Facto r, 
~cl A treatment of chlorine contamination ,

analogous to that for sulfur , has been given in Table 9. The deactivation
factors for chlorine are greater than for sulfur , in keeping with industrial
experience . The combined chlorine content of both methanol and water would
have to meet the designated methanol fuel equivalent concentration . However,

since relatively impure water supplies can be readily purified to less than 0.1
ppm levels of both chlorine and sulfur by passage through standard ion-
exchange beds , it is probable that the entire contaminant concentration could
be assigned to the methanol specification .

Deactivation by Higher Alcohols , 
~EtOH ’ ~lsob~ 

Figures 17 and 18 imply that
higher alcohols are reversibly adsorbed on the catalyst to give , at saturation
coverage of either ethanol or isobutanol , a constant activity that would be
accounted for by a deactivation facto r of 0.25 .

Projections 2 for methanol produced from coal gasification processes (methyl
fuel) predict ethanol and isobutanol concentrations of about 500 and 2500 ppm ,
respectively, for this fuel . Therefore , saturation coverage would be reached
and the deactivation factor would be 0.25.

The ethanol specification for methanol used in the power plant may be dictated
by consideration of the availability of supplies of commercial methanol at a
given ethanol level. Baseline activity was defined for reagent-grade met hanol

4 with less than 20 ppm ethanol , for which the deactiviation facto r would be
unity. Figure 23 shows the cumulative commercial production of methanol ,
from U.S . manufacturers in 1973, versus the respective ethanol content as the
only major contaminant. From this figure the ability of the power pla nt to
handle 100 ppmw ethanol would render available 40 percent of the commercially
produced met hanol . For this result , a deactivation factor of 0.42 would have
to be applied to the baseline catalyst activity value.

34 



-. -. ~~~~
‘ ..,-.

— —... ~~~~~- - — -- .-— —-,---- .- -- - —- ---- .~~~—‘ -•- --.--—----- -- 
--f l  —-.- -—-—--—. -.. .— ‘1”~~ 

- - - ——--— --—--- — — —.---—

Power Systems Division FCR-0 883

Methanol Steam Reforming Rate Constant for the 1.5-kW Fuel Cell Design Model.
The final end-of-life value for the rate constant used in the design model was
obtained by applying the var ious deactivation factors described above. The
particular values used depend on the conditions of operation and on the purity
of the methanol selected as feedstock. An example of the application of these

factors is given in Table 10.

The values for’ rate constants used in the design model calculations in this
study were based on a baseline activity of

k = 5.28 x 10:3 exp ( -18~5 i 3 )  
~ 

moles

This value is lower’ than that in Table 9 and was obtained fr’om charge 1, in

Figure 9, i.e., at the start of the experimental progr’am . When the tr’ue value
for the intrinsic activity was found to be higher , the lower’ value in the model
was not changed since it was considered conservative.

- 

. A more extended development program would employ the higher’ value.

CUMULATIVE 
‘:: 

-

PERCENT 60 -
OF U.S. COMMERCIAL 7.
METHANOL PRODUCED 40 - 7
WITH GIVEN ETHANOL 

/ 170% OF COMMERCIAL GRADE METHANOL PRODUCED
CONTENT OR LESS 20 ( 

CONTAINS LESS THAN 400 PPM ETHANOL)

0 _______ - ~ 1 1 I I I I

O 200 4f l 0  600 800 1000 1200 1400 T600
ETHANOL CONTENT , PPM

Figure 23. Ethanol Content of Comm ercial -Grade Methanol As of 1973
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TABLE 10. RATL CONSTANT FOR STEAM REFORMING METHANOL
ON T 2130

k = 7 2 \ iO~ 
-27 ,030 g moles

BASELINE exp RT °K g cat sec at m

DEACTIVATION FACTORS FOR 8000-HOUR OPERATION , THSV 580 HR
1

At 500°F mean temperature 0.89

S at 0.1 ppmw fuel effective 0. 93
Cl at 0. 1 ppmw fuel ef Fective 0.83
Ethanol 100 ppmw 0.42
Other’ Alcohols ‘- 20 ppmw 1 .0 

_____________________

k -)  1 \ io~ x ~27 ,030 g moles
END-OF -LIFE ~

- . - e p

RT °K g cat sec atm

B. Effect of Methanol in Fuel Going to Power Section

The lack of 100% conver’sion in the methanol reforming process wil l  result in
fuel gas being supplied to the fuel cell power section that contains some
methanol in addition to the normal pr’oducts of hydrogen , car’bon dioxide ,
carbon monoxide , and water. It is important to determine if methanol has
adverse effects on the performance of the fuel cell. Two general problem

areas were addressed in these studies: does methanol poison the oxidation of ’

hydrogen at the fuel electrode (anode) and does methanol react with the phos-
phoric acid e lectr ’o lyte at cell operating conditions?

The effec t of methanol on the initial per’formance of a fuel cell anode was
measured in a floating-e lectrode half-cell apparatus using 99 to 100% phosphoric
acid at 375°F. The acid was cleaned with hydrogen peroxide. In this appa-
ratus ,’ the lR-free polar’ization of a test electr ’ode supported at the electr’ol~ te

surface was measured relative to a hydrogen electrode in the same electrolyte.

Anode performance was measured on fuel containing methanol. The methanol
was introduced in the fuel gas by passing the fuel gas through a bubbler
containing methanol at room temperature , resulting in a fuel containing about

20% methanol . Finally, performance was once again measured on methanol-fr’ee

36
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fuel to make sure that the methanol had no permanent effect on electrode
performance . The results of this test are shown in Figure 24; the
performance of an anode operating on pure hydrogen is also shown for com-
parison . The effect of the methanol was very slight , caus ing only an addi-
tional 3-mV polarization at a current of 500 ma/cm 2 . This effect was rever-
sible; normal performance was restored when the methanol was removed from
the fuel .

The fuel-processing program was also concerned with reforming methanol
containing common commercial impurities such as ethanol . These tests showed
that , for the most part , the ethanol would pass through the reformer. Esti-
mates indicate concentrations of ethanol as high as 800 ppm could be present
in the fuel gas being supplied to the fuel cell. Half-cell performance tests

with about 6% ethanol in the fuel gas were done in a manner identical to those
for methanol as discussed above . The effect on initial anode performance is
shc~~n in Figure 24. The effec t was grea ter than that observed for methanol ,
but still only a small effect overall; only 5 mV additional polarization at 500

ma/cm2. Removal of the ethanol restored initial anode performance , showing

no permanent performance loss attributable to ethanol .

50 -

40 - RN-i • NeON

POLARIZATION

0 100 200 300 400 500 800 100
CURRENT DENSITY , mA/cm 2

• Figure 24. Performance Curves for Alcohol-Containing Fuels
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A second major concern addressed in these studies was the likelihood of
methanol reacting with concentr’ated phosphor ic acid at 375°F. There is some
evidence available that indicates phosphoric acid esterifies isopropanol under
similar conditions. 2 A literature search was done to see if this reaction is in

fact possible , but no specific references were uncovered except for vague
statements that indicate that direct esterification of alcohols can be carried out
at high temper’atures with phosphoric acid . 3 In the case of ’ methanol , thcre

¶ 

was no indication during our short testing times that any reaction was occur -

ring. It seems unlikel y that this reaction would occur - appreciably since the
expected product , monomethyl phosphate CH~OP (o) (OH)2 , is very un-
stable. 3 ’ p 582 A direct experiment to chec k this was not done since product
separation and chemical analysis for esters was of a complexity beyond the
scope of this preliminary wor ’k. Although an esterification reaction involving
methanol seems unlikely, this question should be addressed in the future ,
particularly in those cases involving higher-order alcohol impurities.

Conclusions. Methanol concentrations of 20% in simulated reformer el’t luent
cause only a slight initial per’formance loss on fuel cell anodes operated in
concentrated phosphoric acid at. 375°F. Ethanol concentrations of 6% also cause
only a slight initial performance loss under’ these conditions. Neither’ of these
alcohols resulted in any short-term permanent performance losses . Nothing
can be said about long -time effects of these materials on electrode perform-
ance; endurance testing on subscale cells is required to deter’mine if there are
poisoning problems that take a long time to become apparent. While there
appeared to be no reaction between the methanol and phosphoric acid , there

does exist the possibility that esterification reactions can pr’oceed at these
conditions; the reactions may be slow and are more likely to occur w ith

higher-order alcohols .

1. H. R. Kunz and G. A.  Gruver , J. Electrochem Soc .~ 122 1179 (1975 )

2. T.  Westrnore land , private communication .

3. J. R. Van Wazer , Phosphorus and Its Compounds, Vol . V I Chemist r’y ,
l ntersc i ence , New York , 1966; P.570.
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SUBTASK 3. 0, CONCEPTUAL DEFINITION OF POWER PLANT SYSTEMS

A. Premix Fuel Power Plant

1. SYSTEM SELECTION . A system using an air-cooled stack with air recycle
for cell temperature control was selected from among four candidate systems.
Two of the systems utilized air-cooled stacks and two used a dielectric liquid
for cooling. The criterion used in making the selection was the system ’s
potential for meeting the Army ’s primary requirements of weight , volume , fuel

consumption , and reliability .

The system selected , shown in Figure 25, uses cell process air for cooling as
well as for supplying oxygen for consumption . A portion of the hot cell
exhaust air is mixed with the cold inlet air to maintain the desired cell tem-
perature. The fuel processi ng subsystem consists of a burner , vaporizer , and

reformer, Energy to vaporize and reform the fuel is provided by burning
excess hydrogen in the fuel cell anode exhaust. The other air-cooled stack
system , Figure 26 , uses a regenerative heat exchanger to transfer heat from
the cell exhaust air to the inlet air. Cell temperature is controlled by
modulating the flow of cold inlet air through the heat exchanger. The fuel
processing subsystem is the same as in the previous system .

The dielectric-cooled stack system , shown in Figure 27 , uses a closed coolant
loop with an ambient-air-cooled heat excha nger and a cooling air fan to reject
cell waste heat. The fan is cycled on and off to maintain desired cell tem-

perature . The fuel processing subsystem is identical to that of the air-cooled
stac k systems.

The fourth system considered , shown in Figure 28, also uses a dielectric

coolant to remove cell waste heat . It differs from the previous system in that
the dielectric coolant supplies heat to vaporize and reform the fuel. This

system has the potential for the highest thermal eff iciency since it utilizes cell

waste heat to supply a portion of the energy necessary to process the tuel ,
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• Figure 25. Process Air-Cooled Power Plant System
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Figure 26. Process Air-Cooled Stack with Regenerator
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The air-cooled system with the regenerative heat exchanger was eliminated
because of the 60- to 100-lb weight of the heat exchanger. Another drawback
of this sys tem is that its acid loss rate is higher than that of the recycle

system because no air is recycled .

The dielectric-cooled stack systems were found unattractive for several
reasons: greater complexity than the air-cooled systems , result ing in lower
reliability and higher weight , volume, and cost . Development costs of these
designs is also anticipated to be higher than air-cooled systems due to both
their greater complexity and the fact that the technology is not envisioned by
United Technologies for commercial power plants . Lea kage of dielectric
coolants suitable for fuel cell power plant use is a lso a potential problem
because of their low surface tension. The problem is compounded by the
necessity to pressurize the coolant to prevent its boiling at cell operating
temperature . The requirement to start up from -65°F requires the use of
low-viscosity dielectrics , which invariably have low boiling points .

2. SYSTEM DESCRIPTION. The overall power plant system can be divided
into five subsystems: power section , fuel processing, power conditioning,
control , and reactant supply.

2.1 Power Section. The function of the power section subsystem is to
produce electrical energy by the electrochemical conversion of hydrogen and
oxygen and to supply the electrical energy thus produced to the power
conditioning subsystem within the required interface conditions. The power
section subsystem consists of a fuel cell stack assembly, electric heaters , start
burner , ducting, and valves.

Heat and water produced as byproducts of the fuel cell chemical react ion are
removed from the cells by the process air stream , which also supplies oxygen

to the cathodes . A portion of the hot stack exit air is mixed with the inlet air
to maintain the desired cell temperature . This is accomplished by the stack
temperature control valve act ing on a temperature error signal. This error
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signal is the difference between the measured stack exit air temperature and a
• predetermined temperature vs. current schedule (see Figure 29), designed to

maintai n an average cell temperatu re of 350°F. Figure 30 shows the percent
recycle (recycle flow/total flow x 100) as a function of current and ambient
temperature. Recycle flow increases with the decreasing current and ambient
temperature , but it is limited to a maximum of 99% of the total flow to ensure
an adequate supply of oxygen for the cell reaction. Additional energy, if

required to maintain cell temperature , is supplied by the electric heaters in
the stack inlet air stream . Up to 450 watts of heater power may be supplied
by three heater elements in 150-watt increments . The heaters are also acti-
vated to prevent stack output voltage from exceeding the maximum allowable
inverter input voltage (60 Vdc). This is necessary only for new cells
operating below a net power of 600 watts . The stack’ s performance char-
acteristics initially, and at 6,000 hours life are shown in Figure 31. Heatup of
the fuel cell stack is accomplis hed by flowing hot air obtained by mixing
ambient air with the start burner exhaust through the cathode flow fields.
The start burner uses the methanol-water premix fuel vaporized for efficient
combustion . The fue l mixture is initially vaporized by an electric heater and
subsequently by the hot burner exhaust. The start burner fuel flow is

• modulated to maintain a constant stack inlet air temperature (400°F) regardless
of the variations in air flow caused by the wide range (-65 to 125°F) of
ambient temperature.

2.2 Fuel Processing. The function of the fuel processing subsystem is to
provide the necessary flow of hydrogen-rich gas to the power section within
the required interface conditions. The fuel processing subsystem consists of a
burner , fuel vaporizer , catalytic reformer , piping, and valves. The burner ,
vaporizer , and reformer are pac kaged in a single assembly for compactness and
light weight and to minimize heat loss. Energy to vaporize and reform the fuel
is provided by burning the excess hydrogen exiting from the power section .
Process fuel flow is controlled by reformer temperature and power section
curren t by means of the process fuel contro l valve . The power section

• current signal is used to provide rapid fuel flow response to load changes ,
I
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Figure 29. Stack Current versus Exit Air Temperature
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while reformer temperature governs long-term steady-state fuel flow . Figure
• 32 shows the steady-state fuel flow as a function of power section current.

Reformer burner air flow is also controlled by power section current by means
• of the burner air control valve. This schedule , shown in Figure 33 , is

designed to provide a constant reformer inlet temperature of 350°F over the
entire load range.

Heatup of the reformer assembly is accomplished by burning the vapor ized
methanol-water mixture in the reformer burner. As in the start burner , an

electric heater is used to vaporize the fuel initiall y, and burner exhaust
vaporizes the fuel once the burner is ignited . The fuel processor start fuel
flow is controlled by the reformer temperature to ensure a 15-mi nute startup in
cold environments and without overheating the reformer catalyst on a hot da’~
because of reduced burner air flow .

2.3 Power Conditioning. The power conditioning subsystem converts the dc
output of the power section to meet the Army ’s generator set output require-

• ments. These requirements are defined in the Power Conditioner Technology
section , 1.C , Page 7 .

2.4 Control. The control subsystem provides for automatic startup, shut-
down , and unattended operation of the power plant. The control subsystem
consists of the automatic control unit and battery charger (single unit) ,
battery , main load contactor , the control and instrumentation panel , sensors

2.4
1

FUEL FLOW I 2 ~

04 ’ -

16 3~ 3~ 3S
STACk CURRENT , sIPs

Figure 32. Stack Current versus Fuel Flow
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(reformer temperature , stack exit-a ir temperature , power section current , and

voltage), and component drivers. The automatic control unit:

1) provides continuous control of
recycle air flow start burner fuel flow
reformer burner air flow reformer start fuel flow
process fuel flow

2) provides sequential control of

low-power heater process fuel pump
start burner air start fuel vaporizers
reformer start air ignitors
recycle shutoff main load contactor
process air blower battery load switch

3) monitors crit ical system parameters

stack exit temperature power section voltage
reformer temperature power section current

4) charges battery .

2. 5 Reactant Supply. The reactant supply subsystem supplies fuel to the
fuel processor subsystem for startup and processing and to the start burner.
The reactant supply subsystem also supplies air to the fuel cell stack , star t

burner , and reformer burner. This subsystem consists of a process air
blower , process fuel pump, fi lters , and plumbing.

3. SYSTEM ANALYSIS. A steady-state analysis of the methanol-water
premix-fuel power plant system was conducted using the modular computer
program that the Power Systems Divis ion has developed for fuel cell systems
analysis. This modular program , developed under previous commercial con- —

tracts and activities , is based on a library of modules that are used as
necessary to provide specific computational functions. The modules are mathe-
mat ical models that describe the performance of a component. In general , the
models consist of mass and energy balances with constraints imposed by the
characteristics of a given unit. For example , in a heat exchanger module ,
energy and mass balances on the hot and cold sides are performed , the energy
transfer from the hot side to the cold side being constrained by the overall
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heat transfer coeffic ient5 of the particular unit. Modules are not specific to a
• particular design , and consequently the same module may be used in a variety

of applications. Information necessary to define a particular unit is supplied
either through specific inputs or through parametric data maps.

No change to the program was necessary to use it for analysis of the Army
power plant system .

The reformer was modeled using a standard reformer module to pertorm the
mass and energy balances , and maps that were generated by PSD’ s reformer
design computer program and that define the heat transfer nd conversion
characteristics of the 1.5-kW methanol reformer design . The vaporizer was
modeled as a parallel-flow heat exchanger using the logarithmic-mean -
temperature-difference approach . The overall heat-transfer coeff icient was
assumed to be constant over the flow range . The enthalpy of methanol used
in the analysis was obtained from the published literature . l The lower heating
value of liquid methanol was calculated to be 8585 Btu/ lb at 73°F from the heat
of formation of methanol vapor and the heat of vaporization . The fuel cell
module performs a mass and energy balance using performance maps that
define cell voltage as a function of cell current density (Figure 3) . Product
water and waste heat are removed by the process air stream . The process air-
blower was assumed to be a constant volumetric flow device , mass flow varying
inversely with the blower inlet temperature and directly with pressure.

$UR~ R ASFLOW 
Figure 33.
Schedule of Power Section
Current

POWER SECTMN cUSRENT , ~ s

1. Smit h, J.M., Chemica l Engineerin~~ Progress, Vol . 44 , No. 7, p 523 (1948).
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Power plant operating characteristics were examined at the extremes and under
nominal condit ions , i.e., initial cell life , 70°F ambient temperature , and 50%
relative humidity . The severest condition for heat rejection occurs at 6000
hours cell life with 125°F ambient temperature , whereas initial cell performance
w ith 65°F ambient temperature is the severest for maintaining required thermal
conditions. The system model predicts satisfactory power plant operation over
the entire power range for the 6000 hours life requirement to all ambient

Fl conditions. Critical system parameters were maintained well within the allow-
able limits . System flows and temperature are presented in Appendix A.

Station numbers in the tables correspond with those on the system schematic ,
Figure 25. Satisfactory power plant operation is also indicated with the cell
performance level estimated for 2000 startup-shutdown cycles (see Table A-32
in Appendix A).

A lumped heat capacity heatup anal ysis was performed for both the stack and
reformer to determine burner fuel and air flows necessary for a 15-minute
startup from -25°F. A similar thermal transient analysis was performed to
determine the stack cooldown rate for estimating stack shutdown voltage
losses. Results of these studies are presented in Figures 34 , 35, and 36.

4. SUBSYSTEM/COMPONENT DESIGN ANALYSIS. The following paragraphs
discuss the design analysis of subsystem and components under the topics of
Fuel Processor Subsystem , Power Section Components , Control Subsystem, and

Reactant Supply Subsystem .

4.1 Fuel Processor Subsystem. The primary component of the fuel processor

subsystem is a reformer which contains an annular reactor, burner , and

vaporizer , shown in Figure 37. The overall dimensions are 13 inches in dia-

meter and 16.5 inches high. The package weight and volume are 30 lb and
1.26 ft 3 . The burner and vaporizer are located inside the reactor to minimize
heat loss. As Figure 37 shows , process gas and burner gas are in a co-flow
configuration . Analysis has shown that this arrangement is preferred since
the hottest burner gas is located where the chemical reaction rates and heat
transfer requirements are highest. The burner is designed to start on liquid

fuel vaporized by a small electrically heated vaporizer. Once ignition is
achieved , heat for fuel vaporization is picked up from the burner flame and no
further electrical energy is required .
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Burning is done in a “hoV’ primary zone followed by addition of secondary air.
This primary zone provides relight capability in the event of a 11flameou t”

during rap id load transients . Reformer fuel feed is vaporized in a vaporizer
coil consisting of about 6 feet of b-inch tubing , which results in a low in-

ventory of liquid fuel to minimize steam/fuel variations during load changes.
High heat transfer to the coil is achieved by heating it with the highest tem-
perature (1900°F) burner gas available.

The intrinsic activity of the copper catalyst was experimentally determined to
be related to temperature by the following equation :

k CH3OH = 5280. exp (1~~~
13) cal/g mo le

where k is expressed in g mole 
atm

T °K , R = 1.986 cal
gmo le °K

The catalyst activity equation was used in our reformer model to study the
performance of the proposed reformer shown in Figure 37. These studies con-
fi rmed that the proposed reformer design would meet the performance require-
ments of 100% fuel conversion at 75% efficiency with pure methanol-water feed .
Catalyst bed dimensions chosen for this design result in a THSV of about 580
ft 3/hr of hydrogen (STP) per cubic foot of cata lyst. The reformer model
output is shown in Figure 38, which shows the burner gas temperature ,
process gas temperature , and fuel conversion profiles . Fuel conversion is

essent ially 100% after the process gas has passed through about 80% of the
catalyst bed. Heat loss from the reformer package was estimated to be 600
Btu/hr and is consistent with meeting the efficiency requirement.

Studies were also done to determine the effect of ethanol in the methanol .
Laboratory measurements showed that 100 ppm ethanol in the fuel would lower
the intrinsic catal yst activity by 60%. T his was used to determine the new
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fuel conversion profile , assuming the same wall temperature as was used for
pure methanol . A comparison of fuel conversion profiles for pure methanol and

methanol/100 ppm ethanol are shown in Figure 39. The depressed fuel con-

version profile results in about 2% of the fuel passing through the reactor
unreacted . The next study was to determine if the fuel conversion profile
could be improved significantly by a modest increase in wall temperature. The

resul ts of this study are shown in Figure 40. It was found that a 50°F
increase in wall temperature would result in the same fuel conversion profile as

for pure methanol, as Figure 40 indica tes. This increase in temperature is

within the catalyst allowable limits .

4. 2 Power Section Components. The power section subsystem consists of a
fuel cell stack , electric heaters , start burner , ducting , and stack temperature
control valve . The stack , which consists of 80 cells of 0.33 ft 2 of active area
each , weighs 54 pounds and has a volume of 2.52 ft 3 ( including insulation).
Stack dimensions with insulat ion are 18.5 x 11.5 x 20.5 inches. The cell
planform consists of a 4 x 12-in, catalyzed electrode surface with a seal

border . The seal border is an uncatalyzed extension of the electrodes and
matrix to provide sealing against external reactant leakage.

PSI MAIY IN IICflANY LIP

£11001 PUlL 110010 PU lL  100110.1

— - P_otis PUl l P ile

I —

I ~~~~~

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~
PSot

~~~~
:

I, ~~~~~~~~~

Figure 37. Reformer Subsystem
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An overall power plant efficiency of 30% (fuel consumption of 1.33 lb/kWhr)

was used as the basis for determining total cell area . The 30% goal efficiency
was selected as a result of a trade study presented in Figure 41, which
indicated that a significant increase in stack size would be required for higher

eff ic iencies . G iven an overall efficiency goal , there is still some latitude in
selecting cell area and number of cells because of the inverter efficiency
dependence on input voltage, by which a higher input voltage (up to a limit)
provides higher inverter efficiency. Figure 42 shows how this dependence in-

fluences stack size and gross dc power turndown. The smallest stack that
would meet the power plant efficiency goal at rated power is one w hose output
voltage at rated power was equal to the maximum allowable inverter input
voltage (therefore maximum inverter efficiency). However , s i nce fuel ce l l
voltage i ncreases w ith decreasing load , the stack dc load would have to rema i n
cons tant to avoid exceeding the maximum allowable inverter input voltage , thus
resulting in poor part-power fuel consumption . The minimum gross power
necessary to keep stack voltage below the maximum allowable can be reduced

by lowering stack voltage and consequently inverter efficiency . To compensate
for the reduced inverter efficiency , cell eff iciency is increased by increasing

total cell area . The impact of cell area on minimum gross power is shown in
Figure 42. Because heaters are required at low powers for maintaining cell

temperature , no further benefit in fuel consumption is realized by reducing the
minimum gross power below approximately 600 watts. The cell area corres-
ponding to a minimum gross power of 620 watts (corresponds to 350 watts net
at beginning of life) was selected .

Cell geometry was determined by an optimization study aimed at achieving
minimum stack weight and volume . Results of the study are shown in Figure
43 . The he ight of the reactant flow fields (and therefore stack volume) is

strong ly dependent on cell aspec t ratio , i.e., the ratio of a cell’ s width to its
length . Since cathode and anode reactant flowpaths are perpendicular to each

other , a deviation in aspect ratio from 1:1 will necessitate an increase in field H
height on one side and a decrease in height on the other to maintain constant
pressure drop . Because of the high air flows required for cooling , a short
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air flowpath with shallow air fields results in the minimum total (air plus fuel)

flow channel heigh t and corresponding minimum volume . Stack weight is also

affec ted by ce l l aspec t ra tio, however; because of the relatively dense edge-
frame , a large aspect ratio (and therefore large perimeter) configuration more
than offse ts the we i ght sav i ngs i n the shallower flow f i elds . It can be seen
from F i gure 43 that a cell aspect ratio at’ 3:1 (4 x 12 cell active area) results

in a minimum weight and volume stack. Weight of the repeating elements

shown in Figure 43 represents stack weight without endplates and reactant

manifolds. The weights of these stack components are not significanth,

affected by the cell aspect ratio , and therefore were not i ncluded in the op ti-
mization study.

The reactant manifolds are extended to the corners of the stack to minimize
absorp tion of atmospheric water vapor through the seal edge area . The
reac tant man i fo ld s des i gned to provide uniform flow distribution are 1 in. deep

on the air side and ~ in. deep on the fuel side. The 1-in , thick honeycomb

endplates were selected to provide a maximum 4% differential in cell loading

pressure. An average of 66 psi loading pressure is applied by means of four

~-in. diameter bolts. Stack insulation thickness was designed to limit heat loss

to a maximum of 1000 Btu/hr to a -65°F environment. Two inches of f iberglass
insulation are used around the sides of the stack and 1 inch at top and

bottom . Anode reactant flow field and manifolds are designed for 0. 4 in. of
H20 pressure drop at the maximum rated flow (3.67 pph). A ir flow field and
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manifolds were designed for 0.5 in. H20 stack pressure loss at the start air
flow (320 pph) conditions. The low-power heaters were sized to provide 450

watts of energy to maintain cell temperature at zero net power with initial
performance and -65°F ambient temperature. The heaters can be activated in

150-watt increments for either temperature control or voltage limiting.

The start burner is designed to provide a 15-minute stack heatup from -25°F.
The burner uses 45 pph of air and a maximum fuel flow of 6.21 pph . The
burner is designed for an air side pressure loss of 0.2 in. H20 and a fuel
side loss of 2.5 psid. The burner weighs 4 lb and has a volume of 160 in 3.

The stack temperature contro l valve is a three-way valve allowing from 0 to
320 pph a i r flow through either the recycle or exhaust legs. Pressure drop
through either leg at maximum flow is 0.5 in. H20. The valve is estimated to

weigh 4.5 lb wi th a volume of 450 in3 and draws 20 watts of power. The start
burner air valve is designed for a flow of 45 pph at a pressure drop of 0.1
in. H20. The valve is estimated to weigh 3. 5 lb with a volume of 30 in3 .

• The start burner fuel valve was sized for 6.2 pph of the methanol-water mix
flow at a pressure drop of 1 psid. The start burner fuel valve is estimated to
weigh 3 lb and to have a volume of 97 in3 . The weight and volume of the
power section subsystem components are summarized in Table 11.

TABLE 11. POWER SECTION SUBSYSTEM COMPONENTS

Component Weight , Lb Vol ume, In3

Fuel Cell Stack 54 4355
Start Burner 3 160
Stack Temp. Valve 4.5 450
Stack Burner Air Valve 3.5 30
Start Burner Fuel Valve 3 100
Electric Heaters 1 -

Ducting 1 500
Total 70 5595
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4.3 Control Subsystem. The control subsystem consists of the automatic
con trol un it an d battery charger , battery, main load contactor , control and

instrumentation panel , three temperature sensors , and component drivers.
The control unit is estimated to weigh 7 lb and to have a volume of 0.1 ft 3 .
The uni t i ncludes the con tro l ler , battery charger , and drivers. The drivers
are solid-state switches that actuate system components in response to input
signals from the control logic. The design of the control unit is based on

single chip microprocessors using metal-oxide-semiconductor (MOS) technology

an d i s sim i lar in concept to the micro processor con trol un it used in PSD s
40-kW on-site power plant. MOS technology offers advantages of high circuit

impedance , extremely low circuit power consumption , high electrical noise
immunity, and high functional density on the integrated circuit chip.

The battery power supply selected consists of 36 type HR-4 silver- zinc cells
manufactured by the Yardney Electric Corp. The battery pack designed for
two consecu tive star tup an d shu tdown cycles weighs 8 lb .  Table 12
summarizes the energy required for startup and shutdown .

TABLE 12. BATTERY POWER AND ENERGY REQ uI REMENTS

Energy, watt-hours
Power Start Shutdown

Start Air Valve 10 2.5 0

Process Air Blower 80 20 20

Process Fuel Pump 5 1.3 0

Reformer Start Air Valve 10 2.5 0

Start Burner Fuel Valve 3 1 0

Reformer Start Fuel Valve 3 1 0

Automatic Control Unit 20 5 5

Electric Start Vaporizers 1500 50 0

Total 1631 83.3 25

Energy required for two startup-shutdown cycles : 217 watt-hours
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4.4. Reactant Supply Subsystem. The reactant supply subsystem consists of
the process fuel pump and filter , process air blower , air filter , and plumbing .
Both the process air blower and fuel pump flows and pressure drops were

determined by the flows required for a 15-minute startup from -25°F. The

requi red b lower flow i s 95 scfm at a pressure rise of 1.2 in. H2O. The blower
parasite power is estimated to be 80 watts. The process fuel pump, which is

similar to the PC14 fuel pump, delivers 11 pph of methanol-water mix at a
pressure rise of 3.5 psid. The pump draws 5 watts of parasite power. Sub-
system wei ght and volumes are summari zed in Table 13.

TABLE 13. REACTANT SUBSYSTEM WEIGHT AND VOLUME SUMMARY

Component Wejght, Lb Volume , In3

Proces s A i r Blower an d Duc ting 5 310
Fuel Pump and Plumbing 3 75

Total 8 485

5. POWER PLANT DESCRIPTION. Nine key parameters were selected as the
basis for determining the viability of a fuel cell power plant as a power source
for Army f ield service . These parameters , together with the purchase des-
cription requirements and the des ign va l ues for the dc generator (Mode IV
set) are listed in Table 14. The des ign exceeds the weight and volume goals
by 17%. Specific fuel consumption , however , is 40% better than required . A
tradeoff can be made between these parameters to reduce weight and volume to
meet the purchase description requirements . Figure 44 shows the effect of
stack weight on specific fuel consumption . The weight of the dc set could
conceivably be reduced to meet the 150-lb requirement by reducing the stac k
weight from 54 to 29 lb, thus increasing fuel consumption from 1.22 to 1.37
Ib/kWhr. Further study is required to investigate the impact of the higher
heat flux on cell cooling and the increased fuel flow on reformer design prior
to a final decision .

The overall power plant weight is based on the subsystem weight shown in
Table 14. The structure weight was estimated using PC14 component-to-
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structure weight ratio. The 7-ft 3 power plant volume is a result of the

packaging arrangement represented by the attached layout , Figure 45.

The ac power plant is 46 lb heavier and 0.6 ft 3 larger in volume than the dc
power plant because of the ac inverter. Specific fuel consumption is also
higher: 1.33 vs. 1.22 lb/kWhr , because of the lower inverter efficiency .

The power planVs MTBF was established based on the reliability model shown
in Figure 46. Individual component failure rates were drawn from References

1, 2, and 3 and were increased by a factor of five to compensate for the
rigors of the portable ground equipment environment.

The effec t of the 2000 star tups and the severe ambient temperature require-
men ts on stack performance are diff i cul t to assess w ith the limited data
ava i la ble. However , a cell vol tage loss of 0.060 volt was estimated as the
effect of 2000 startup-shutdown cycles . This estimate was calculated based on
the stack heatup and cooldown curves and a semi-empirical correlation for the

-
. 

- 
effects of startup and shutdown conditions , i.e., operating potential and cell
tempera ture on performance . The calcula ted valu e was doubled because of the
lack of data for such a large number of repeated starts . In commercial appli-
cations the number of starts and shutdowns is limited , and auxiliary equipment
is used to passivate the cell environment during startup and shutdown. The

Army ’s requirements for light weight and rapid start preclude the use of these

means for reducing losses .

TABLE 14. PREMIXED FUEL POWER PLANT WEIGHT
AND VOLUME SUMMARY , DC POWER PLANT

Subsystem Weight , Lb Volume , Ft 3

Power Section 70 3.24
Fuel Conditioner 43 1. 58
Control 22 0.25
Reactant Supply 10 0.32

• Power Conditioner 14 0.38
Structure 16

Total ~T77
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1.4 j  
POWE N C000ITIONEI EFFICIENC Y 91%

MECHAN ICAL EFFICIENCY

SPECIFIC FUEL 1.3 — 
‘
\,~ FUEL PHOCISSO, EFFICI ENCY 15%

CONSUMPTION
IB/KW HR 1.2 -

1.1 . PRESENT DESIGN

1.0 i
0 20 40 60 80 100 120

STACK WEIGHT , LB

Figure 44. Stack Weight versus Fuel Consumption

33” II”

I

11%”

__ I_

Figure 45. Power Plant Layout Drawing

NOTE: The engineering drawing from which Figure 45 was drawn
is bound inside the back cover of this report .
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6. I MPACT OF IMPROVED TECHNOLOGY. Several technology advancement

programs are under way at PSD. Although these programs are specificall y
a imed at improv i ng the pos iti on of fuel cells i n the commerc i a l power plant

j
l market , the advancements achieved in these programs wil l  also enhance the

primary characteristics of the 1.5-kW Army methanol power plant. Two investi-

gations that may directly benefit Army power plants are:

(1) A catalyst activity improvement program aimed at increasing cell per-
formance by 30 millivolts over and above the 1980 performance projection .
This is a coordinated effort being ‘arried out at PSD and several

commercial laboratories . A 30-millivolt increase in cell performance would
reduce the power section weight by 25%, and

(2) Technology efforts aimed at gaining a better understanding of the effects
of multiple start/shutdown cycles and low-temperature storage. This may
permit definition of cell and electrode configurations that exhibit reduced
start/shutdown performance degradation under military operating

conditions. This improvement could reduce stack weight and/or other

subsystem weight.
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Figure 46. Reliability Model for Air-Cooled 1.5-kW Methanol Power Plant
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B. Power Plant with Water Recovery

1. WATER RECOVERY APPROACH AND SYSTEM SELECTION. To permit the
use of only methanol as a power plan t fu el , a water-recovery system must be
added to supply the water required for the fuel processor. The addition of
water recovery required three major modifications to the premix system .
These were: addition of a water recovery system , a liquid coolant system for

stack thermal management , and freeze protection .

The sys tem wi th wa ter recovery is shown in Figur e 47. Byproduct water from
- - the fuel cells and fuel processor burner i s condensed from the combi ned

streams by an air-cooled condenser. The condenser exit dewpoint necessary
to recover the requ i red fu el processor water depends on the amount of non-
condensi bles presen t i n the exhaus t stream , i.e., condenser inlet dewpoint or

- - 
start of condensation temperature . Figure 48 shows this relationship in terms

of cell oxyg en u ti l iza tion an d burner flame temperature rather than inlet dew-
point or air flows. The maximum dewpoint achievable within the specified

limits of 128°F precludes the possibility of self-sustaining water recovery on a

125°F day with any reasonable-size condenser. Units for commercial power
plants are generally designed for a 5°F temperature difference, but for a

portable power plant a larger differential is desirable. An ambient temperature
of 115°F was selected as the basis for the condenser design. Surplus water is
stored in a storage tank for use when consumption exceeds recovery . The
limits specified for oxygen utilization and burner flame temperature are based
on practical design limitations. To ensure adequate oxygen flow to each cell ,
a maximum utilization of 60 percent is recommended . A maximum flame tem-

perature of 1900°F is also recommended to prevent damage to the low-
temperature reform catalyst.

The low stack process air flow (high oxygen utilization ) required for water
recovery necessitates the addit ion of a liquid cooling system . Freeze pro-
tection is provided by automatically draining the condenser and water storage
tan k whenever the storage tank water temperature approaches 32°F. A tank

containing the correct mixture of water and methanol is used to supply the

fuel and water required during startup in cold weather.
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2. SYSTEM DESCRIPTION. The system with water recovery may be divided
into seven subsystems for discuss ion: power section , thermal management ,
water recovery , control , power conditioning, fuel processing, and reactant

supp ly .

2.1. Power Section. The power section consists of the fuel cell stack
assembly, the cathode air control valve , and ducting. The stack assembly
comprises 80 cells of 0.33 ft2 active area each , with liquid coolers spaced at

five-cell intervals. Each cooler consists of two 3/8-in. OD copper headers
connected to 10 heat-transfer tubes 1/8-in. OD with 6 internal fins per inch
embedded in a 1/8-in, thick carbon block. The coolers are designed for a

maximum hot-cell to coolant-exit temperature difference of 75°F. Some weigh’.

savings (approximately 3 Ib) may be achieved by allowing a 90°F differential ,

possibly causing an i ncrease of the cooler spacing to 6 cells.

The cells are square rather than rectangular , with smaller air channel depths
than the air-cooled stack. The fuel feed is a two-pass arrangement with

adjacent inlet and exit manifolds on the same end and a turnaround manifold on
the opposite end . The fuel inlet manifold and exit manifolds are 1.5 in. deep .
The air flow is a one-pass sweep. A ir inlet and exit manifolds are 1 in. deep .
The stack is insulated with 2 in.  of fiberglass on the sides and 1 in. on top
and bottom .

The cathode air valve modulates air flow to the stack based on a predetermined
schedule of air flow vs. dc current. The valve is des igned to pass 15 pph of
air at a pressure loss of 0. 65 in. H2O. The power section weight and volume
are summar i zed i n Table 15.

TABLE 15. POWER SECTION COMPONENTS

Component Weight , Lb Volume, In3

Stack (without coolant) 64 4510
Cathode Air Valve 3 23
Ducting 1 100

Total 68 4633
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2.2. Thermal Management . The function of the thermal management
subsystem is to maintain the desired cell thermal conditions. The therma l

management subsystem consists of a dielectric coolant , coolant circulating
pump, air-cooled waste-heat heat exchanger , cooling air fan , coolant accumu-

lator , start heat exchanger , start burner , and low-power electric heaters.

FC-43 , an inert fluorocarbon liquid manufactured by the 3M company, was

selected for the coolant because of its relatively low viscosity at low tempera-
tures (pour point -80°F) and fairly high boiling point ( 345°F). It is also
nonflammable , resistant to chemical attack , and essentially nontoxic. FC-43
has one undesirable property common to most dielectrics; it is difficult to con-
tain because of its low surface tension . The coolant system pressure will vary
from one atmosphere at rated power to approximately 20 psia at zero net power
as result of maintaining constant cell temperature over the power range .

Stack waste heat is rejected to ambient through the air-cooled waste-heat heat
exchanger. Coolant exit temperature is controlled by cycling the fan . The
effect of cooling air flow on heat exchanger size was examined parametrically to
determine the optimum air flow . It can be seen from Figure 49 that the opti-
mum air flow is around 250 pph . Heat exchanger size increases dramatica Il~
below 250 pph and does not decrease appreciably above this flow . The cooling
air fan provides 57 scfm at a pressure rise of 0.25 in . H20. The fan parasite
power is estimated to be 10 watts .

The coolant accumulator is designed to accommodate a coolant volume change of
70 in3 based on a temperature range of -65 to 350°F. The coolant circulating
pump is designed to provide 960 pph of flow at a pressure rise of 5 psid .
The pump parasite power is estimated to be 10 wat ts .

The start burner and heat exchanger are designed to heat up the stack f rom
-25 to 300°F in 15 minutes . A start burner air flow of 180 pph was selected
on the basis of the start heat exchanger trade study shown in Figure 50. The
start air blower also provides 170 pph of air flow to the reformer burlier
during startup. The blower provides 80 scfm at a pressure rise of 1 .2 in.

• H20. Blower power is estimated to be 55 watts . Start burner fuel flow is 6.3
pph.
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The low-power electric heaters are identical to those in the premix system .
They can provide up to 450 watts of heat in 150-watt increments for thermal
control and voltage limiting at low powers. The thermal control system weights
and volumes are summarized in Table 16.

TABLE 16. THERMAL CONTROL SYSTEM WEIGHT AND VOLUME SUMMARY

Components Weight , Lb Volume, In3

Waste-Heat Heat Exchanger 6.2 175
Waste-Heat Heat Exchanger Fan 0.5 105
Start Heat Exchanger 14.4 175 —
Start Burner 3.0 160
Start Burner Fuel Valve 3.0 100
Start Air Blower 3.5 105
Coolant Pump 2.5 105
Coolant Accumulator 2.0 90
Coolant 22.0

Total 57.1 1015

2.3. Water Recovery. The function of the water recovery system is to supply
liquid water to the reactant supply subsystem. The water recovery subsystem
consists of the condenser and condenser cooling air fan .

The water recovery subsystem was designed to provide the fuel processor

-
- I water flow required at rated power for an ambient temperature of 115°F. The

condenser cooling air flow of 1500 pph was selected on the basis of the con-
denser optimization study shown in Figure 51. The condenser cooling air fan
provides 338 scfm of air with a pressure rise of 0.1 in. H20. The fan para-
site power is estimated to be 26 watts . The water recovery system weights 

—

and volumes are summarized in Table 17.

TABLE 17. WATER RECOVERY SUBSYSTEM WEIGHT AND VOLUME SUMMARY

Component Weight , Lb 
— 

Volume , In3

Condenser 17 170
Condenser Fan 1 380
Plum bing 0.5 100

Total

66 

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

—‘5- ~—~•- - -



5- 5-5-’~~~~~~~~ - 

~~~~~
5-
~Jt[L .~~~~ ~~~- --~~—~~~~~~~~~~~~~~~~ -.-- --~~~~- -~~~~~

Power Systems Division FCR 0883

140 - AM BIENT TEMP 125 F

120 - HEAT REJECTION RATE
~ 1000 ITU /HR BASE D ON

100 6000 HR STACK LIFE

WASTE-HEAT
HEAT EXCHANGER

REQUIRED UA •o 
300 F

BTu,HR.FT~ _ eF Figure 49.
40 -

Start Heat Exchanger Optimization
20 -

0 i I I

100 150 200 250 300 350
COOLING AIR FLOW — PPH

8.0

s 0 HOT SIDE INLET TEMP 1200 F
- - !~ COLD SIDE INLET TEMP 300 F

L COLD SIDE FLOW 960 PPN

START ~~ Figure 50.

EXCHANGER 3.0 Trade Study Waste Heat Exchanger
UA Size versus Stack Exit Temperature

• 

BTU/HR- F :: ~~N. __,____~,___,____
~
______, 

and Cooling A ir Flow

120 140 160 180 200 220 240

BURNER AIR FLOW — PPH

200

150 -

REQUIRED
CONDENSER 100 -

UA
ITU/NI-F T 2 - F  HEAT TRANSFER 5300 ITU/HR

50 - AMBIENT TEMP 115 F .

CONDENSER EXIT D.P. 121 F FIgure 51. Condenser Optimization

0
0 500 1000 1500 2000
CONDENSER COOLING AIR FLOW — PPN

67

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

•—5--
~~ 

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

- - --------.---—-.-- --
~
--

~~~~
.—-- --

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -



——  — - 
flT ~~~~~ ----‘.5-- - ._~~: I I!~~__,,~~ . —.-----.-,--- , — - — -.----— — -

Power Systems Division FCR-0883

2.4. Reactant Supply. The function of the reactant supply subsystem is to
provide the correct mixture of methanol and water to the fuel processor and
process air to the reformer burner and stack. The reactant supply subsystem
consists of the process fuel pump, process air blower , water storage tank ,
methanol-water mixture tank valves , and plumbing.

The water storage tank is designed to store enough water for rated power
operation on a 125°F , dry day for a period of 12 hours . The tank is equipped
with a drain valve activated by a thermal switch sensing water temperature in
the tank. A level sensor is also located in the tank to turn off the condenser

fan to prevent overfilling.

The methanol-water mixture tank is used to store the proper methanol-water
- 

- mixture for startup in subfreezing weather. The tank has sufficient capacity
for three consecutive starts . The vent valve is opened by a signal from the
level sensor in the water storage tank and is closed by a level sensor in the
methanol-water mixture tank. The fuel shutoff valve is closed during cold
weather to prevent fuel from being pumped into the system without water.

The process fuel pump supplies methanol-water to the fuel processor dur i ng
startup and normal operation and fuel to the star t burner during startup.

The fuel pump supplies 11 pph of methanol-water with a pressure rise of 3.5
psid . The pump parasite power is estimated to be 5 watts.

The process air blower supplies air to the power section and reformer burner
during normal operation . The blower supplies 5.6 scfm with a pressure rise of
2.1 in. H20. The parasite power of the blower is estimated to be 10 watts .
The reactant supply weight and volume are presented in Table 18.

2.5 . Control. The control subsystem components are basically the same as
those in the premix fuel system . The functions of the automatic control unit

differ , however , i n provid i ng con tinuous con trol of power section
a i r flow , fuel processor a i r flow , process fuel flow , an d sequen tial con trol of
the fo l lowing components :

68
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stac k coolant inlet temperatu re process air blower
low-power heater process fuel pump
start air blower start fuel vaporizers
reformer start fuel valve main load contractor
power section start burner fuel valve battery load switch
condenser exit temperatu re fuel shutoff valve
coolant pump reformer start air valve ignitors

The control subsystem also monitors critical system parameters, stack coolan t

inlet temperature , reformer temperature , power section voltage, and power
section current . The battery pack designed for two consecutive startup -
shutdown cycles we ighs 8 lb. Table 19 summarizes the energy required for
startup and shutdown. The control subsystem weight and volume summary is
presented in Table 20.

2.6 Fuel Processor and Power Conditioning. The fuel processor and power
condit ioning subsystems are identical to those in the premix fuel system . - -

3. POWER PLANT DESCRIPTION . As shown in Table 21, the characteristics
of the power plant with water recovery are similar to those of the premixed
fuel power plant except that weight and volume are increased by 91 lb and 1.7

• ft 3 by the addition of the water recovery and freeze-protection equipment.
The MTBF for this power plant is also lower by approximately 400 hours

because of the additiona l components (see Figure 52). Water recovery may
also adversely affect the operating life of the reformer. Catalyst suppliers
and PSD experience indicate that sulfur and chloride contamination of the
process water can cause low-temperature reforming catalyst degradation .
Chloride and sulfur contamination of the water recovered from the power plant
exhaust can occur due to leaching from plumbing and components. Should the - 

-

Army decide to pursue design of a power plant with water recovery , an

approach to water treatmen t or more frequent replacement of the catalyst will

have to be considered . A weight and volume summary for the dc power plant

with water recovery is presented in Table 22. A summary of parasite powers

is shown in Table 23.
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TABLE 18. REACTANT SUPPLY WEIGHT AND VOLUME SUMMARY

Component Weight, Lb Volume , In 3

Process Fuel Pump and Plumbing 3 75
Process Air Blower and Ducting 0.5 175
Water Storage Tank 1 345
Methanol-Water Storage Tank 1 345
Water Tank Drain Valve 2 13
Methanol-Water Tank Vent Valve 2 13
Fuel Shutoff Valve 3 20

Total 12 .5 986

TABLE 19. STARTUP AND SHUTDOWN ENERGY REQUIREMENTS

Energy, Watt-Hours

Components Power , Watts Start Shutdown

Star t Blower 55 14 0
Coolant Pump 10 2.5 2.5
Fuel Processor Start Fuel Valve 3 1 0
Power Section Start Fuel Valve 5 1 0
Fuel Shutoff Valve 10 2.5 2.5
Fuel Processor Start Air Valve 45 11.3 0
Automatic Control Un it 20 5 5
Waste Heat Hea t Exchanger 10 2 .5 2.5
Water Drain Valve 11 0 3
Methanol-Water Vent Valve 10 2.5 0
Electric Fuel Vaporizers (2) 3000 50 - 0

Total 3179 92.3 15.5

Energy required for two startup-shutdown cycles: 216 watt-hours

TABLE 20 . CONTROL SYSTEM WEIGHT AND VOLUME SUMMARY

Component Weight , Lb Volume, In3

ACU 7 170
Battery 8 170
Main Load Contactor 1 30
Exc iters (2) 1 60
Instrument Panel 5 —

Total 22 430
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TABLE 21. WATER RECOVERY SYST EM PRIMARY CHARACTERISTICS

PD REQ’T. DESIGN
RATED OUTPUT KW 1.5 1.5

WEIGHT LB 150. 259 .

VOLUME FT 3 6. 8.1
FUEL CONSUMPTION LB/ KW-HR 2.2 1.22
START TIME MINUTES 15. 15.
OPERATING LIFE HOURS 6000 . 6000 .
MTBF HOURS 750. 1100.

TEMPERATURE RANGE °F -65 TO 125°F -65 TO 125°F
NUMBER OF STARTS 2000 . 2000.
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Figure 52. Reliability Model for Water Recovery 1.5-kW Methanol Power Plant

1. RADC-TR-75-22 , January 1975 , Nonelectronic Reliability Notebook.
2. MIL-HDBK-217B , 20 September 1974, Reliability Prediction of Electronic

Equipment
3. AVCO Corp ., March 1962, Reliability Physics. - -
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TABLE 22. WATER RECOVERY SYSTEM WEIGHT AND VOLUME SUMMARY , DC SET

WEIGHT , LB VOLUME , IN3

POWER SECTION

CELL STACK (WITHOUT COOLANT) 64 4990
CATHODE AIR VALVE 3 23
DUCTING 1 100

POWER SECTION SUBTOTAL 68 5112

CONTROL SUBSYSTEM

— ACU 7 170
BATTERY 8 170
MAIN LOAD CONTACTOR 1 30
EXCITERS (2) 1 60
INSTRUMENT PANEL 5 --

CONTROL SUBSYSTEM SUBTOTAL 22 430

REACTANT SUPPLY SUBSYSTEM
PROCESS FUEL PUMP AND PLUMBING 3 75
PROCESS AIR BLOWER AND DUCTING 0.5 175
WATER STORAGE TANK 1 345
WATER TANK DRAIN VALVE  2 13
METHANOL / WATER TANK VENT VALVE 2 13
FUEL SHUTOFF VALVE 3 20
METHANOL / WATER STORAGE TANK 1 345

REACTANT SUPPLY SUBTOTAL 12 .5 986

THERMAL MANAGEMENT SUBSYSTEM

WASTE HEAT HEAT EXCHANGER 6.2 175
WASTE HEAT HEAT FAN 0.5 105
START HEAT EXCHANGER 14.4 175
START BURNER 3.0 160
START BURNER FUEL VALVE 3.0 100
START A I R  BLOWER 3.5 105
COOLANT PUMP 2. 5 105
COOLANT ACCUMULATOR 2.0 105 H
COOLANT 22.0 90

THERMAL MANAGEMENT SUBTOTAL 57.1 1015
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TABLE 22. ( Continued )

WEIGHT , LB V OLUME ,1N 3
WAT ER RECOVERY SUBSYSTEM

CONDENSER 17 170
CONDENSER FAN 1 380
PLUMBING 0. 5 100

WATER RECOVERY SUBTOTAL 18.5 650

FUEL PROCESSING SUBSYSTEM

B U R N E R / V A P O R I Z E R / R E F O R M E R  30 2074
DUCTING AND VALVES 13 660

FUEL PROCESSO R SUBSYSTEM SUBTOTAL 43.0 2730

POWER C O N D I T I O N I N G
DC VOLTAGE REGULATO R 14 660

POWER CONDITIONING SUBTOTAL - 14.0

STRUCTURE 23.5
STRUCTURE SUBTOTAL 23 .5 

_ _ _ _

TOTAL 258.6 11583

TABLE 23. WATER RECOVERY PARASITE POWER SUMMARY

COMPONENT POWER , WATTS

FUEL PUMP 5
PROCESS A I R  BLOWER 10
CONDENSER FAN 26
WAST E HEAT HEAT EXCHANGER FAN 10
COOLANT PUMP 10
BURNER AIR VALVE 20
STA CK AIR VALVE 20
ACU 20
BATTERY CHARGER 30
MAIN LOAD CONTACTOR 10
PROCESS FUEL VALVE 3

TOTAL
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CONCLUSIONS

The following conclusions have been drawn from the results of the data base
review and data base confirmation parts of the program :

1. A baseline activity can be defined for steam reforming reagent -grade
methanol on catalyst T2130 (United Catalysts , Inc.) at rated conditions:
(pressure, 1 atmosphere ; H2O/CH :~OH mole ratio , 1.5 :1 ;  temperature , 400 to
550~F) .

2. Operation at off-rated conditions per temperature (‘=600°F) , pressure (50
psia) , and H2O,’CH :~OH mole ratio ( 0.7 ) does not affect this baseline act iv i t y .

3. The effect of impurities in the methanol feed (ethanol , isobutanol , sulfur ,
and chlorine) on baseline activity can be estimated by deactivation factors that
permit estimation of end-of-life activity for the catalyst .

4. Ethanol and isobutanol deactivate by reversible adsorption on the catalyst
surface . A minimum activity is reached that has the same value for both
impurit ies at saturation adsorption coverage (~~ baseline act iv i ty ) .  This 

- 
-

minimum is reached at 400 ppmw ethanol and 100 ppmw isobutanol .

5. This deactivation may be compensated for by an approximately 50”F
increase in mean operating temperature .

6. An experiment wi th technical -grade methanol containi ng appro x imately 100

~ ethanol confirmed that after an init ial deactivation , a cons t an t , lower’

ai t~~~ it ~~ ~~iIu~’ was established .

~~~~~~~~~~ ~~~~~~ i .~~I ~~~~ t .h ~~~rs  , I radeot is may be evaluated between fuel

..I,,I, ,
~ . ‘ - ~l i ’ - -v . u .’ p I~~~ t pertorniance .
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The conclusions drawn from the results of the conceptual design study are :

1 . The premix fuel power plant utilizing an air-cooled stack with recycle has
the greatest potential for meeting the purchase description requirements .

Weight and volume , although exceeding the purchase description requirement

by 17%, can be reduced to meet the Army ’s goal by increasing fuel con-
sumption . The- new level of fuel consumption will remain lower than goal
requirements . 

-

2. Adding water recovery capability increases power plant weight by 48% and
volume by 16%; it also adds complexity for freeze protection and to develop-
ment cost . Water recovery may reduce reformer life or require water

treatment.

3. The 2000 starts and low ambiert,t temperature requirements are not typical

of commercial applications and require further investigation.

• 4. Short-term operation on unreacted methanol (concentrations up to 20%)
and on ethanol (up to 6% concentration) is not detrimental to fuel cell per-

formance at 375°F.

5. A high-performance reformer design has been defined that meets all power
plan t process requiremen ts.

6. The reformer should opera te satisfactorily on methanol containing up to
100 ppm higher alcohols , which includes approximately 40% of the commercial
methanol sources .

- - 

~~~~~~~

—

~~~~~~
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RECOMMENDATIONS

The following recommendations are made by PSD as the result of the reported
program :

1. To compensate for deactivation due to impurities , the reformer may run at
temperatures greater than 500°F. The behavior of higher alcohol impurities in
this temperature range should be investigated, in particular to determine if
carbon laydown may occur.

2. No quantitative analysis for effluent ethanol and isobutanol was possible
in this program . The conversion and product distribution from ethanol and
isobutanol should be determined at reformer operating conditions.

3. The effect of other possible reformer products , e.g., ethers and aIde-
hydes , on fuel cell performance should be evaluated .

4. Steam reforming of methanol with high impurity levels of ethanol (>500
ppmw) and isobutanol (> 2500 ppmw) should be investigated to simulate
operation on methyl fuels.

5. Several , less pure, grades of methanol should be run at high space
velocity to check for effects of impurities , other than higher alcohols , which

may be detrimental to catalyst act ivity.

6. The effect of total pressure and of reactant partial pressures on reaction
rate should be determined .

7. Alternative catalyst systems that may steam-reform higher alcohols at
i ntermed iate tempera tures (lower than conventional reforming) should be
sought.

76
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8. The effects of a large number of starts and low ambient temperature

- 
should be investigated .

• 9. Investigate tradeoffs between longer or shorter start time (30 minutes )

and/or added weight versus startup/shutdown losses should be considered .

10. Effects of methanol and higher alcohols on long-term fuel cell performance

at lower temperatures (325 to 350°F) should be investigated .

11. The transient characteristics of the system, particularly the fuel
processing subsystem , should be investigated .

- 
12. The fuel consumption versus weight tradeoffs should be pursued .

77/78
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GLOSSARY

DEACTIVATION FACTOR , ~: an adjustment factor, applied to a baseline
catalyst activity, to estimate the lower
activity to be expected in the presence of
catalyst poisons or other causes of decreasing

activity

FUEL: moles CH3OH/hr
MA: moles argon/hr
MCH4: moles CH 4/hr
MCO: moles CO/hr
MCO2 : moles CO2/hr
MH2 : moles H2/hr
MH2O: moles H40/hr
MN2 : moles N2/hr
MO2 : moles O2/hr
Mode III: 1.5-kW , 60-Hz , Model MEPXO31A
Mode IV : 1 .5-kW , 28-volt direct current , Model MEPXO3OA

PPH: pounds per hours mass
PPMW : parts per million , weight
PSID: pounds force per square inch, different ial
PT: total pressure (pounds force per square inch, absolute)
RM-1: Simulated reformed methane , i.e., 70% H2, 1% CO , 19% CO2
THSV: theoretical hydrogen space velocity; the reacto r space velocity ,

in volumes of gas per volume reactor per hour , based on the
hydrogen produced from the methanol feed in reaction :

CH 3OH + H40 -
~ CO2 + 3H2

1 TF: temperature in degrees Fahrenheit
UTILIZATION (U): ce ll reactant consumption/ inlet reactant flow

- -5 - -
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