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3.2.2-1 Introduction

The earliest work on what is now termed catalytic combustion was conducted
by Pfefferle at Engelhard Corporation in the 1970s and introduced the use of both
catalytic and non-catalytic combustion reactions in a temperature range amenable
to both'. The original-type catalytic combustor is a ceramic honeycomb monolith
containing catalytically-coated parallel channels and placed within a combustion
chamber?. In this original-type catalytic combustor, surface reactions release heat and
reactive intermediates into the boundary layer above the surface, eventually inducing
gas-phase (non-catalytic) reactions. As a consequence, combustor operation can be at
lean limits well beyond those feasible without the influence of a catalyst, and pollutant
emissions can be extremely low. Early work on systems of this type were conducted
at Engelhard, Acurex, Westinghouse, NASA, the Air Force, and elsewhere’.

Active interest in catalytic combustion for power generation increased during
the early 1990s as it became clear that continued pressure for reduced emissions
could not be met simply by re-design of conventional combustors. A new approach
of partial conversion in the catalyst bed and the use of metal catalyst substrates to
circumvent thermal shock issues, revived catalytic combustion for power generation.
Metal-substrate type catalyst beds were thus employed for catalytic combustion with
increasing success during the 1990s, demonstrating the low NO_ potential of catalytic
combustion for gas turbine applications®.

Ultimately, two very different systems emerged during this period: a fuel-lean
catalyst system developed by Catalytica, Inc. and a fuel-rich catalyst system developed
by Precision Combustion, Inc®. Engine tests of these two systems are described,
respectively, in Yee et al. and Smith et al.¢ . These systems are also described in greater
detail in Sections 3.2.2.1.1 and 3.2.2.1.2 of this Handbook.

3.2.2-2 Role of Catalysis in Combustion

In broad terms, a catalyst is used to promote a desired chemical reaction.
Catalysts find a wide range of applications in the production of energy and power, but
for combustion turbines there are three basic classes of reactions that one may desire
to promote: fuel preparation such as reforming prior to combustion, fuel oxidation
with heat release, and pollutant destruction. “Catalytic combustion” normally refers
to fuel oxidation with heat release, particularly when the catalyst is placed inside an
engine and within the combustor casing. We restrict our discussion here to catalytic
combustion and exclude other catalytic processes such as fuel reforming or exhaust-
gas cleanup.

In simple terms, the presence of a combustion catalyst enables complete
combustion at lower temperatures than otherwise possible. This fact can be used
for multiple benefits, but the primary motivation for low temperature combustion is
reduced NO_ emissions and/or increased combustor turndown. In particular, most
non-catalytic combustors operate with peak flame temperatures higher than 1525°C
(2780°F) to ensure adequate flame stability and margin from blowout. As is well
known, NO_emissions even for perfectly premixed fuel-air flames at 1525°C (2780°
F) can exceed the 3 ppm threshold (at 15% O,) targeted for many new power plants’.
Catalytic combustors, however, can operate stably with flame temperatures far below
1525°C (2780°F), offering both reduced NO_ emissions and improved combustor
turndown.

3.2.2-3 Catalyst Materials for Combustion
Applications

By definition a catalyst promotes a chemical reaction, such as fuel with
oxygen, but is itself neither consumed nor produced by the reaction. Precious
metal catalysts are useful in promoting combustion reactions, and it is desirable to
preserve such valuable catalysts by fixing them to a stationary, solid surface known
as a substrate. The reactants, fuel and air, react on contact with the catalyst surface



forming combustion products. For solid fuels such as coal, this means that liquefaction or gasification of the fuel is required to enable
contact with the solid catalyst surface in the presence of air.

Regardless of fuel type, the need for the reactants to contact a solid catalyst surface also means that a high substrate surface
area is desirable, as is a high rate of mass transfer to the solid surface. Thus, catalyst substrates typically take the form of small pellets,
rods, wires, tubes, honeycombs, foams, or other high-surface-area shapes through which flow can pass. Channel diameters through such
structures are typically between 1 mm and 1 ¢cm in diameter, depending on size and pressure drop requirements.

Substrates can be made of metal or ceramic materials, but must withstand the expected operating environment in a gas turbine
engine, particularly with regard to thermal gradients and thermal shock®. Metal substrates best fill this need, but their temperature must
be limited to less than 950°C (1750°F) to ensure sufficient material strength and long life. Ceramic materials can operate at higher
temperatures, but issues of thermal shock failure during the transient operating conditions required for gas turbine operation have not
been fully resolved. Thus, despite their inherent temperature limitations, metal substrates have been nearly universally adopted for gas
turbine catalytic combustion, even for machines with firing temperatures hundreds of degrees higher than 950°C (1750°F). As a result,
a prominent feature of successful catalytic combustor designs has been control or limitation of catalyst temperature without sacrifice in
engine, combustor, or emissions performance.

Once the reactants are in contact with the substrate surface, it is also desirable that catalytic reactions proceed quickly. This
requires a large number of active catalyst surface sites per unit surface area of substrate. For this purpose a high-surface-area “support”
material such as a porous ceramic washcoat may be applied to the substrate, creating a new “rough” or porous surface that can have
thousands of times the surface area of the raw substrate. The catalyst is finely dispersed across this rough surface and throughout its
pores, to give a high density of active sites for chemical reaction. Specific procedures for preparing such supported catalysts have been
disclosed in the literature®. Figure 1 presents a cross-sectional view of an actual washcoat support, containing precious-metal catalyst,
and bonded to an underlying metal substrate.

A high density of active surface sites is especially important in achieving the lowest possible lightoff temperature for a given
catalyst. For practical applications of catalytic
combustion, lightoff temperature is a critical
parameter that determines both system operation and I

system design. The lightoff process can be depicted reacta ntS (gaS)
graphically as suggested by Pfefferle and Pfefferle

and as shown schematically here in figure 21°.

Prior to catalyst lightoff the temperature 100 um

differencebetweenthe catalystsurfaceandthereactant H

gas stream is small (tens of degrees or less) and the (0'004 In)
reaction rate is slow enough that this temperature ¥
difference is sufficient to remove all heat released substrate (SO—IId) ;
at the surface. Pre-lightoff operating conditions
correspond to region I in figure 2. However, if gas
and catalyst temperatures are increased, reaction rates _VvV

will increase exponentially Wlth temperature'untll Fig. 1. Microscope photograph of sectioned catalyst support and substrate. The
reactants are consumed as quickly as they arrive at catalyst support is a ceramic washcoat, bonded to the underlying metal substrate.
the surface. When this occurs, the surface reactionis  The scale of this photograph is roughly 100 um (0.004 in) in total height.

said to be mass transfer limited, since mass transfer of
fuel and oxygen to the surface now limit the overall
reaction rate and temperature has little impact. At

this condition the catalyst temperature will greatly 11
exceed (by hundreds of degrees) the temperature T heat release
of the reactant gas stream, and in fact, the catalyst \
will operate close to the adiabatic flame temperature Heat
of the reactant gas stream if no external cooling is Rate II
provided. This changeover to mass transfer limited (W)
operation at greatly increased catalyst temperature
is known as catalyst lightoff, and occurs rapidly (on heat removal
the order of seconds) once the lightoff temperature is Ql‘o.
reached. I
Figure 2 indicates how lightoff temperature
is defined and why lightoff is rapid. The solid curve Tgas Ty, Temperature (K) —>
represents heat release rate (in Watts, for example)
from exothermic reactions at the catalyst surface, Fig. 2. Representation of heat generation and heat removal as

as a function of catalyst temperature. The dashed a function of catalyst temperature, as during catalyst lightoff

curve indicates the effect of catalyst temperature on
the rate of heat removal from the catalyst surface,
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predominantly by convection to the reactant stream. The dashed curve’s point of intersection on the x-axis is the gas stream temperature.
Note that the solid curve is independent of gas stream temperature, but the dashed curve will slide left and right, depending on gas stream
temperature, with a constant slope determined by the convective heat transfer coefficient.

For steady-state operation heat removal must equal heat release, so operation must be at an intersection point of the solid and
dashed curves. Furthermore, for this intersection point to be a stable operating condition, an increase in catalyst temperature must lead
to greater heat removal than heat release. At lightoff, this stability condition fails, and lightoff temperature T, | is defined at the point of
tangency between the solid and dashed curves, as shown. At this point, any increase in catalyst temperature leads to greater heat release
than heat removal, with the result that catalyst temperature rapidly increases until reaction rate is limited by mass transfer of reactants
to the catalyst surface. Thus, catalyst temperature passes through the unstable region II, and stabilizes at its mass-transfer-limited value
in region III where the dashed curve and the solid curves again intersect. Catalyst lightoff is therefore a rapid transient event, and can
be measured for any catalyst material with only weak dependence on heat transfer coefficient. Note that some authors define lightoff
temperature in terms of the gas temperature T, during lightoff, instead of catalyst temperature T, at lightoff as defined here.

Catalyst materials for combustion applications have been carefully evaluated by a number of researchers''. Methane and natural
gas fuels have been the recent focus of interest because natural gas is currently the low-emissions fuel of choice for power-generating gas
turbines. Johansson and co-workers have reviewed the catalytic combustion literature and summarized lightoff temperatures for fuel-
lean oxidation of methane on various catalysts, as listed in table 1'>. Dalla Betta (1997) reviewed and summarized fuel-lean methane
reaction rates at 400°C (750°F) for a range of catalyst materials tested, and the more active of these are also listed in table 1". In both
reviews, palladium (Pd) catalysts show the greatest activity for methane oxidation, and in general the consensus in the literature has
been that, for fuel-lean combustion of methane, Pd-based catalysts are the only practical choice because only they offer acceptable
activity, lightoff temperature, and resistance to volatilization. However, the adoption of Pd-based catalysts has come with difficulties
resulting from the complex morphology and behavior of the Pd-PdO system and its reactions with methane, including deactivation at
high temperature (above about 750°C (1380°F)), hysteresis in reaction rate over heating and cooling cycles, and oscillations in activity
and temperature'!. In addition, lightoff and extinction temperatures are well above 300°C (570°F) for fuel-lean reaction of methane on
Pd-based catalysts, thus requiring the use of a preburner in many engine applications'.

A wider choice of catalysts is possible for fuel-rich reaction of methane, and the complex behaviors of fuel-lean methane
reaction on Pd are avoided. For example, Lyubovsky et al. compared fuel-lean and fuel-rich activity for three precious metal catalysts
in an isothermal reactor, and demonstrated that all three could be practically used for fuel-rich catalytic reactors'®. A comparison of
measured catalyst activity for Pd, Pt, and Rh catalysts, under both fuel-rich and fuel-lean conditions, is shown here in figure 3 as a
function of catalyst temperature'’. Note that figure 3 does not depict thermal lightoff in the same sense as figure 2, since the data in figure
3 were obtained at isothermal conditions (heat transfer was essentially infinite, so the catalyst could not self heat).

The first observation to make in figure 3 is that, for all three catalysts, methane conversion (a measure of catalyst activity)
is generally much higher under fuel-rich conditions than under fuel-lean conditions. Furthermore, under fuel-lean conditions, only
the Pd catalyst shows sustained measurable activity below 600°C (1110°F), whereas all three catalysts are always active in this range
under fuel-rich conditions. Evidently the oxidizing environment of fuel-lean mixtures leads to oxidation of the catalyst and this has a
pronounced effect on catalyst activity. Oxidation also leads to greater volatilization of Pt catalyst, limiting the usable life of Pt-based
catalysts even at temperatures far below 950°C (1750°F). For fuel-rich combustion of methane, however, Pd, Pt, or Rh-based catalysts
may be used without suffering from oxidation.

Table 1 Lightoff temperature and reaction rate for methane oxidation under fuel-lean conditions, for various catalyst materials

Specific Examples | 11 jghtoff ’Reaction Rate
Catalyst Type
of Catalyst Type Temperature(C) (107 mol / g-s)
Plat G Metal
AHHT SToup AIETE Pd/ALO, 340 — 460 300
Pt/ Al O, 590 - 710 50
P kit 390 - 690
crovskiie La Sr, CoO, 7
LaCoO, 1
Hexa-aluminate 500 —700
Sr,.La ,MnAl O, 3
Zeolite 600 - 750

Source: see note 4 (Dalla Betta) and note 8 (Johansson).
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Fig. 3. Catalyst activity for methane oxidation under fuel-rich and fuel-lean

conditions. Filled symbols represent increasing temperature, and closed symbols

represent decreasing temperature (the selected temperature ramp was externally

controlled by electric heaters).

For syngas and high-hydrogen fuels, catalyst lightoff of CO and H, is of interest for both fuel-lean and fuel-rich conditions.
Recent work at Precision Combustion, Inc., sponsored by the U.S. Department of Energy, has shown a precious-metal catalyst lightoff
temperature of 180°C (350°F) for fuel-rich reaction of syngas. This value has been measured for a syngas mixture composed of 25% H,
and 35% CO (remainder diluent), but the lightoff temperature is relatively insensitive to syngas composition unless CO levels drop to
very low values, thus leaving essentially a high-hydrogen fuel having significantly lower lightoff temperature. Light-off temperatures
for fuel-lean syngas mixtures were also measured below 180°C (350°F). In all cases, the 180°C (350°F) or lower lightoff temperature
is well below the compressor discharge temperatures of industrial and large-frame turbines, and the need for a preburner is thereby
avoided.

Flame Temperature Considerations

Actual flame temperatures for catalytic combustion will vary depending on the design approach used to integrate the catalytic
reaction zone with the gas-phase combustion zone and also on the turbine inlet temperature requirement for the application engine.
In any case, flame temperatures greater than about 1100°C (2000°F) are required for gas-phase reactions to complete the burnout
of hydrocarbon fuels and CO in a reasonable residence time (on the order of 10 ms). Thus, systems which rely on catalyst-induced
autoignition to stabilize combustion will normally have a minimum gas-phase combustion zone temperature of about 1100°C (2000°
F), although the catalyst itself may be limited to temperatures well below this value. Systems which use conventional flameholding
techniques without catalyst-induced autoignition (but with catalyst augmentation of flame stability) normally require higher flame
temperatures to prevent blowout, with typical minimum flame temperatures exceeding 1300°C (2400°F) for hydrocarbon fuels.

In most power generation applications, it is required that the turbine operates over a range of loads while meeting emissions
regulations. The combustor must therefore be designed to operate with flame temperatures above the minimum achievable value at
base load (full power) so that the machine can be turned down to a flame temperature near the minimum achievable value at the lowest
required low-emissions load point. Thus, actual flame temperatures at base load are generally higher than the minimums listed in the
previous paragraph.

In addition, for modern high-efficiency engines having high turbine inlet temperatures, actual flame temperatures at base load
may need to be higher than the minimums listed above simply to meet the required turbine rotor inlet temperature after the addition of
necessary cooling air. For example, General Electric’s 7FA engine has a published turbine rotor inlet temperature of 1325°C (2420°F)
(Eldrid et al., 2001) and a published temperature drop due to cooling air addition at the first stage nozzle (stator) of 140°C (280°F),
giving a minimum flame temperature of 1480°C (2700°F) prior to the first-stage nozzle'®.

The above considerations establish the minimum required flame temperature at base load, but for ultra-low NO_operation a
maximum flame temperature is also present, based on increasing formation of thermal NO, with increasing temperature'. It is generally
accepted that at temperatures above about 1525°C (2780°F) NO, emissions increase markedly with temperature, and generally exceed
3 ppm (at 15% O,) for premixed flames of hydrocarbon fuels in air. Thus, for a given low-emissions application the design choice for
base load flame temperature falls within a window that is generally less than 1525°C (2780°F) but higher than the minimum required.

Based on such flame temperature considerations, catalytic combustion systems for gas turbines can be classified in three basic
categories as shown in table 2. The categories are most directly stated in terms of turbine rotor inlet temperature requirements. For the
first two categories in table 2 (low-temperature and high-temperature turbines), turbine rotor inlet temperatures are sufficiently below
the 1525°C (2780°F) thermal NO_ limit that catalytic combustion can be used to provide stable operation, thus providing ultra-low
NO, emissions even at base load. For the third category (ultra-high temperature turbines); however, flame temperatures in excess of
1525°C (2780°F) may be required simply to meet the required turbine rotor inlet temperature after the addition of necessary cooling
air. Therefore, NO_emissions for such applications may be higher than 3 ppm unless cooling air requirements are reduced (as in the
steam-cooled H-engine for example), or unless alternative developments are advanced to allow low-NO_ operation at higher flame
temperatures (as discussed further below). 258
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Note that in all cases, catalytic combustion provides additional benefits other than low emissions. In particular, catalytic
combustion can be used to provide extended turndown by allowing stable combustion at low part-load flame temperatures and can also
be used to reduce combustion dynamics (combustion-induced pressure oscillations) by shifting fuel energy release to the catalyst surface
and away from the gas-phase combustion zone. Reduced combustion dynamics may be an especially important benefit in high-firing-
temperature machines that are susceptible to combustion dynamics as a result of their inherent high rate of fuel energy release.

Table 2 Categories for gas turbine applications of catalytic combustion, based on turbine rotor inlet temperature. The term 1-Stage
means a single stage system combining both catalyst and gas-phase reactions. The term 2-Stage means that combustion occurs in two
stages, sequential and separate, where the first stage is catalytic and the second is gas-phase. (See Figure 4 for schematic examples
of 1-Stage and 2-Stage systems.)

Low-Temperature High-Temperature | Ultra-High Temperature

(Uncooled) Turbines | (Cooled) Turbines | (> F-Class) Turbines
Engine Microturbines Industrial FB-Class
Applications D-, E-, F-Class G-Class
Approaches

. 1- or 2-Stage | Low Oxygen

to Catalyjuc 1-Stage or 2-Stage 2-Stage 2-Stage Ceramic 2-Stage (EGR)
Combustion
Benefits:
1. Emissions | v V ? \ \
2. Turndown |V V \ \ \
3. Dynamics | V V \ \ \
Barrier i i i Materials Cycle & Machine
Issues Develop. Develop.

Specific considerations for each of the categories in table 2 are discussed in the following subsections, especially as related to catalytic
combustion system design for each category.

Catalytic Combustion at Low Flame Temperatures (Uncooled Turbines)

For uncooled turbines such as microturbines, turbine inlet temperatures are generally within catalyst material temperature
limits (less than 1000°C (1830°F). This means that the catalyst and substrate can tolerate the maximum required flame temperature,
and if complete combustion can be sustained, there is no need to separate the gas-phase combustion zone from the catalyst. Thus, a
simple catalytic combustor for this application can comprise only a premixer and a catalyst bed, as shown schematically in the right-
hand panel of figure 4. This simple system is considered a single-stage system, although fuel is oxidized within this single stage by both
catalytic reactions on the catalyst surface and gas-phase reactions in the fluid stream above the surface. Because these reactions can go
to completion (all fuel converted to products) within the catalyst stage, this single-stage system is also known as a “total conversion”
catalytic reactor.

Premixer Catalytic Premixer  Catalytic Reactor

Reactor / a
Air? pe—

> Homogenous
Fuel - N\

Reaction
Partial Conversion Total Conversion

Fig. 4. Schematic examples of 2-Stage (partial conversion catalyst) and 1-Stage (total conversion
catalyst) catalytic combustors, in left and right panels, respectively
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Note that the single-stage “total conversion” catalytic reactor requires gas-phase reactions to complete the oxidation of all fuel
in a reasonable length or residence time. Complete combustion (e.g. 99.9% combustion efficiency) without gas-phase reactions would
require mass transfer of nearly all fuel (e.g. 99.9%) to the catalyst surface for reaction, which would require an impractically sized
catalyst in terms of length, cross-sectional area, and/or channel size. Thus, the single-stage “total conversion” catalytic reactor must
provide sufficient catalytic reaction and concomitant heating of the fuel/air mixture that gas-phase autoignition is induced throughout,
providing combustion completion even if the fuel/air mixture is outside its flammability limits. Based on the adiabatic flame temperature
of the fuel/air mixture passing over the catalyst, this autoignition requirement determines the minimum required catalytic conversion of
fuel. Or, in the opposite sense, based on the practically achievable catalytic conversion of fuel, the autoignition requirement determines
the minimum adiabatic flame temperature of the fuel/air mixture.

A separate consideration is, as stated earlier, the adiabatic flame temperature of the fuel/air mixture must generally exceed at
least 1100°C (2000°F) to provide complete burnout in a reasonable residence time. At 1100°C (2000°F) metal substrates cannot be used
to support the catalyst, and a ceramic substrate must be used. Thus, the single-stage catalytic combustor is generally ceramics-based, and
is prone to ceramics-related issues such as thermal stress and thermal shock. Early catalytic combustors of the type originally developed
at Engelhard were single-stage ceramics-based systems?.

Currently, however, metal substrates have gained favor in many catalyst applications, including catalytic combustion. Metals
are especially suitable for gas turbine applications since they are able to withstand gas turbine demands such as thermal stress and thermal
shock. But metal temperatures must normally be limited to less than about 950°C (1750°F) for long-term durability, and this precludes
the use of the single-stage “total conversion” system described above. Instead, a two-stage “partial conversion” system must be used
where only a portion of the fuel is reacted in the catalyst stage, and gas-phase combustion completion occurs downstream of the catalyst.
This is shown schematically in figure 5, where there are two physically distinct stages having different temperature requirements (< 950°
C (1750°F) in the catalyst stage to meet long-term durability requirements, and > 1100°C (2000°F) in the gas-phase combustor stage to
provide combustion completion).

The success of the two-stage system is dependent upon the catalyst stage’s ability to limit reactions (and thus temperature), so
that the metal substrate within the reactor may operate below its maximum material temperature limit. In the catalyst stage, the degree of
reaction can be limited by chemical reaction rate upon the catalyst, by mass transfer of reactants to the catalyst, or by channeling within
the reactor such that only a limited fraction of the fuel can contact the catalyst. In all cases it is imperative that uncontrolled gas-phase
reactions do not occur within the catalytic reactor, since this implies a loss of reaction limitation and ultimately the over-temperature and
failure of the catalyst bed.

While there are many design variations and
possibilities for the catalyst-stage, there are only two Fuel / Air e
mechanisms for sustaining gas-phase combustion in the ] '
combust.lon st.'.:lge: catalyst-induced aut.01gn1.t10n (as .1Ir.1phed Catalyst  Gas phase burnout
schematically in figure 5), or flameholding via backmixing of <950 C >1100 C
hot combustion products (as shown schematically in figure
4, left panel). If catalyst-induced autoignition is used in the

Ultra low emissions

)

Fig. 5. Schematic representation of metal-based two-stage
. . catalytic combustion system, showing catalyst stage requiring <
two-stage system, the primary challenge is to prevent such 950 C (1750 F) temperature for long-term metal durability, and gas-

autoignition.from occurring within .the catalyst-stage, as it phase combustion stage requiring > 1100 C (2000 F) temperature
does in the single-stage system described above. for combustion completion

Catalytic Combustion at Moderate Flame Temperatures (Low NO_Cooled Turbines)

For modern, cooled turbines having turbine rotor inlet temperatures well above 1100°C (2000°F), the single-stage catalytic
combustor of figure 4 (right-hand panel) is no longer feasible since flame temperatures prior to the addition of combustor and stator
cooling air will generally exceed material temperature limits for available catalyst and substrate materials, even if ceramics are used.

Thus, two-stage catalytic combustion is used in these machines, and metal catalyst substrates have generally been adopted for
their robustness in the gas turbine environment. Catalyst-stage temperatures must therefore remain below 950°C (1750°F), while gas-
phase combustion temperatures may reach 1525°C (2780°F) before NO_emissions increase beyond acceptable levels. Ultra-low NO_
emissions have been successfully demonstrated in recent engine tests of two different two-stage systems?'.

Note that if catalyst-induced autoignition (figure 5) is the intended means of sustaining gas-phase combustion, it becomes
increasingly difficult to prevent autoignition or flashback from overheating the catalyst when gas-phase combustion temperatures
increase to meet advancing turbine rotor inlet temperatures. At F-engine type conditions, where flame temperatures must reach 1480°
C (2700°F) as discussed earlier”, no successful engine operation of a two-stage catalytic combustor has been reported using catalyst-
induced autoignition to sustain gas-phase combustion. However, successful results have been obtained over a wide range of flame
temperatures, reaching 1480°C (2700°F) and beyond, by using conventional flameholding techniques (backmixing of hot combustion
products, left-hand panel of figure 4) while maintaining catalyst-stage temperatures below the autoignition temperature of the fuel/air
mixture?.
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Catalytic Combustion at High Flame Temperatures (T, dame > 1525 C (2780 F))

In the highest firing-temperature machines used for power generation, such as the recent FB-class and G-class machines, gas-
phase combustion temperatures may need to exceed 1525°C (2780°F), before addition of necessary cooling air, in order to meet turbine
rotor inlet temperature requirements. At the current level of machine, combustor, and catalyst materials development, this means that
NO, emissions will likely exceed 3 ppm at 15% O,. In spite of this, there are possible developments to reduce NO_emissions at these
high flame temperatures, and there are non-emissions-related benefits of catalytic combustion (improved turndown and combustion
dynamics) that are available immediately.

Combustion dynamics in particular have been problematic in low-emissions high-firing-temperature machines?, and there is
great incentive to find an economical solution. One possible solution is catalytic combustion. Catalytic combustors have been reported
to have low combustion dynamics (Smith et al., 2005; Schlatter et al., 1997), since gas-phase energy release in the combustor is the
driving force for combustion-induced pressure oscillations (“‘combustion dynamics”) and these oscillations are reduced when a portion
of the fuel is catalytically reacted prior to gas-phase combustion®. Thus, regardless of pollutant emissions levels, catalytic combustion
may prove useful even when flame temperatures must be well in excess of 1525°C (2780°F) to meet high turbine inlet temperature
requirements. In fact, it is at these high flame temperatures that combustion dynamics often become most problematic and a solution is
most needed.

In addition, non-catalytic premixed combustors now often employ piloting or fuel staging to tune out combustion dynamics,
at the cost of increased NO_emissions. Thus, a catalytic combustor that operates with low combustion noise without piloting or fuel
staging (that is, with more perfectly premixed combustion) may offer reduced NO_emissions as compared to an equivalent non-catalytic
system, even at the same overall combustor outlet temperature.

There is also the potential that catalytic combustion may allow low-NO_operation even at flame temperatures above 1525°C
(2780°F). While it has generally been reported that NO_emissions exceed 3 ppm (at 15% O,) when flame temperatures exceed 1525°
C (2780°F) for hydrocarbon fuels burning in air, these reports have typically focused on conventional flame stabilization techniques
that use recirculation or backmixing of hot combustion products to sustain combustion. Schlegel and co-workers have shown through
experiments and modeling that lower NO_emissions are possible for two reasons™.

First, their work shows that NO_production is most significant in the stirred or backmixed flame stabilization zone, and that NO_
emissions can be reduced by reducing the “size” (bulk residence time) of such backmixing zones. Catalytic combustion can facilitate
such NO, reduction by improving flame stability and lean blowout, such that “smaller” (shorter residence time) backmixed zones are
feasible. For example, model results by Schlegel and co-workers show that NO_emissions from a 1500°C (2730°F) combustion process
can be reduced by more than 1 ppm by decreasing the stirred-zone residence time from 0.6 ms to 0.1 ms?’. Because of this potential,
a question mark was indicated in table 2 for the emissions benefit of 2-stage catalytic combustion in ultra-high firing-temperature
machines.

Second, Schlegel and co-workers have shown that by increasing the percentage of fuel that is reacted on the catalyst, NO_
emissions are reduced because the chemical mechanisms for NO,_ formation are affected in the gas-phase combustion zone®. This
effect is most pronounced at high levels of catalytic fuel conversion (> 50%, preferably > 80%) as shown in their 1500°C (2730°F)
combustion experiments and modeling. At these fuel conversion levels, NO, reductions of more than 1 ppm are possible at 1500°C
(2730°F) flame temperature. Note that materials development will be required to effectively implement this technique with long-term
durability, since catalyst operating temperatures will greatly exceed the limits of currently available materials at such high levels of
fuel conversion. Table 2 therefore indicates low emissions in a 1- or 2-stage ceramic-based catalytic combustor, with the caveat that
materials development is required for implementation.

The third approach to catalytic combustion listed in table 2 for ultra-high firing-temperature machines is a low-oxygen
environment, where NO_ emissions can remain below 3 ppm even at flame temperatures in excess of 1525°C (2780°F). Exhaust gas
recirculation (EGR) is one possibility for obtaining such a low-oxygen environment and has been investigated for gas turbine emissions
reduction in the past without the use of catalysts*®. Because premixed combustion can be difficult to sustain under such low-oxygen
conditions, a catalytic combustor will be beneficial in providing the needed flame stability, and could permit ultra-low NO, emissions
even from ultra-high temperature machines. Development needs are great for such systems; however, since this concept requires a
significant change in the working fluid of the engine. This is indicated in table 2 with regard to both cycle and machine development
needs.

3.2.2-4 Systems for Catalytic Combustion

As discussed earlier, two very different catalytic combustion systems have been developed and engine tested in recent years™

, although both are based on the two-stage catalytic combustor concept and both use metal-based catalyst substrates. Thus, in both

systems combustion completion occurs in a downstream gas-phase combustion stage that is physically separated from the upstream
catalyst stage.

The system developed by Catalytica, Inc. is much like that pictured schematically in figure 5, and is described in greater detail

in Section 3.2.2.1.2 of this Handbook3!. The Catalytica system premixes all combustion fuel and air upstream of the catalyst, and uses a

261 partial conversion catalytic reactor to oxidize only a portion of the fuel in the catalyst stage. The temperature rise due to fuel oxidation
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in the catalytic reactor induces gas-phase autoignition in the downstream gas-phase combustion stage, where combustion is completed.
The catalyst stage is operated fuel-lean and uses a Pd-based catalyst. A preburner is generally employed to ensure that the catalyst
remains active (lit off) during low-emissions engine operation.

The system developed by Precision Combustion, Inc. is shown schematically in figure 6, as originally developed for operation
on natural gas®>. This system is described in greater detail in Section 3.2.2.1.1 of this Handbook. Briefly, the Precision Combustion
system is based on fuel-rich operation of the catalyst, and sustains fuel-lean gas-phase combustion downstream of the catalyst via
recirculation-based flameholding. All the fuel and part of the air pass through the catalyst with the remainder of the air providing catalyst
cooling. This cooling air then mixes with the catalyst effluent establishing a fuel lean flame. Fuel-rich operation of the catalyst provides
greater catalyst activity than fuel-lean operation, such that a preburner is not normally required during low-emissions engine operation.
Flashback and autoignition issues are also precluded because fuel oxidation and heat release in the catalyst stage are limited by available
oxygen, and the system can therefore be operated safely even at the highest desired combustion-stage temperatures. Fuel-rich operation
also allows similar catalyst and reactor performance with widely varying fuel types, since catalyst-stage reactions are starved of oxygen,
thereby limiting the extent of fuel oxidation and heat
release regardless of the fuel’s intrinsic reactivity on Catal_yst .
the catalyst. The system has been successfully tested Cooling Combustion
on multiple fuels, including Diesel No. 2, simulated >
refinery fuel gas and syngas, and other low-Btu fuels. Air —» % — Burned Gas

Catalytic combustion systems can also be £ 4 __:r
comblnc?d with norl.—fzgtallytlc lean-premixed systems to Premixer Catalytic Post-Catalyst
offer unique capabilities in terms of performance, cost, Reactor Mixing
pressure drop, and space requirements. For example,
Precision Combustion, Inc. has developed a catalytic  Fig. 6. Schematic of Precision Combustion’s two-stage catalytic combustion
pilot system that combines its RCL system with non- system, as originally developed for operation on natural gas. Fuel-rich catalyst
catalytic swirl-based fuel/air injection. This system effluent mixes with catalyst cooling air prior to fuel-lean gas-phase combustion,

has been tested in cooperation with Solar Turbines and the system is therefore called Rich-Catalytic Lean-burn combustion
and is described by Karim and co-workers®. (trademarked as RCL by Precision Combustion, Inc.)

3.2.2-5 Challenges for Catalytic Combustion

While the art and science of chemical reactor design using heterogeneous catalysis is well known, the application of this
technology to catalytic combustion has required significant development efforts due to both the exothermicity of combustion and the
operational needs of gas turbine engines. A catalytic process for a gas turbine engine must contend with rapid heat release and high
operating temperatures, variable feed composition (fuel/air ratio may change, and fuel quality and composition may vary), variable
thermodynamic conditions (inlet pressure and temperature), and variable reactor residence time (space velocity). To provide this
flexibility, the catalytic combustor is not generally required to maximize yield or selectivity to a particular product; instead, the catalyst
is required to provide stability to a combustion process, usually by providing a temperature rise to a fuel/air mixture. For catalytic
combustion, the overriding constraints are robustness and controlled catalyst temperatures over the wide operating range of the engine.

For natural gas combustion, these challenges have been met and initial engine demonstrations have successfully shown that
catalytic combustion is capable of driving a gas turbine engine and delivering ultra-low NO_emissions. For other fuels, however, further
development and demonstration is required. For catalytic combustion of liquid fuels such as Diesel No. 2, development of an adequate
and robust prevaporizer technology is required to prevent wetting of the catalyst surface and to allow reaction of mixed, prevaporized
fuel and air on the catalyst surface. For solid fuels such as coal, gasification is required upstream of the catalyst, and there has been
growing interest in catalytic combustion of gasified coal or syngas.

Because high-hydrogen fuels such as coal-derived syngas are prone to autoignition and flashback, lean-premixed combustion
has not been adopted for low-emissions combustion of these fuels®. Instead, non-premixed combustion is used, and diluents such as
nitrogen, water, and/or carbon dioxide have been used to reduce flame temperatures and therefore NO__emissions®. Unfortunately, flame
stability issues arise at high dilution levels, and NO, emissions below 3 ppm (at 15% O,) have not been reported for non-catalytic syngas
combustion.

Catalytic combustion, however, can stabilize combustion at lower flame temperatures, or with increased levels of dilution,
and offers the potential for IGCC plant emissions below 3 ppm. Precision Combustion, Inc. under contract to DOE has recently
demonstrated NO, emissions below 3 ppm in high-pressure, sub-scale catalytic combustion rig tests simulating Tampa Electric’s Polk
Power plant operating conditions. However, further development is required to bring this technology to an engine, and eventually to
commercialization.

As with conventional combustion of syngas, and especially after diluent addition, the very low Lower Heating Values (LHV) of
such fuels means that a very high volume flow of fuel is required. For catalytic combustion, this high volume flow must be accommodated
within the catalytic reactor, and this raises issues of catalyst size and pressure drop, possibly requiring system level re-design and re-
development of the catalytic combustor. 262



Dr. Lance Smith, Dr. Hasan Karim, Dr. Shahrokh Etemad, Dr. William C. Pfefferle

The propensity for high-hydrogen fuels to autoignite, together with their wide flammability limits, require special attention
to premixing design. In addition, syngas fuels carry trace levels of catalyst contaminants that may affect long-term catalyst durability,
and this needs to be examined and remediated if problematic. Long-term durability tests are required, preferably in an actual syngas
slipstream at an operating IGCC plant, where real contaminants will be present.

3.2.2-6 Conclusions

Catalytic combustion has been established as providing low NO_emissions for modern gas turbines along with subsequent
reduction in combustion dynamics and improved operability.  Feasibility of catalytic combustion has been established for both high
and low firing temperature gas turbines.

For natural gas combustion, the challenges of catalytic combustion have been met and initial engine demonstrations have
successfully shown that catalytic combustion is capable of driving a gas turbine engine and delivering ultra-low NO, emissions. Further
field trials and engine operating experience will advance the catalytic combustion applications for gas turbines. For alternative fuels,
particularly coal-derived syngas, further development is required; but, initial demonstrations have shown the potential for ultra-low
emissions catalytic combustion in future IGCC power plants.

In recent years, metal catalyst substrates have been adopted, together with a two-stage approach to catalytic combustion
that maintains catalyst temperatures within their material limits. In addition, the two-stage approach allows gas-phase combustion
temperatures to rise to the levels needed for good combustion efficiency and high efficiency turbine operation. Prior material limitations
have been largely resolved through design concepts such as reactor backside cooling and reactor mode of operation as well as availability
of high temperature metal alloys.

Multiple approaches to catalytic combustion have been pursued over the years in the quest for ultra-low NO_emissions from
power generating gas turbines. Low, single digit, NO, emissions with low combustion dynamics have been demonstrated in engine
environments permitting a wider operating regime from part load to full load conditions. These benefits make catalytic combustion a
viable, low cost approach as compared to selective catalytic reduction (SCR) to meet the low emissions requirements.
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