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INTRODUCTION

Fuel 'celll power plants may be required to usé coal derived liquid fuels or heavy
petroleum distillates as fuels. The fuel processor in present power plants is a
catalytic steam reformer which is limited to the use of fuels such as naphtha or
natural gas. There has been extensive work by United Technologies and other
investigators to develop alternative reactors to process suifur-containing fuels.
Among these candidates, the adiabatic reformer is at the most advanced state of
development.(l) In the adiabatic reformer air is added to the process fuel and
steam to provide by combustion the endothermic heat for reforming in the catalyst
bed. To obtain optimum power plant efficiency the amount of air added must be
kept to a low value.. Early tests showed, however, that air in excess of desired
values was required both to prevent accumulation of carbon in the catalyst bed
and to raise the catalyst to a temperature sufficient to achieve suitable activity for
reforming. The development of efficient mixing nozzles for fuel, steam, and air,
and of advanced catalysts with properties for limiting carbon accumulation and
promoting reforming has resulted in the demonstration of considerably improved

(1)

achieved with mechanistic understanding of the fuel conversion and carbon forming

performance in a bench scale adiabatic reformer. Further improvements may be

processes in the reactor.

The objective of the present program is to establish a reactor model for the adia-
batic reformer which will predict process stream compositions and include carbon
formation processes. Four subordinate tasks were proposed to achieve the objec-

tive. These were:

(1) To determine on selected catalysts rate expressions for catalytic reac-

tions occurring in the entrance section of the adiabatic reformer.

(2) To determine with microbalance experiments critical conditions for carbon

formation on selected catalysts.
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(3) To establish a reactor model to predict process stream compositions in
the adiabatic reformer using data from Task 1 for catalytic reactions and
data from the literature for homogeneous gas phase reactions.

(4) To establish a model to predict carbon formation by combination of the
model for process stream composition from Task 3 and data for carbon

formation from Task 2.
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RESULTS
Task 1

The reaction rate measurements of Task 1 are close to completion. Catalytic reac-
tions of methane and ethane in the presence of hydrogen sulfide were investigated
on three catalysts; a commercial nickel steam reforming catalyst, a supported noble
metal catalyst and a metal oxide catalyst. A flow reactor was used to determine
differential rates for steam reforming, catalytic combustion and the carbon mon-

oxide shift reaction on 0.5 gm catalyst samples at temperatures up to 1800°F.

Rates for steam reforming in every case were strictly first order in hydrocarbon
partial pressure with unusuaily high activation energy (e.g., 69 and 88 k cal/mole,
respectively for the reforming of methane and ethane on the nickel catalyst). In
the steam reforming experiments cracking reactions and the shift reaction also
occurred. Material balances were used on particular reacting species to obtain
desired rates for the individual catalytic reactions for each experiment. The
conversions due to homogeneous reactions were obtained by calculation, using the
results from experiments with an empty reactor,. and this contribution was removed
from the reactor material balance so that only the catalytic rates remained. These
catalytic rates were then input to a non-linear regression analysis to evaluate
individual reaction rate expressions. Table 1, for example, lists the reactions
used to describe the experiments with ethane and Table 2 summarizes the rate

expressions so obtained including those for the shift reaction (2, 3).

To evaluate the catalytic contribution to the combustion reactions of methane and
ethane, the same flow reactor was used. Blank experiments were initially run with
the empty reactor to establish the extent of homogeneous combustion. For both
methane and ethane, the homogeneous reactions were similar to those reported by
Dryer (4) in his turbulent flow reactor. For ethane, dehydrogenation to ethylene
was the primary reaction. For methane, both ethylene and ethane Aw'appear‘ed as
intermediates. Typical data are shown in Figures 1 and 2. The effect of various
catalysts on the combustion of methane is summarized in Figure 3 which shows the

conversion of methane to oxides of carbon at comparable space velocity and inlet

«3w
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process steam composition in the empt'y reactor and in the reactor with nickel,
noble metal and metal oxide catalyst. The nickel catalyst, although active for
steam reforming, gave no significant acceleration of the combustion reaction, when
oxygen was added, over the reactor blank. By contrast the metal oxide catalyst,
though less active for steam reforming than the nickel catalyst, had significant
activity for combustion. The noble metal catalyst was active for steam reforming

and extremely active for combustion (5, 7).
Task 2

Characteristic carbon formation behavior in the adiabatic reformer has been dis-
cussed in a number of reports (1), (6), (7). At the boundary between carbon-
free and carbon forming conditions in the reactor the rates for formation and
removal must be in steady state equilibrium. Experiments are in progress with a
microbalance to determine conditions critical for carbon accumulation on the cata-
lysts used in the adiabatic reformer. The effect of the catalysts on the rates of
carbon accumulation and gasification will be determined in atmospheres of ethylene,

steam, and hydrogen sulfide.

The balance, gas delivery, and gas analysis systems have been calibrated and

initial tests are in progress.
Task 3

In Task 3, kinetic data obtained in Task 1 af‘e to be used to establish a model to
predict process stream composition in the adiabatic reformer. Data to be fitted
were obtained in a previous test program at United Technologies funded by the
Electric Power Research Institute (1). Typical experimental temperatures and
conversion profiles in a reactor filled with nickel catalyst operating on No. 2 fuel
oil are shown in Figures 4 and 5. A minimum reaction set necessary to represent
this data is given in Tables 3 and 4. Rates for the catalytic reforming of methane
and ethylene and of the shift reaction were discussed in an earlier report. The
rate for steam reforming No. 2 fuel oil was represented as a composite of the rates
for methane and ethylene. Experiments had shown its rate to fall in A range

between those for the two lighter reactants (2).

-4~
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The rates for the homogeneous reactions were obtained from wvarious literature
sources. The rates for combustion of methane and ethylene are those of Dryer
(4). By analogy with steam reforming of No. 2 fuel oil, the rate for combustion of
the unreacted fuel is represented as a composite of the rates for the lighter gases.
Rates and product distributions in the cracking reaction were evaluated from the
literature for steam cracking. The product CgHg represents, not benzene, but
merely the residue of the cracking reaction with lower hydrogen content. Its

reactivity in subsequent reactions was assumed to be that of methane.

The reaction set can be reduced to 7 differential equations, and 3 material balances
describing the variation of the reactants and products distributions with bed
position and temperature. A routine has been developed which solves the equa-
tions for a known temperature profile. This routine is the core of the complete
solution algorithm, and is being correlated with test data, prior to adding the
temperature and energy balance calculations. Solution of the equation sét is
accomplished by the Continuous System Modeling Program (Il (CSMP 111), a pro-
gram product of IBM. The program numerically integrates the equation set using,
for this application, a time step technique which varies the increment size until the

variance is within user specified tolerances.

Figures 6 and 7 present the results of an initial simulation of the test conditions
represented in Figures 4 and 5. Rate constants were taken from Tables 3 and 4.
Comparison with test data shows qualitative and fair quantitative agreement.
Thus, the disappearance of oxygen and fuel occur at close to the carrect rate.
Concentrations of both methane and ethylene reach a maximum at the correct
reactor position and with approximately correct values. Unlike the test data, no
maximum in carbon monoxide concentration occurred. Apparently the rate for
oxidation of carbon monoxide, in Table 4, was too large. This would be consistent
with reported moderation of the rate of this reaction under fuel rich conditions
(8). Initially a large error also existed in the exit methane concentration which
the model calculated to be at equilibrium. When 'an upper limit was set on this
r'até to bring the exit methane concentration into agreement with that of Figure 4
the upper value was coincident with values predicted for methane flux by diffusion
at the catalyst pellet boundary layer. Apparently the intrinsic methane reform

rate was too great and was limited by mass transfer effects.

-5-
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Current efforts are directed at introduction of the mass transfer effects and refine-
ment of the individual component rates to obtain a fit to test results of the reactor
with the nickel catalyst. Temperature and energy balance calculations will then be
added. Application of the model to other reactor conditions and tests with different

catalyst loadings will then be possible.
Task 4

Combination of the reactor model for the process stream composition and the experi-

mental data for carbon formation will proceed as Task 2 and 3 approach completion.
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TABLE 1

ANALYSIS OF STEAM REFORMING DATA TO DERLVE
ELEMENTARY REACTION RATES

C H, + 2H,0 — 200 + S5H,

2°6

CO+HO —  CO +H2

—_—
+
C2H6 , Cth H2

CH, + H, —> 2CH),

CEHM + 2.0 —> 2C0 + hHe



TABLE 2

RATE CONSTANTS FOR REACTIONS OF ETHANE ON

NICKEL
2.52 x 10]f5 exp (:§§§%99)

2. 58 x lO exp (—QHJZQ—)

3.98 x 107 exp (—§&4199)

NICKEL AND NOBLE METAL CATALYSTS

NOBLE METAL

3
9 -51,500, m
3.71 x 107 exp ( e ) Y& 500
5 -17,674 m6
2,105 x 10° exp (—R22l})

RT k mole kg sec

% o (3Li6kk) S

3.36 x 10 kg sec

1.65 x 10° exp ( -30, 189) TS

kg sec



CATALYTIC

02+FUEL - CO-!-H2

H20 + FUEL - CO2 + H2

HO*:—C.H)+ - CO_ +H
2

2 2

H20 + C2H)+ - CO2 + H2

- +
CO + H20 CO2 H2

TABLE 3

REACTION SET - NICKEL CATALYST

ry = 0
2 2 *

r, = [kh (L - o) + k3a ] Cp

8 .
vy = 1.8 x 10° exp (~-70,000/RT) CCHu
ry, = 9.4 x 1013 exp (-88,000/RT) CCHM
rg = 2.6 x 1077 exp (54,800/RT) [(Cco %4 0 ~ Coo. C /X]
. 2 2 2

*
All rates in units - moles/g. cat. sec.

Concentrations - moles/cm

3



HOMOGENEOQUS

0, + FUEL ., CO + H,

0, + CH, ~ CO+H,

oé + C2Hu ~ CO+ H,

O2 + H2 - H20

FUEL - S,CH, + S,C.H, + S3C3H6 +8)C H,
Co + O2 . CO2

*

All rates in units - moles/g cat sec,

m and n = variable as per references

TABLE L

REACTION SET

2 ' R
k. (1 - @) c™e? + K, P ch cf

o]
I

1773 F 0, 0,
13.2
r, = 10 3:2 exp (-148,400/RT) Cth cg
2
_ .A11.9 m n
r3 = 10 exp (-50,970/RT) CCQHu C02
r, =2 x 1053 exp (-24,700/RT) ch ¢t
L P ’ H, ~0
2
r_ = 8.85 x 10°° exp (-55,372/RT) % cB
5 - . ¥ O2
r, = 4.2 x 1013 exp (-24,000/RT) C,. C
6~ " P ) co ~o,

concentrations - moles/cm



TABLE 4 (Continued)

REFERENCES

F. L. Dryer anc I. Glassman, Project Squid Workshop

Vol 62, 255, 1977

R. H. Edelman and P. T, Harsha, Prog. Energy and Combust.

Sei, 4, 1, 1978

(H, + 0, — 20H)
2 2

S. B. Zdonik, E. J. Green, L. P. Hallee, Oil and Gas Journal

June 26, 96, (1967)

Williams, G. C., Hottel, H, L. and Morgan, A. C., Proc. 12th Symp. (Intl.)

on Combustion 1969, p. 913
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PRODUCT DISTRIBUTION IN THE ADIABATIC REFORMER
COMMERCIAL NICKEL CATALYST CONFIGURATION 10 NOZZLE
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TEMPERATURE PROFILE IN THE ADIABATIC REACTOR
COMMERCIAL NICKEL CATALYST - CONFIGURATION 10 NOZZLE
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