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SUMMARY

United Technologies Corporation, in cooperation with the Electric Power Research

Institute, has developed an adiabatic steam reformer capable of processing sulfur-

containing fuels for commercial fuel cell power plants. No. 2 fuel oil and various

I coal-derived liquids have recently been successfully reformed to hydrogen using

advanced catalyst formulations. The objective of this program is to determine the

I performance of the adiabatic reformer when operated with military logistic fuels.

The test data will form the basis for system evaluation of the use of the adiabatic

I reformer in Army "SLEEP" power plants using military logistic fuels.

A two-inch diameter adiabatic reformer capable of supplying the hydrogen required

I for a 2.5 kW to 6 kW power plant was loaded with advanced metal oxide and nickel

catalysts. It ran for over 1400 hours; 840 hours with No. 2 fuel oil as reference

fuel, 350 hours on unleaded gasoline, and 216 hours on diesel fuel. The perform-

ance of the reformer on No. 2 fuel oil (for calibration against previous tests)

I closely matched previous tests both with respect to fuel conversion and carbon

formation characteristics. After an initial decay period of about 200 hours, the

I performance remained stable for the remaining 1200 hours of test. The reformer

operated at conditions set as design goals for a commercial fuel cell power plant.

I With unleaded gasoline, the tendency for carbon formation was greatly reduced;

even at the lowest values for oxygen to carbon ratio in the process steam no

carbon was detected. Fuel conversion to hydrogen was a sensitive function of

sulfur content; with greater than 750 ppmw sulfur content conversion was similar

to No. 2 fuel, with less sulfur conversion increased. In tests using diesel fuel

conversion was also similar to that obtained from No. 2 fuel oil while the carbon

formation tendency was slightly improved.

Operating parameters were defined for each of the fuels. The effect of steam/

carbon ratio, pressure and fuel flow rate on fuel conversion was determined.

Minimum values of oxygen/carbon ratio and of preheat temperature of the process

stream required to prevent carbon formation were also determined for the same

variables. With both logistic fuels, performance matched or exceeded process

requirements set for commercial fuel cell power plants.
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Where requirements for Army SLEEP power plants might vary from commercial

power plants, the performance of the adiabatic reformer was not adversely affected.

Thus, fuel conversion was not significantly affected by change in pressure or by

change in steam/carbon ratio between values of 2.8 and 4.38. The tendency for

carbon formation was also unaffected by steam/carbon ratio and was decreased as

I pressure decreased from 60 to 20 psig.

The data in this report suggest that the adiabatic reformer may offer an attractive

approach to processing military'logistic fuels for Army SLEEP power plants.

-
I

1
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INTRODUCTIONI'
United Technologies Corporation, in cooperation with the Electric Power Research

Institute, has developed an adiabatic reformer capable of processing sulfur contain-

ing- fuels for commerciat fuel cell power plants. No. 2 fuel oil and various coal

derived liquids have recently been successfully reformed to hydrogen using advanc-

ed catalyst formulations. The objective of this program is to evaluate the perform-

ance of the adiabatic refdrmer when operated with military logistic fuels. This

work may be a suitable basis for extending the capabilities of the Army SLEEP

power plant family to include multifuel operation on a broad range of logistic fuels.

The operation of the adiabatic reformer has been previously described (1). In the

reformer, air is added to the fuel/steam process stream in sufficient quantity to

supply, by combustion, the heat necessary for reforming the remaining fuel to

hydrogen. For maximum efficiency, the amount of air, or the equivalent amount of

heat supplied to the inlet process stream, must be reduced to a low value while

achieving substantially complete conversion of fuel. However, for extended,

unattended operation, carbon formation, which can readily plug the reactor, must

be eliminated. With commercial nickel catalysts, the performance of the reformer is

limited by the amount of air required by the process stream to prevent carbon

formation. Thus, with an acceptable extent of process gas preheat, raising the

prereaction temperature to about 1350°F, the minimum amount of air to avoid car-

bon formation gives an oxygen to carbon mole ratio of 0.45. The desired value to

achieve fuel efficient operation is about 0.35. Recent programs at UTC have

resulted in the development of a metal oxide catalyst which significantly improves

the performance of the adiabatic reformer. With the metal oxide catalyst placed in

the entrance of the reactor, i.e., the combustion zone, the reactor has been

operated on No. 2 fuel oil without carbon formation at oxygen to carbon ratios as

low as 0.35.

It is also important that the effluent stream from the reformer be essentially com-

pletely converted to hydrogen. Residual methane will not be oxidized at the fuel

cell anode resulting in a loss in system efficiency. Again, commercial nickel cata-

lysts have not proved sufficiently active to achieve the desired conversion of

-3-
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I i

residual methane in the adiabatic reformer. New high-activity supported metal

catalysts have been developed which have achieved close to 99 percent conversion

of fuel carbon to carbon oxides when placed in the exit of the reactor, downstream

J of the metal oxide combustion zone catalyst.

I United has successfully tested a bench scale, 2.5 to 6-kW capacity, adiabatic reac-

tor filled with a mixed catalyst bed of metal oxide and metal catalyst. No. 2 fuel

oil and some coal liquids have been run at 3 atmospheres total pressure, and

steam/carbon ratios in the feed of 4 to 5. The reactor was rugged in operation.

It demonstrated the ability to regenerate itself while supplying hydrogen by

I burning-off carbon formed due to malfunction. It responded rapidly to change in

feed rate. We therefore conclude that the adiabatic reformer offers an attractive

approach to processing logistic fuels in the Army SLEEP power plants. With

further development, it may enable the power plants to process a broad range of

I logistic fuels with high efficiency and to develop a fuel processor with a multifuel

capability.

1

/
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I
TYPICAL OPERATING CHARACTERISTICS OF THE ADIABATIC REFORMERI

The operation of the adiabatic reformer has been described in previous reports

(1). To aid in evaluating the test results with military logistic fuel, the important

features of the development of the reformer to process No. 2 fuel oil for commer-

cial application have been summarized below.

A schematic of the bench scale test reactor is shown in Figure 1. Pre-vaporized

fuel and steam are rapidly mixed with air and additional steam in the mixing nozzle.
The well-mixed process stream enters the catalyst bed where a complex sequence

of combustion and reforming processes occur in the inlet catalyst. Carbon may

accumulate in this section. Finally, in the exit section steam reforming of the

residual fuel is completed.

, FUEL
STEAM-1 AND RECYCLE

FUEL VAPORIZER

MIXING NOZZLE STEAM-2/AIR
SAMPLE TAPS
FT- T %'f- T

£2.4- INLET CATALYST

ill 3 4_ _
tlt3 V"" --T

EXIT CATALYST

q26"

Figure 1. Schematic of Bench Scale Adiabatic Reformer

Analytical studies of the adiabatic reformer for the 4.8-MW phosphoric acid fuel

cell power plant were used to define operating conditions which would minimize
system cost at a design heat rate of 9300 Btu/kWh. The operating conditions
which were set as goals for reactor development, shown in Table 1, were selected

-5-
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I
to give minimum values for air addition (0 2 /C ratio) and pre-reaction temperature

while maintaining high fuel conversion.

TABLE 1. ADIABATIC REFORMER PERFORMANCE

Reactor Performance
Commercial(2) Metal Oxide(3)

Design(1) Nickel Plus
Baseline Catalyst Advanced NickelI

0 2/C Mole Ratio 0.36 0.42 0.36
Pre-reaction Temperature, IF 1360 1360 1360
Exit Temperautre, OF 1700 1750 1700
Conversion 98.2 99.0 >98.2 (4)
Space Velocity, lbs fuel/ft 3  12 24 12

reactor-hr

(1) For 4.8 MW Phosphoric Acid Power Plant at 9300 Btu/kWh.
(2) 6 inch diameter reactor with optimized nozzle.
(3) 2 inch diameter reactor with optimized nozzle.
(4) Extrapolated to design space velocity.

Early reactor configurations with commerical nickel catalyst required air in excess

of the design value to prevent carbon laydown in the re.ctor entrance. This

excess air reduces the quantity of hydrogen produced and thus reduces power

plant efficiency. It was recognized that rapid and efficient mixing of the air and

fuel was important to limit the extent of carbon-forming reactions. Therefore, a

study of the effect of reactant nozzle configuration on carbon formation was made.

The 2-inch diameter bench-scale reactor processing two pounds of fuel per hour

was used. The nozzle configuration was varied while the fuel (No. 2 fuel oil) and

the catalyst (a commercial nickel catalyst) were not changed. After testing many

configurations, an optimized nozzle geometry was defined which was subsequently

scaled-up for a 6-inch diameter reactor flowing 10 pounds of fuel per hour. The

ability to scale up the nozzle design was demonstrated by a close agreement in the

minimum 0 2 /C requirement for the two reactors. However, the reactor with optim-

ized nozzle was still limited in performance by carbon formation. As shown in

Table 1, the minimum 0 2/C requirement exceeded the design goal.

-6-
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I
The effect on carbon formation of variation in catalyst formulation was therefore

studied while holding the nozzle configuration fixed. From the position of the

carbon deposited in the reactor and from the variation of product composition with

reactor length, it was apparent that the principal function required of the catalyst

depended on its position in the reactor bed; in the inlet section where combustion

J reactions predominated, the ability to inhibit carbon accumulation was paramount;

in the exit section, the ability to reform residual methane was the only requirement.

Hence, for carbon formation studies, the catalyst in the inlet of the 2-inch dia-

meter reactor was changed while leaving the exit catalyst in place. In this way

the effect of changes in the inlet catalyst could be rapidly determined.

Experiments in a laboratory microreactor had suggested that metal oxide catalysts

would show superior resistance to carbon formation. When these catalysts were

placed in the reactor it was clear that a major.change in the rates of reaction in

the combustion zone had occurred, as evidenced by a change in the temperature

and product composition profiles from those observed with the commercial nickel

catalyst. At the same time the minimum value for 0 2 /C at which the reactor would

operate carbon-free was reduced.

In Figure 2, the characteristic carbon-free operating regime of the reactor is

illustrated. At fixed pre-reaction temperature, it was found that the 0 2 /C ratio in

the feed could be lowered to a point where increasing pressure drop across the

reactor indicated carbon formation; raising the 0 2/C ratio from this value reversed

the pressure increase. Using this technique at different pre-reaction tempera-

tures, a reactor operating line, above which the reactor could operate carbon-free,

was defined. For reactors filled with commercial nickel catalyst, this line has a

characteristic slope. Improvement in reactor performance was indicated by a lower

value for the 0 2/C intercept of the operating line. Metal oxide catalyst A can be

seen in Figure 2 to have extended the carbon-free operation of the reactor below

that obtained with commercial nickel catalyst while an improved formulation, cata-

lyst B, gave even further improvement to lower values of 0 2 /C. The slope of the

operating line for the metal oxide catalysts was similar to that of the nickel catalyst.

More importantly, metal oxide B permitted operation of the reactor at the baseline

design value for 0 2 /C.

-7-
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CARBON FREE REGION 0 METAL OXIDE B
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0.2 I L
1100 1200 1300 1400 1500
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Figure 2. Effect of Catalyst on Carbon Formation in the Adiabatic Reformer

The fuel cell power plant not only requires that the reformer operate carbon-free,

but also that it achieve high fuel conversion at the design conditions. For a given

catalyst in the exit section of the reactor, the conversion correlated with the exit

temperature and was independent of whether that temperature was achieved by the

addition of air (increased 0 2 /C) or by an increase in preheat temperature. Thus,

in Figure 3, data are shown for two reactor conditions which represent different

values for 0 2/C and pre-reaction temperature, but the same adiabatic exit temper-

ature. The temperature and methane concentration varied at the inlet to the

reactor, but the conversion was the same at the reactor exit. With commercial

nickel catalyst in the exit to the reactor, the required conversion could only be

achieved at high temperatures. A more active nickel catalyst was developed in a

parallel laboratory program which, when placed in the exit of the 2-inch diameter

reactor, gave the conversions shown in Figure 4.
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Figure 3. Effect of 0 2 /C and Pre-reaction Temperature on Fuel Conversion

FUEL: 2PPH No. 2
SV 40 LBS HR FT3

SUFFIX INDICATES RUNA INE IN HOURS 30 PSIG
CURVES CALCULATED FROM CONVERSION MODEL CATALYST

INLET PS0 3018: 0.84 LBS
EXIT PSO 2001: 2.0 LOS

1.0! , -, G.---SYSTEM DESIGN POINT

FUEL 0.95- 3-5

CONVERSION 490 3,1

C0 C02 1510235

SCO C02 C14  RO
3

03

0.85I
1500 1600 1700 1800

REACTOR EXIT TEMPERATURE -*

Figure 4. Fuel Conversion on High Activity Nickel Catalyst

The fuel flow rate of 2 pounds per hour corresponded to a weight hourly space
velocity of approximately 0.7. Because the reactor contained catalysts of various

densities, a more convenient unit was adopted, pph fuel/ft3 reactor (2 pph gave a
space velocity of 40 pph/ft 3 ). Since the adiabatic reformer does not require an

-9-



Power Systems Division FCR-3404

I
external burner cavity, the catalyst volume can be commensurately higher than the

I catalyst volume in tubular, externally fired reformers for an equivalent overall

volume. The design goal for the adiabatic reformer in Table 1 was set as 12

I pph/ft 3 . The 2-inch diameter test reactor did not contain sufficient catalyst to

give space velocities less than about 30 pph/ft 3 . The conversion at 12 pph/ft 3

was, therefore, projected from the data at 40 pph/ft 3 by use of a simple first

order model for methane conversion in the reactor exit. A good fit to the data

was obtained and the curve calculated for the design space velocity and plotted on

in Figure 4 showed that the conversion achieved by the advanced nickel catalyst

projected to the design point.

A 2-inch bench-scale reactor with the optimized nozzle configuration, metal oxide

catalyst B in the inlet section, and the high activity nickel catalyst in the exit

section was run for 450 hours on No. 2 fuel oil. The reactor performance decayed

initially, but ran stably for the final 200 hours at the conditions summarized in

Table 1. These closely matched the design requirements except in regard to

pressure.

/
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I
PROGRAM APPROACHI

The test program evaluated the performance of the bench scale, 2 pounds 'per hour

fuel flow, adiabatic reformer containing United's advanced metal oxide and metal

catalysts operated with two logistic fuels; non-leaded gasoline and diesel fuel.

The reactor was initially run with No. 2 fuel oil, as reference fuel, to assure that

the performance of the reactor reproduced previous tests. Unleaded gasoline and

diesel fuel were then tested over a range of conditions likely to be required for

Army application. This body of data established a basis for systems evaluation

studies that could be conducted to determine the benefits that the adiabatic reform-

er may provide to the Army SLEEP program.

TEST EQUIPMENT AND PROCEDURES

All tests run during this program were conducted in a two-inch diameter bench-

scale reactor capable of operating with up to three pounds of fuel per hour. The

same catalyst loading was used for the entire 1412 hours of testing. Three differ-

ent fuels were utilized for determining the operating characteristics of the adia-

batic reformer: No. 2 fuel oil which was used as the baseline fuel, diesel fuel and

regular unleaded gasoline.

The bench scale adiabatic reformer was constructed of 2-inch schedule 40 Inconel-

601 pipe approximately 24-inches long. The fuel flow was between 1.5 and 3

pounds per hour. The reactor was externally insulated. It operated adiabatically

in that it was heated by internal combustion of fuel and air. There was signifi-

cant heat loss amounting typically to 2000 Btu/hr or about 180OF loss from the

calculated adiabatic exit temperature. A schematic of the test rig is shown in

Figure 1. Fuel was vaporized by a portion of the total steam inventory, Steam 1.

The mixture was delivered at about 700OF to the nozzle section where it was mixed

with air and the remaining steam, Steam 2, superheated to about 1650*F. The

temperature of the final mixture, before any reaction occurred, could be adjusted

between 900OF and 1400 0 F. The reactant mixture was injected into the catalyst

bed where the product gas composition was sampled and the temperature measured

at intervals axially down the reactor. Reactor temperatures, pressures, and gas

-11-1
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flows were automatically monitored to shut down the reactor if pre-set operating

* limits were exceeded. The product samples passed through a condenser so that

the composition of the dry gas was reported. In typical operation the reactor was

j started by feeding preheated steam and nitrogen to raise the catalyst temperature

to about 1200 0 F. Hydrogen, air, and fuel were then added in sufficient flow to

set the desired operating conditions. The hydrogen flow was set to simulate a

condition in which some gas was recycled from the fuel cell anode vent. The

pressure could be regulated from 20 to 60 psig.

Analyses were performed by gas chromatography on the dry gas product with a

thermal conductivity detector. An example of the form in which the data for each

test point was tabulated is shown in Figure 5.

Figure 5 also shows the placement of the three catalysts in the reactor. The inlet

section was filled with PSD3018, a metal oxide on a refractory support, while th' ,

exit section contained PSD2001, a high activity nickel catalyst on a refractory

support. A small section between the two catalysts contained HGC1030, a commer-

cial nickel catalyst which had lower activity, but greater high temperature stability

than PSD 2001.
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FUELS TESTED

Three different fuels were tested. Diesel fuel and unleaded gasoline which were

considered to be representative of the Army's logistic fuels were run and the

results compared with those from tests with No. 2 fuel oil as reference. Sulfur

was added to the gasoline in order to determine its effect on both the carbon

boundary and the fue! conversion. A 50/50 mix (sulfur by weight) of thiophene

and diphenyl sulfide was used to raise the sulfur level of the gasoline from 134

ppm to 263 ppm and 750 ppm. Properties of the fuels used are shown in Table 2.

During the distillation analysis of the gasoline, 15% of the volume was lost due to

its high volatility. The low initial boiling point for No. 2 fuel oil resulted from

contamination by a low boiling distillate which was too small to affect the test

result.

TABLE 2. FUEL PROPERTIES

No. 2 Fuel Oil Diesel Fuel Gasoline

Specific Gravity 0.831 0.853 0.743

H/C 1.78 1.73

Aromatics, % 27.3 36.0 47.9

Sulfur, ppmw 3220 1090 134

Distillation, OF
1.B. Pt. 95 155 86
10% 385 408 118
50% 532 540 226
70% 580 587 296
90% 650 655 ---
95% 695 680 386*

*15% fuel lost during distillation due to volatility.
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RESULTSI
The operating characteristics of the adiabatic reformer were determined with three

different fuels. The reformer ran for over 1400 hours; approximately 846 hours

on No. 2 fuel oil as reference fuel, 350 hours on gasoline, and 216 hours on diesel

oil. The performance with No. 2 fuel oil closely matched previous tests in which

the reformer operated at conditions required to meet goals set for the fuel proces-

sor in a commercial demonstrator power plant at 9300 Btu/kW heat rate (1). The

performance with diesel oil was very similar, while the performance with gasoline

exceeded that with No. 2 fuel oil, both with respect to fuel conversion and resis-

tance to carbon accumulation. Seventy-five different test points were run defining

_ I the reactor's dependence on temperature, pressure, fuel type and fuel flow rate,

steam to carbon ratio (H 20/C) and oxygen to carbon ratio (0 2/C). A summary of

all test points with pertinent comments is listed for reference in Table 3. The

tests are described in more detail below.

No. 2 Fuel Oil

The test was started, with No. 2 fuel oil which vTas used as reference fuel to

permit the reactor to "line out," and to establish that the performance was similar

to previous tests using the same reactor and catalysts.

A temperature profile for the adiabatic reformer operating with No. 2 fuel oil,

typical also for the other fuels, is shown in Figure 6. The temperature rose

rapidly at the reactor inlet as conbustion occurred then dropped as the unreacted

fuel and cracked products reformed to carbon oxides and hydrogen. All of the

combustion and about 80% of the reforming occurred in the metal oxide catalyst.

Due to the endothermic processes, the maximum temperatures never reached the

calculated 2136*F adiabatic flame temperature. The metal oxide catalyst had little

activity for steam reforming below about 18001F. Consequently, a more active

nickel catalyst was installed downstream of the potential carbon formation region.

In Figure 6 the increased rate of decrease in temperature signalled transition to

nickel catalyst.

-15-



I
Power Systems Division FCR-3404I

FUEL: 20 PPM No. 2 FUEL OIL
H2 0/C: 438

2100- PRESSURE: 20 PSIG
O2JC: 0323
PREACTION TEMP 1307 * F

1900 ADIABATIC EXIT TEMP: 1500 F
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u€ 1700 CONVERSION: 0930

I--
15 00

1300-
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REACTOR LENGTH - INCHES 94-2

Figure 6. Typical Reactor Temperature Profile

In Figure 7 the corresponding changes in product composition are recorded.

Carbon monoxide and carbon dioxide increased rapidly as combustion occurred.

Ethane, ethylene, and methane, the products of fuel cracking pass through a

concentration maximum close to the point where the maximum in temperature was

reached. Ethylene decreased rapidly due to reforming in the metal oxide catalyst,

but the less reactive methane required the nickel catalyst for significant decrease

in concentration to occur. In the nickel catalyst the carbon balance, fluctuating

about 100%, indicated that methane and the carbon oxides were the sole products.

Changes in pre-reaction temperature, 0 2/C ratio, fuel type and flow rate brought

small shifts in position, but no change in the general form of the conversion shown

in Figures 6 and 7.
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Figure 7. Typical Process Stream Composition

For fuel cell power plant application, the performance of the .reformer is judged on

two capabilities: the ability to achieve high fuel conversion to hydrogen and the

ability to resist accumulation of carbon in the reactor with minimum energy input

either as air or as reactant preheat. Critical operating parameters, listed in

Table 1, were set as design goals for a commercial phosphoric acid power plant.

These served as a reference for the present program. In previous programs the

reactor loaded with the same catalysts operated with No. 2 fuel oil at the design

conditions for over 500 hours.

It was important to establish that the reactor could operate carbon-free at the

desired operating conditions. Carbon formed in the reactor if the mole ratio of

oxygen to carbon (0 2/C) fell below a critical value. At fixed pre-reaction temper-

atures the 0 2/C ratio in the fuel could be lowered to the point where increasing

pressure drop across the reactor indicated carbon formation; raising the 0 2/C

ratio from this value reversed the previous increase. Using this technique at

different pre-reaction temperatures, a reactor operating line or carbon boundary,

-17-
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I
above which the reactor could operate carbon free, was defined. (See Figure 8).

In previous tests this line had been shown to have the same characteristic slope

for every reactor. Improvement in reactor performance was indicated by a lower

value for the 0 2 /C intercept of the operating line. Figure 8 shows that the pre-

sent reactor with No. 2 fuel oil operated carbon-free slightly below the design

point of Table 1, and with the same slope for the carbon boundary.

0 No. 2 FUEL OIL
0.6 -a DIESEL FUEL

0 GASOLINE
-- CARBON BOUNDARY FOR No. 2

FUEL AND DIESEL FUEL
CLOSED SYMBOLS - CARBON

. OPEN SYMBOLS - CARBON FREE

"- 0.4 0

W

0.3-- 0

0.2 i I I
1000 1100 1200 1300 1400

TPR PRE-REACTION TEMPERATURE - OF
94-4

Figure 8. Carbon Boundary in the Adiabatic Reformer for Various Fuels

In previous tests the position of the carbon boundary had initially deteriorated

with time, stabilizing at the design line indicated in Figure 8. Figure 9 shows test

points defining the carbon boundary for No. 2 fuel oil and diesel fuel as a function
of time for the present tests. The decay in the boundary closely follows the
curve defined by previous tests and shows that for the final 1200 hours of the

present test, the carbon formation characteristics of the reactor had stabilized.
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0.4- A -

04

a log 200 309 400 Soo Soo 700 Vi000 118V 1400 1500
RUN TIME - HOURS 9-

Figure 9. Position of Carbon Boundary as Function of Time

The fuel cell power plant not only requires that the reformer operate carbon-free,
but also that it achieve high fuel conversion at the design conditions. It has been

( shown that for a given catalyst in the exit section of the reactor the conversion
correlated with the exit temperature and was independent of whether that temper-
ature was achieved by the addition of air (increased 02/C) or by an increase in
preheat temperature. Figure 10 shows this correlation for No. 2 fuel oil in the
present tests. The data closely matched conversions achieved in previous tests at
comparable conditions.
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Figure 10. Fuel Conversion vs. Reactor Fuel Flow

Gasoline

After 280 hours operation with No. 2 fuel oil the reactor feed was switched to

gasoline. The first data points (11-18, Table 3) attempted to establish a carbon

boundary and measure fuel conversion for the reactor with gasoline containing

134 ppm sulfur. Even at the lowest values for O2 /C and H2 0/C (0.315 and 3.28,

respectively) no carbon accumulation could be identified. Plotted on Figure 8 the

data points show that with gasoline the reactor could operate carbon-free at values
for 0 2 /C well below the carbon boundary for No. 2 fuel oil. Fuel conversion was

high even at low reactor exit temperatures. See Figure 11. There appeared to be

an inflection in the curve correlating conversion and exit temperature at very low

temperatures.
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I
To investigate the effect of sulfur content on the performance of the reactor with

gasoline, the as-received gasoline was doped with thiophene and diphenyl sulfide

to give concentrations of 263 ppm and 750 ppm. Figure 11 shows that this addi-

tion brought a marked decrease in conversion until, at 750 ppm, the conversion

closely matched that achieved with No. 2 fuel oil containing 3220 ppm sulfur. No

Jconditions were found with either 263 ppm or 750 ppm sulfur at which carbon

accumulation occurred in the reactor.

The reactor operated for 350 hours on gasoline. The reactor was then switched

back to No. 2 fuel oil since with this feed the carbon boundary could be identified

and, hence, the stability of the reactor with respect to resistance to carbon forma-

tion could be established.

PRESSURE: 20 PSIG AT 2.0 PPH FUEL FLOW
O UNLEADED GASOLINE 134 PPM SULFUR

1.0 - UNLEADED GASOLINE 263 PPM S
r UNLEADED GASOLINE 750 PPM S
A No.2 FUEL OIL 3220 PPM S

C. SPACE VELOCITY 40 lOS FUEL/HR/FT 3CAT
N~

0 * 0.6 - 0
+

0.92

S

&.88 -

0.4

1400 100 1600 1700
REACTOR EXIT TEMPERATURE - OF 94.9

Figure 11. Effect of Sulfur on Fuel Conversion
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I
Diesel FuelI
After 982 hours on stream the feed was switched to diesel fuel. Again, both the

J characteristic carbon boundary and the fuel conversion were determined. Test

conditions defining the location of the carbon boundary are included in Figure 8

which shows diesel fuel to be slightly better than No. 2 fuel oil with respect to

tendency for carbon formation.

The results of a series of tests to map the effect of fuel flow and exit temperature

on conversion are shown in Figure 12. As space velocity decreased, conversion

increased. At the reference condition of 2 pph fuel flow, the conversions were

slightly below those for No. 2, but this was the result of catalyst decay resulting

from equipment failures during the start-up of points 35 and 43.

1.00

M (GOESIGN GOAL FOR SV 12 PPH FUEL/FT 3

€ 0.96-

8,8

0.92

/ 0.88PRESSURE: 30 PSIG
• RN20/C: 4.2
W A 1.5 PPM FUEL, 30 PPH FUEL/FT 3CAT

0.84 -- 20 2-0PPM FUEL, 40PPH FUEL/FT3 CAT
0 3.0 PPM FUEL, 00 PPH FUEL/FT 3CAT

0 540 1580 1620 1660 1700 1740 1780

REACTOR EXIT TEMPERATURE - * F 94-8

Figure 12. Fuel Conversion vs. Reactor Fuel Flow

The 2-inch diameter, bench scale reactor did not contain sufficient catalyst volume

to give experimentally the space velocity required for the commercial power plant

goal (12 pph/ft 3 ). Therefore, a simple crossplot of the data from Figure 12 was
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I
used to show that the conversions achieved in the test of diesel fuel might reason-

ably be extrapolated to show that the design conversion could be achieved. This

is shown in Figure 13.

After 216 hours on diesel fuel the reactor feed was returned to No. 2 fuel to
determine, by operation at reference conditions, that the reactor had operated

stably for the duration of the 1400 hours of test.

1.00

= DESIGN
+ GOAL

-J ' 0.96

+ o

0,8,.

L

U3'

U

LI84 I I
20 40 60

SPACE VELOCITY - PPH FUEL
CU. FT. CAT.

Figure 13. Fuel Conversion as Function of Space Velocity at 1700*F
Exit Temperature
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DISCUSSION

During the course of the tests with the three fuels, individual test points estab-
lished the effects of various reactor operating parameters on carbon formation
behavior and on fuel conversion. These can be summarized as follows:

0 The carbon boundary location for each fuel matched or exceeded goals
set for a commercial power plant. This can be seen by reference to
Figure 8.

o The carbon boundary location was dependent on fuel type. The minimum
02/C ratio required to prevent carbon formation was in the order No. 2
Fuel Oil > Diesel Oil >> Gasoline. Figure 8 also shows this effect.

o The carbon boundary location was stable for 1400 hours. Figure 9
establishes this point.

o The carbon boundary location was not significantly aff~ected by the
H20/C ratio. in tests with No. 2 fuel oil the H 0/C ratio was varied
from 2.8 to 4.38 without moving the location of the boundary. See
Figure 14. The reason for this surprising effect was thought to be the
result of the increased reactor temperature which accompanies a decrease
in steam flow.

o The carbon boundary location was adversely affected by increase in
pressure from 22 to 60 psig. Figure 15 shows the pressure drop increas-
ing in a reactor operating on No. 2 fuel oil at 60 psig. When the pres-
sure was decreased to 30 psig, the pressure drop decreased, indicating
carbon gasification occurred.

o Fuel conversion was not significantly affected by change in pressure.
/' This can be established by comparison of the test points listed in Table 4.

0 Fuel conversion was not significantly affected by variation in H20/C
ratio between 2.8 and 3.8. This can be established by comparison of
test points listed in Table 5.

o Fuel conversion increased when the sulfur content of the fuel fell below
750 ppmw. This was shown in Figure 11.

o Fuel conversion increased with decreasing space velocity. Extrapolation
of the data in Figure 13 indicated that goals set for reactor volume in a
commercial power plant could be achieved.

The objective of the program was to determine the capability of the adiabatic
reformer to process diesel fuel and unleaded gasoline for Army SLEEP power plants.
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Figure 14. Effect of H20/C Mole Ratio on Location of Carbon Boundary
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Figure 15. Effect of Fuel and Pressure on Carbon Boundary
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TABLE 4. FUEL CONVERSION NOT AFFECTED BY PRESSURE

Press., FUEL
Point No. T POFT EXT F 0 2 /C H2 0/C PSIG CONVERSION

Diesel

56 1129 1702 0.44 4.23 30 0.940
71 1135 1705 0.47 4.23 60 0.956

No. 2 Fuel Oil

70 1120 1718 0.47 4.23 30 0.935
69A 1118 1702 0.47 4.23 60 0.931

TABLE 5. FUEL CONVERSION NOT AFFECTED BY H 0/C RATIO

FUEL
Point No. T OF ET OF 0H/C ONESNPR TEXIT0 2 /C H2 0C ONESN

Gasoline

20 951 1563 0.40 3.28 0.879
24 1058 1551 0.40 4.38 0.895

* /No. 2 Fuel Oil

44F 976 1694 0.465 2.80 0.930

44C 866 1690 0.435 4.38 0.916
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I
The results summarized above form the basis for an evaluation of this capability.

With both fuels, the performance of the adiabatic reformer matched or exceeded

process requirements set as goals for commercial fuel cell power plants in Table 1.

Where requirements for Army SLEEP power plants might vary from commercial

power plants, the performance of the adiabatic reformer was not adversely affected.

Thus, for SLEEP application the adiabatic reformer might operate close to atmos-

pheric pressure. In these tests a lower limit on system pressure was set at 20

psig by pressure drop in tubing and absorption traps downstream of the reactor,

not by the reactor itself. However, tests of the effect of pressure above this

point showed little effect on fuel conversion and a favorable effect on the carbon

boundary as pressure was lowered. With respect to the process water requirement

also, neither fuel conversion nor carbon boundary location were significantly

affected by changes in H20/C ratio between 2.8 and 4.38. The results of the test

program, therefore, support the conclusion that the adiabatic reformer offers an

attractive alternative for processing logistic fuels for Army SLEEP power plants.

Further development may enable the power plants to process a broad range of

logistic fuels with high efficiency.

RECOMMENDAT IONS

A more detailed systems analysis is required, using the data of this report, to

evaluate system concerns peculiar to SLEEP power plants; for example, heat loss

and water management. Following this analysis further testing will be required to

reduce the system to practice. Specifically, a reactor should be tested with inter-

nally insulated reactor walls and with reduced length/diameter ratio to establish

heat loss and pressure drop requirements. In addition, work is required to

develop a fuel vaporizer system with turn-down capability in the fuel flow range

suitable for SLEEP application. The present vaporizer developed for commercial

use is limited in this respect.
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