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Abstract

A Rich-Catalytic Lean-burn (RCL®™) combustion system was developed for operation on natural gas, but also provides significant advantages
for fuel-flexible operation on non-methane fuels. Most notably, fuel-rich operation limits the extent of catalyst-stage reaction based on available
oxygen, regardless of the fuel’s intrinsic reactivity on the catalyst. Thus, similar catalyst and reactor performance can be obtained for widely

varying fuel types.

In addition, catalytic pre-reaction extends the combustor’s lean flammability limit for all fuels, allowing low-temperature combustion of both
conventional and low-heating-value fuels, with concomitant low NO, emissions.

This paper presents test results for RCL™ combustion with various fuel types, including gaseous, pre-vaporized liquid, and simulated low-Btu
fuels. Although these fuels have widely varying properties, a single type of catalytic reactor was successfully tested for all of these fuels by
modifying only the fuel delivery system upstream of the reactor. Test results show similar reactor performance for all fuels tested.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Currently, gas turbines operating on natural gas offer the
lowest achievable NO, emissions without exhaust-gas after
treatment, as compared to other fuels. Commercially, this has
been achieved through the use of lean-premixed combustion
systems, allowing NO, emissions below 9 ppm (at 15% O,) to
be guaranteed for natural gas operation, and emissions near
S5ppm to be demonstrated [1]. Catalytic combustion can
provide even lower emissions (<3 ppm NO,) as demonstrated
in recent natural gas engine tests [2,3], but a need still exists for
similar low emissions operation with non-methane fuels. As
reported here, recent high-pressure combustion tests have
shown that fuel-rich catalytic combustion in particular can
provide such low emissions on multiple fuels, while main-
taining similar catalyst and combustor performance.

Fuel-rich catalytic combustion has been investigated by a
number of researchers during the past decades [4-8], but has
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only in recent years been successfully demonstrated as an ultra-
low-NO, emissions technology for gas turbines [3,9,10]. In this
recent work, a Rich-Catalytic Lean-burn (RCL®) combustion
system was developed at Precision Combustion, Inc. (PCI)
initially for use with natural gas fuel and subsequently tested
with alternative fuels both liquid and gaseous, notably Diesel
No. 2 (presented here) and simulated gasified coal or syngas
[11]. For natural gas fuel the system has been demonstrated at
full-scale and in-engine, delivering wide turndown with ultra-
low NO, emissions below 3 ppm and CO emissions below
10 ppm [3].

Fuel-rich operation of the catalyst offers multiple advan-
tages [3]. For methane or natural gas fuels, catalyst activity is
significantly improved by operating the catalyst under fuel-rich
conditions as compared to fuel-lean conditions, allowing a
wider choice of catalyst materials [9]. Improved catalyst
activity also enables the rich catalyst system to operate without
a preburner, since compressor discharge temperatures are
normally sufficient to provide the needed catalyst activity.

For both methane and non-methane fuels, another advantage
of fuel-rich operation is important: fuel-rich operation starves
the reaction of oxygen and thereby limits the extent of fuel
oxidation and heat release regardless of the fuel’s intrinsic
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reactivity on the catalyst. Thus, similar catalyst and reactor
performance can be obtained for widely varying operating
conditions and widely varying fuel types. This provides
predictable, robust operation with well-controlled catalyst
temperatures even in high-firing-temperature machines. Like-
wise, multi-fuel operation becomes possible, and the same
basic reactor design, catalysts, and substrate metallurgy are
applicable (and have been demonstrated) for both hydrocarbon
and non-hydrocarbon fuels [11].

In fact, while early development of the RCL™ combustion
system was focused on the use of natural gas fuel [3,9], the
system is equally well-suited to low-emissions combustion of
alternative fuels, including liquid fuels, high-hydrogen fuels,
and coal-derived syngas [11]. As with natural gas, combustion
stability is improved (especially at low flame temperatures) by
catalytic reaction of a portion of the fuel upstream of the
combustor, thus preheating (and vitiating) the fuel/air mixture
entering the combustor. And, as with natural gas, this allows
improved NO, emissions by operating the combustor at lower
allowable (stable) flame temperatures.

For low-Btu fuels, flame stability improvement by catalytic
pre-reaction of a portion of the fuel is especially important since
combustion may be otherwise unsustainable even at the highest
possible flame temperatures. With catalytic pre-reaction and
concomitant pre-heating, however, fuels having heating values
as low as 82 Btu/ft’ (e.g. blast furnace gas) have been
successfully combusted at 10 atm pressure, with near-zero
emissions of unburned fuel, CO, and NO,.

For any fuel type, fuel-rich catalytic reactor performance is
insensitive to the fuel’s reactivity, because reaction rate (heat
release) upon the catalyst surface is controlled primarily by
oxygen mass transfer to the catalyst under fuel-rich conditions,
and not by fuel flow or fuel reactivity. Performances on
different type fuels will therefore be similar when heat release
per atom of oxygen reacted is similar, and when the fuel’s mass
and thermal capacity is negligible (or similar) in the fuel/air
mixture. This is generally the case for hydrocarbon fuels, and
the primary remaining issue for operation on heavy liquid fuels
is pre-vaporization.

A schematic of the RCL™ system is shown in Fig. 1. As
shown, the combustion air stream is split into two parts
upstream of the catalyst: one portion is mixed with all of the
fuel, creating a fuel rich mixture, and contacted with a catalyst,
while the second portion is used to backside cool the catalyst
[12,13]. At the exit of the reactor, the catalyzed fuel-rich stream
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Fig. 1. Schematic of RCL® system. A fuel-rich fuel/air mixture contacts the
catalyst, while heat is extracted into a cooling air stream. The cooling air stream
and the catalytically reacted rich fuel/air mixture are rapidly mixed downstream
of the catalyst, but prior to final combustion, to create a fuel-lean fuel/air
mixture for low-NO, burnout.

and the cooling air are rapidly mixed to produce a fuel-lean,
reactive mixture prior to final combustion.

By passing all of the fuel over the catalyst, the catalyst-
cooling stream remains free of fuel, preventing failure by
flashback or auto-ignition in the cooling stream. At the same
time, the fuel-rich mixture contacting the catalyst has
insufficient oxygen to completely oxidize all of the fuel, thus
limiting the extent of catalyst-stage reaction and enabling
limitation of the catalyst-stage operating temperature to a safe
value, precluding flashback damage.

The fuel-rich catalyst system thus provides significant
operational advantages for operation on multiple fuels. Most
notably, the RCL"™ reactor requires no preburner at full to part-
load gas turbine operating conditions, is immune to issues of
auto-ignition and flashback, and provides long catalyst life (as a
result of the non-oxidizing fuel-rich catalyst environment), all
while providing ultra-low NO, performance.

2. Test conditions and hardware
2.1. Fuel types and corresponding catalytic reactors

A single sub-scale fuel-rich catalytic reactor was tested in
the high-pressure combustion rig with three different fuels:
methane, simulated landfill gas, and Diesel No. 2 (the first three
listed in Table 1). No changes were made to the reactor or
combustor for operation on these different fuels. For diesel fuel,
however, a pre-vaporizer was added upstream of the reactor.
Two different pre-vaporizers were used: initially we used a
simple preheater to directly heat diesel fuel after adding less
than 10 wt% N, to assist in atomization; later we improved pre-
vaporization by mixing steam with the diesel fuel. The latter
was considered ideal for co-generation applications with
available steam.

Fuel-bound nitrogen content for the red-dyed Diesel No. 2
fuel was analyzed by an outside laboratory and measured as
188 ppm by weight. At this concentration, nearly complete
conversion of fuel-bound N to NO, is expected [14]. Thus,
based on fuel-bound nitrogen content, the diesel fuel would
emit at least 8.1 ppmv NO, when burned, measured on a dry
basis at 15% excess O,. Fuel-bound nitrogen for all other fuels
was Zero.

Methane and landfill gas fuels were tested at pressures of 9—
10 atm, near the rig limit. The first diesel fuel pre-vaporizer was
also able to operate near 9 atm pressure. Diesel fuel tests with
steam-enhanced pre-vaporization were performed at about
6 atm pressure, however, based on limitations of the pre-
vaporizer.

Prior to testing of the three fuels listed in Table 1, a separate
fuel-rich catalytic reactor of similar design was tested with
gasoline and natural gas fuels (for back-to-back comparison) at
about 7 atm pressure. For these initial liquid fuel tests gasoline
was chosen for its high volatility, simplifying pre-vaporizer
design. Later, subsequent to testing of the three fuels listed in
Table 1, non-hydrocarbon and low-Btu fuels such as simulated
blast furnace gas (82 Btu/ft3) were tested in another similar
fuel-rich catalytic reactor design, at pressures up to about
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Table 1
Composition of six different fuel types tested

Fuel tested Chemical formula

C/H ratio (wt%) Fuel-bound N (wt%)

Methane CH,4

Landfill gas 65% CH4 + 35% CO,
Diesel No. 2 Multi-component
Gasoline Not analyzed

Refinery fuel gas 70% CH,4 + 30% H,

Blast furnace gas

23% CO +22% CO, + 1.4% H; + 0.6% CH4 + 53% N,

75125 0
46.5/10.1 0
87.6/13.0 0.0188
Not analyzed ~0
71.2/28.8 0
17.6/0.17 0

10 atm. A simulated refinery fuel gas was also tested,
containing a high percentage of H, in a hydrocarbon mixture,
in this 10 atm reactor. All six of these fuels are listed in Table 1.

For all fuels tested, the basic fuel-rich catalytic reactor
design was as shown schematically in Fig. 1. Thus, all reactors
tested were air-cooled with primary combustion air, and all fuel
contacted the catalyst. In all cases, the precious metal catalysts
were applied to similar washcoated metal substrates.

2.2. Test facility and operating conditions

The catalytic combustion tests reported here were performed
in a sub-scale combustion test rig, as pictured in Fig. 2. The gas-
phase combustion section of this rig is nominally 5 cm (2 in.) in
diameter and 46 cm (18 in.) in length, and is fabricated from
high-temperature ceramic and housed in the steel pressure vessel
seen in Fig. 2. The rig is capable of operation at pressures up to
10 atm, with pressure control by a water-cooled back-pressure
valve at the combustor exit. Reactants enter the ceramic-lined
combustor through an air-cooled fuel-rich catalytic reactor (see
schematic representation of combustion system in Fig. 1) of
nominally 1.9 cm (0.75 in.) diameter. Gas samples are extracted
at 7.6 cm (3 in.) axial intervals along the 46 cm (18 in.) long
combustor, as shown in Fig. 2, as well as from the catalytic
reactor. Gas samples are analyzed by an emissions rack
containing separate analyzers for NO,, CO, UHC, CO,, and

1 4 2
g COMBUSTOR BURNCUT SECTION

WATER COOLED
SAMPLE LINES

Fig. 2. Photograph of 10 atm sub-scale combustion test rig. Note that flow is
from right to left in this photograph. The ceramic-lined combustor is housed in
the steel pressure vessel, while the catalytic reactor is housed in a separate,
smaller pressure vessel upstream of the combustor section, as shown.

O,. A gas chromatograph is also used to analyze gas samples for
major species (N,, O,, CO,, CO, H,, and low-order hydro-
carbons), and to provide confirmation of overall fuel/air ratio in
the combustor burnout zone. All combustion emissions reported
below correspond to a gas sampling position at 30 ms residence
time in the ceramic-lined combustor.

For the tests reported here, gaseous fuels and diluents were
supplied from bottles or Dewar flasks at high pressure, and were
pressure regulated to provide the proper delivery pressure to the
rig. All gas flows (air, fuel, and diluent) were metered through
electronic mass flow controllers. Liquid fuels were metered
through positive displacement (constant flow volume) pumps.
Each fuel component was separately metered and then mixed
with the other components to provide the desired composition.

Each sub-scale reactor was installed in PCI’s high-pressure
combustion rig, as shown in Fig. 2. Two air supplies were
provided, to enable metering of the catalyst cooling air
independently of the air to be mixed with fuel (catalyst-bound
air). Air was supplied at about 165 psia, allowing rig operation
at pressures up to about 9 or 10 atm, after pressure loss through
mass flow controllers and heaters. Cooling air and catalyst-
bound air were both heated to simulate gas turbine compressor
exit conditions, at temperatures from about 300-400 °C
(depending upon the conditions selected). Fuel flow rate was
varied to provide overall equivalence ratios from about 0.3-0.6
downstream of the catalyst, after mixing of the fuel-rich
catalyst effluent with catalyst cooling air.

3. Results

For the two-stage catalytic combustion system tested
(Fig. 1), the most relevant measures of performance are
catalyst temperatures in the first stage (catalyst-stage) and
combustor emissions from the second stage (gas-phase
combustion stage). In this paper, we especially wish to
compare these measures of performance for operation on
various types of fuels.

3.1. Catalyst performance for hydrocarbon fuels

Initial tests were performed using methane, and diluted
methane (landfill gas), to establish baseline performance.
Catalyst temperatures and inlet gas temperatures are shown in
Fig. 3 for both the methane and landfill gas fuels. For both fuels,
the reactor was operated at 9.6 atm pressure, an inlet air
temperature near 345 °C, and an overall equivalence ratio of
0.54-0.58. Similar performance was obtained for both fuels.
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Fig. 3. Natural gas and landfill gas tests at 9.5 atm pressure and 345 °C inlet
temperature.

Looking at Fig. 3, the abscissa (x-axis) shows thermocouple
location from the inlet through the reactor. To the left of the first
vertical line, the thermocouple labeled “Ta in” measured the
air temperature entering the catalyst cooling channels, and the
thermocouple labeled “Ta + fuel in” measured the temperature
of the fuel-rich fuel/air mixture entering the catalyst bed. Note
that heated air was mixed with unheated fuel (as expected in an
engine), making the fuel/air mixture temperature significantly
less than the cooling air temperature. As seen in Fig. 3, similar
performance was obtained for natural gas and landfill gas fuels.
The data show that the inlet and catalyst surface temperatures
were very nearly the same for the two different fuels.

The first liquid fuel tests were performed with gasoline, and
gave very similar results to tests performed with natural gas in
the same catalytic reactor. Catalyst temperatures for operation
on gasoline are compared to those for natural gas operation in
Fig. 4, for operation at 7 atm pressure. As shown, catalyst
operating temperatures (“‘Tgyrfaces ) Were both very similar for
the two dissimilar fuels. Catalyst temperatures shown in Fig. 4
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Fig. 4. Combined graph showing catalyst operation for both natural gas and
liquid fuel (gasoline) at 7 atm pressure, as a function of time. For both fuels, the
inlet gas temperature (“Ty i) Was initially held steady at about 350 °C, and
then ramped down to about 200 °C without catalyst extinction.
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Fig. 5. Natural gas and diesel fuel tests at 8-9.5 atm pressure and 345 °C inlet
temperature. Diesel fuel was pre-vaporized by PCI’s first laboratory pre-
vaporizer, with ~8% N, addition but without steam.

are higher than those shown in Fig. 3, however, because Fig. 4
data were obtained on an earlier RCL reactor with less effective
backside cooling of the catalyst.

Initial diesel fuel testing was performed using the first
laboratory pre-vaporizer, without steam. Catalyst temperature
data for this initial diesel operation are shown in Fig. 5, along
with data from methane operation for comparison. For this data,
diesel fuel was pre-vaporized while passing through a packed
bed inside a 600 °C oven. Immediately, upstream of the packed
bed (and inside the oven), the diesel fuel was sprayed into co-
flowing N, (~8% mass ratio of N, to diesel fuel) to begin the
process of droplet evaporation. At the packed bed exit a
condensate collector showed no accumulation, confirming that
all fuel was vaporized. After exiting the oven, the pre-vaporized
fuel was injected into the catalyst-bound air stream, to form a
fuel-rich fuel/air mixture.

As shown in Fig. 5, catalyst operation was similar on both
methane and diesel fuel, with similar catalyst temperatures for
both fuel types. Operating pressure was similar for both cases
(8 atm for the diesel fuel case, as compared to 9.5 atm for the
methane case), and inlet air temperature was the same (345 °C).
Note, however, that the steam-free pre-vaporizer was only able
to vaporize enough fuel to provide 0.33 overall equivalence
ratio. Also note that the diesel fuel was heated in the pre-
vaporizer, whereas methane fuel was un-heated (this is evident
in the temperature reading at “T,,, in cat” in Fig. 4). Because
the fuel-rich equivalence ratio was lower for the diesel fuel
case, and the fuel hotter, catalyst temperatures were approxi-
mately 50 °C higher for diesel fuel than for methane, as can be
seen in Fig. 5. However, the same catalytic reactor was used for
both fuels to provide a direct comparison, and to show the fuel
flexibility of fuel-rich catalyst operation.

Catalyst lightoff and extinction temperatures for diesel fuel
were tested at 6atm pressure using the steam-free pre-
vaporizer, as shown in Fig. 6. Pre-vaporized fuel temperature
was between 350 and 380 °C before mixing with air. For
catalyst lightoff, inlet air temperature was ramped up from
about 345 °C until definitive lightoff occurred at about 360 °C
inlet air temperature, as indicated by a rapid increase in catalyst
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Fig. 6. Catalyst lightoff and extinction temperatures for diesel fuel. Tests were
performed with the steam-free pre-vaporizer, at 6 atm pressure. “Ti,e repre-
sents air temperature entering the reactor, and “Teyarys’ represents catalyst
surface temperature.

temperature. Prior to this event, some reaction occurred along
the length of the reactor, as evidenced by catalyst temperatures
nearly 75 °C higher than the inlet temperature (e.g. 420 °C
versus 350 °C). After a period of steady-state operation, inlet
air temperature was ramped down from about 280 °C until
sudden loss of activity (extinction) occurred at about 200 °C
inlet air temperature. Note that the catalyst extinction
temperature (200 °C) was well below the catalyst lightoff
temperature (360 °C). This was true for all fuel types tested
under fuel-rich catalyst conditions.

For comparison, catalyst lightoff temperature was 370 °C for
pure methane fuel and 450 °C for landfill gas fuel (methane
with CO, diluent). Extinction temperatures were significantly
lower (well below 300 °C), and in general we have observed
stable reactor operation (continued catalyst activity) at inlet gas
temperatures lower than lightoff temperature for all fuels tested
under fuel-rich catalyst conditions. Such low extinction
temperatures can be used advantageously in low pressure-
ratio machines having combustor inlet temperatures below the
catalyst lightoff temperature. In these cases, the catalyst can be
lit off by an auxiliary means (such as a preburner) which can
then be removed or shut off since the catalyst will remain active
(once lit) at the available combustor inlet temperature.

In general, we find that for RCL combustion of hydrocarbon
fuels, catalyst lightoff temperature shows little dependence on
pressure, allowing a straightforward comparison of lightoff
temperature for different fuels even if pressure is not held
constant. Lightoff is of course dependent on heat removal rate
versus heat release rate at the surface, and we therefore find
higher lightoff temperatures for the case where significant heat-
absorbing diluent is added, such as for the landfill gas fuel
described above.

For diesel fuel testing at higher overall equivalence ratios
and higher inlet temperatures an improved diesel fuel pre-
vaporizer was required. For this purpose, a steam-enhanced pre-
vaporizer was designed and fabricated, using superheated
steam to pre-vaporize the diesel fuel. Positive-displacement
pumps metered liquid water and liquid fuel. The water was
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Fig. 7. Catalyst performance with diesel fuel, for steam-enhanced pre-vapor-
izer (~5:1 steam:fuel ratio by weight) operating at 6 atm pressure and 430 °C
inlet air temperature. Compare to methane tests at 8 atm and 415 °C inlet
temperature.

vaporized and superheated to about 200 °C at about 10 atm
pressure. The liquid fuel was then sprayed into the superheated
steam, and a heater raised the fuel/water mixture temperature to
about 400 °C over a packed bed. The combined fuel/water
vapor exited the packed bed and was injected into the preheated
catalyst-bound air stream, to create a fuel-rich fuel/air mixture
in contact with the catalyst. While some coking was observed in
the steam-free pre-vaporizer, this was not an issue in the steam-
enhanced pre-vaporizer. The steam-enhanced pre-vaporizer is
an ideal situation for co-generation applications where high-
pressure steam is available as part of the system.

Catalyst temperature data are shown in Fig. 7 for diesel fuel
operation using the steam-enhanced pre-vaporizer. Data points
between the two vertical dashed lines in Fig. 7 represent
catalyst surface temperatures, while the left-most location
(outside the dashed lines) represents inlet air temperature. Data
were obtained at the pre-vaporizer’s maximum operating
pressure of 6 atm, and at 430 °C inlet temperature. Diesel fuel
data are shown for two different equivalence ratios (0.38 and
0.46 overall), and are compared to catalyst temperature data for
methane at similar operating conditions (overall equivalence
ratio of 0.44 for 415 °C inlet temperature and 8 atm pressure).
In general, very similar catalyst performance was obtained for
both diesel and methane fuels, and with only small variation in
catalyst temperature with length through the bed.

The comparison in Fig. 7 between two different fuels is not
affected by the slightly different operating conditions (6 atm
versus 8 atm) because we have found in general that catalyst
temperatures are not sensitive to pressure or flow velocity,
based on extensive methane testing of both sub-scale and full-
scale RCL reactors. Catalyst temperature is insensitive to flow,
and pressure, because both reaction and heat transfer are limited
by turbulent transport, and therefore remain proportional to one
another over the range of conditions associated with RCL
operation in a gas turbine combustor. Slight variation of catalyst
temperature with axial position can occur, however, as seen for
example in Fig. 7. This is primarily a result of backside cooling
of the catalyst, which reduces the reacting stream’s enthalpy as
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Fig. 8. Catalyst performance based on equivalence ratios with diesel fuel for
steam-enhanced pre-vaporizer (~5:1 steam:fuel ratio by weight) operating at
6 atm pressure and 430 °C inlet air temperature compared to methane tests at
9 atm and 440 °C inlet temperature.

it moves downstream, and increases the cooling stream’s
enthalpy. Depending on the ratio of these streams, catalyst
temperature may increase or decrease with axial distance. Also,
at the upstream end, a small but finite distance is required to
obtain catalyst lightoff. Both of these effects are present in the
data shown in Fig. 7, where a peak in catalyst temperature
occurs at the Ts2 position, after catalyst lightoff but before loss
of enthalpy to the cooling stream.

Fig. 8 plots catalyst temperature, at a fixed downstream
location in the reactor, as a function of overall equivalence ratio
in the combustor. As shown in Fig. 8, catalyst temperature was
insensitive to overall equivalence ratio for both methane and
diesel fuels. This is because heat release per mole of reacted
oxygen does not vary significantly with fuel type or with
operating condition, since the selected catalysts were primarily
selective to full oxidation products (CO, and H,O) over the
range of fuel/air ratios tested, as also reported earlier for similar
natural gas tests [3].

The insensitivity of catalyst temperature to operating
condition in Fig. 8 is also a result of the small mass flow of
fuel compared to total mass flow of air passing through the
catalyst bed, such that the total flowing thermal mass (fuel plus
air) does not change significantly with equivalence ratio. Note
that airflow through the catalyst bed includes both backside-
cooling air as well as air in contact with the catalyst itself. For
all data points shown in Fig. 8, the reactor cooling airflow and
catalyst-bound airflow were fixed at the same values. Thus, for
constant catalyst-bound airflow, the oxygen available for
reaction (the limiting reactant under fuel-rich conditions) is the
same at all conditions. When cooling airflow is constant as well,
the reactor’s total thermal mass flow is also about the same at all
conditions, and therefore heat release and temperature in the
catalyst bed become insensitive to equivalence ratio, and are
very similar for both methane and diesel fuels despite a wide
difference in reactivity between these two fuels. This inherent
behavior of fuel rich operation makes the concept a viable
approach for fuel flexible gas turbine applications.
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Fig. 9. Catalyst operating temperatures for low-Btu blast furnace gas fuel, for
flame temperature from 2250 to 2480 F.

3.2. Catalyst performance for alternative fuels

A low-Btu simulated blast furnace gas, containing primarily
CO as fuel, and a high-hydrogen content refinery fuel gas were
also tested in the 10 atm sub-scale RCL combustor, and are
listed in Table 1 for comparison to the hydrocarbon fuels tested.

Operation on these alternative fuels is described in greater
detail under the section on emissions performance (below), but
it is briefly noted here that, once again, catalyst performance
was robust and well-controlled on both of these fuels.

Catalyst operating temperatures for the blast furnace gas
tests are shown in Fig. 9 over the range of conditions tested, and
are in all cases between about 800 and 950 °C as desired. Note
that for this highly diluted (low-Btu) fuel the range of adiabatic
flame temperatures downstream of the catalyst (after mixing
with catalyst cooling air) is quite low, yet stable combustion
was achieved at all of these conditions. Also observe that the
high volume of diluent in this fuel leads to greater sensitivity of
catalyst temperature to equivalence ratio than for typical
hydrocarbon fuels. In fact, for the low-Btu fuel, unlike
conventional hydrocarbon fuels, the mass flow of fuel is not
small compared to the total mass flow of air through the reactor.
Instead, for low-Btu fuel operation, total thermal mass flow
through the reactor (including fuel, diluent, and air) changes
noticeably with equivalence ratio. For constant catalyst-bound
airflow, then, heat release rate is constant (based on available
oxygen), but thermal mass flow increases with equivalence ratio
so that catalyst temperature decreases with equivalence ratio.
This effect is evident in Fig. 9, for the low-Btu fuel data. For
other fuels such as methane or diesel, as shown in Fig. § for
example, the effect of fuel flow on thermal mass is much
smaller, but is present and measurable.

The flat temperature profile shown in Fig. 10 for the
hydrogen-plus-hydrocarbon refinery fuel gas is also typical of
hydrocarbon fuels, where the effect of fuel flow on thermal
mass flow is much smaller than in the low-Btu fuel case. For the
refinery fuel gas the important result from Fig. 10 is that
catalyst temperatures are not adversely affected by the presence
of high concentrations of hydrogen, and catalyst failure by
flashback or auto-ignition does not occur because the catalyst
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Fig. 10. Catalyst operating temperatures for refinery fuel gas operation,
showing insensitivity of catalyst temperature even in the presence of high
hydrogen concentrations.

operates fuel rich, with heat release limited by available
oxygen.

3.3. Combustor emissions for hydrocarbon fuels

Measured NO, emissions are shown in Fig. 11 for three
representative hydrocarbon fuels tested: methane, bio-mass
landfill gas, and Diesel No. 2 fuel. Here, NO, emissions are
measured on a dry basis and are corrected to 15% excess O,.
NO, emissions are shown as a function of maximum measured
flame temperature (via type S thermocouple) for each data
point. For all data points obtained, CO and unburned
hydrocarbon (UHC) emissions were less than 2 ppmv.

For methane and bio-mass landfill gas fuels, NO, emissions
were below 3 ppm for measured flame temperatures below
2600 F. For diesel fuel, NO, emissions were about 10 ppm for
measured flame temperatures below 2600 F. Compared to the
8.1 ppm expected based on fuel-bound nitrogen alone, this leaves
about 2 ppm NO, that is likely formed by prompt (non-thermal)

NOTE: For methane data measured and calculated flame temperatures generally agree within 50 degrees Fahrenheit
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Fig. 11. NO, emissions for all three fuel types (methane, biomass landfill gas,
and Diesel No. 2 fuel). For all data points, CO/UHC emissions were less than 2
ppmv. For the Diesel No. 2 fuel, fuel analysis indicated that 8.1 ppmv NO,
would be emitted as a result of fuel-bound nitrogen alone.

mechanisms at low flame temperatures (below 2600 F). At
higher flame temperatures, NO, increased due to thermal
formation mechanisms for all three fuels, as shown. The low NO,
levels at low flame temperatures indicate that well-mixed, fuel-
lean combustion was achieved downstream of the catalyst for all
three fuels: methane, bio-mass landfill gas, and Diesel No. 2.

3.4. Combustor emissions for blast furnace gas

For combustion tests of the low-Btu blast furnace gas, the fuel
(complete with its diluent) entered the RCL reactor after being
heated to about 446 F (230 °C). Combustion air (including
catalyst-bound or catalyst-side air) entered the reactor at about
662 F (350 °C). Prior to catalyst lightoff, CO emissions for
combustion of this fuel were extremely high at all fuel/air ratios,
well beyond the range of the emissions analyzers, and
combustion was difficult to sustain even at the highest possible
equivalence ratios (near stoichiometric in the mixed stream
downstream of the catalyst). Once the catalyst was lit off,
however, combustion was well stabilized and CO emissions
dropped to single-digit values for all data points shown in Fig. 12.
Clearly the catalyst provided the needed stability to the flame for
this low Btu fuel, and enabled stable gas-phase combustion
following fuel-rich catalytic reaction, even at adiabatic flame
temperatures as low as 2250 F (1232 °C).

Note that the high diluent fraction of this low-Btu fuel means
that high fuel-lean equivalence ratios are needed in the
combustor burnout zone to achieve the desired flame
temperature for the turbine. Tests were performed over a
range of adiabatic flame temperatures in the combustor burnout
section, from about 2250 to 2500 F (1232-1371 °C) (repre-
senting maximum fuel flow capability of the rig for this blast
furnace gas composition). For reference, the stoichiometric
flame temperature for this blast furnace gas is only about
2700 F (1482 °C) for the inlet temperatures tested.

For RCL®™ combustion of blast furnace gas, ultra-low
emissions of NO, and CO were achieved for all conditions
tested. Blast furnace gas NO, emissions are plotted in Fig. 12,
as measured by sample extraction from a cooled probe located
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Fig. 12. NO, emissions, uncorrected and corrected to 15% O,, as a function of
adiabatic flame temperature in the downstream combustion zone of the RCL
reactor burning blast furnace gas (23% CO, 1.4% H,, 0.6% CHy, 22% O,, and
53% N,).
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15 in. downstream of the catalyst exit, corresponding to about
30 ms residence time in the gas-phase combustor. For all
conditions tested, NO, emissions were measured below
2.5 ppm on a raw basis (uncorrected) and below 1 ppm
corrected to 15% O, dry. CO emissions were near zero
(<1 ppm) for all conditions shown.

Both raw and corrected NO,, emissions are plotted in Fig. 12
because measured oxygen concentrations following fuel-lean
burnout were low as a result of the high level of diluent in the blast
furnace gas. Oxygen concentration in the exhaust varied between
about 2.5 and 5.5% for the conditions shown. Thus, the standard
correction to 15% O, may be misleading since oxygen levels
would never reach 15% in an actual engine application. The raw
NO, data are probably as relevant as the corrected NO, data, or
perhaps more so. In either case, NO, emissions were ultra-low as
a result of the low blast furnace gas flame temperatures.

3.5. Combustor emissions for refinery fuel gas

Testing of refinery fuel gas was also conducted using the
same hardware configuration as previous tests for blast furnace
gas. Results showed NO, emissions below 3 ppm for flame
temperatures below 2800 F (1538 °C).

For the refinery fuel gas tests, the simulated refinery fuel gas
comprised 30% H, and 70% CH,, and entered the reactor
without passing through a fuel heater. However, some fuel heat
was obtained from hot combustor rig components so that the
fuel plenum gas temperature measured about 347 F (175 °C).
Combustion air entered the reactor at about 734 F (390 °C).

Tests were performed over a range of adiabatic flame
temperatures, from about 2400 to 3000 F (1316-1649 °C) in the
combustor burnout section, and at a pressure of about 10 atm.
NO, and CO emissions were measured at each condition, as
well as O, and CO,. )

NO, emissions for the RCL"™ combustion of refinery fuel
gas are plotted in Fig. 13, as measured by the downstream
emission probe corresponding to about 30 ms residence time.
NO, emissions were measured below 3 ppm for flame
temperatures less than about 2800 F (1538 °C), indicating
well-mixed fuel-lean combustion downstream of the catalyst.
CO emissions were less than about 1 ppm for all conditions
shown.
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Fig. 13. NO, emissions, corrected to 15% O,, as a function of adiabatic flame
temperature in the downstream combustion zone burning refinery fuel gas (30%
H, and 70% CH,).

4. Conclusions

A Rich-Catalytic Lean-burn combustion system has been
tested at high-pressure and sub-scale with multiple alter-
native fuels, as listed in Table 1. For all fuels tested, catalyst
temperatures were well-controlled and combustor emissions
were maintained at low values over a wide turndown range,
confirming the benefit of catalytic reactions in achieving low
emissions for multiple types of fuels. The results also
confirm that fuel-rich operation of the catalyst allows similar
catalyst and reactor performance with widely varying fuel
types.

For liquid fuel applications, the major outstanding devel-
opment issue is pre-vaporization of the fuel prior to fuel-rich
catalytic reaction.

Overall, fuel-flexible operation was demonstrated for Rich-
Catalytic Lean-burn combustion using six different fuels:
natural gas, biomass landfill gas, gasoline, pre-vaporized Diesel
No. 2, low-Btu blast furnace gas, and a refinery fuel gas. The
similar catalyst performance and low emissions for all fuels
tested indicates the insensitivity of the system to different fuels.
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