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Abstract

Flammable mixtures of most fuels are normally burned at relatively high temperatures, which inherently results in the formation
of substantial emissions of nitrogen oxides. In the case of gas turbine combustors, the formation of nitrogen oxides can be
greatly reduced by limiting the residence time of the combustion products in the combustion zone. However, even under these
circumstances, undesirable quantities of nitrogen oxides are nevertheless produced. Additionally, limiting such residence time
makes it difficult to maintain stable combustion even after ignition. The present study relates to the design of gas turbine
combustors for the reduction of nitrogen oxides emissions by heterogeneous catalysis. Steady-steady simulations are performed
using computational fluid dynamics. The fluid viscosity, specific heat, and thermal conductivity are calculated from a mass
fraction weighted average of species properties, and the specific heat of each species is calculated using a piecewise polynomial
fit of temperature. Natural parameter continuation is performed by moving from one stationary solution to another. Particular
emphasis is placed upon the sustained combustion of at least a portion of fuel under essentially adiabatic conditions at a rate
which surmounts the mass transfer limitation. The results indicate that it is possible to achieve essentially adiabatic combustion
in the presence of a catalyst at a reaction rate many times greater than the mass transfer limited rate. Flammable mixtures of
carbonaceous fuels normally burn at relatively high temperatures, and substantial amounts of nitrogen oxides inevitably form
if nitrogen is present. Complete catalytic combustion of a target species can only occur when oxygen gas is found in molar
stoichiometric excess; a condition which is easily met when the target species is present in trace quantity in air. In combustion
systems utilizing a catalyst, there is little or no nitrogen oxides formed in a system which burns the fuel at relatively low
temperatures. In the mass transfer limited zone, the reaction rate cannot be increased by increasing the activity of the catalyst
because catalytic activity is not determinative of the reaction rate. Among the unique advantages of the catalytically supported
thermal combustion in the presence of a catalyst is the fact that mixtures of fuel and air which are too fuel-lean for ordinary
thermal combustion can be burned efficiently.
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Flammable mixtures of most fuels are normally burned at relatively high temperatures, which inherently
results in the formation of substantial emissions of nitrogen oxides. In the case of gas turbine combustors, the



formation of nitrogen oxides can be greatly reduced by limiting the residence time of the combustion products
in the combustion zone. However, even under these circumstances, undesirable quantities of nitrogen oxides
are nevertheless produced. Additionally, limiting such residence time makes it difficult to maintain stable
combustion even after ignition. The present study relates to the design of gas turbine combustors for the
reduction of nitrogen oxides emissions by heterogeneous catalysis. Steady-steady simulations are performed
using computational fluid dynamics. The fluid viscosity, specific heat, and thermal conductivity are calcu-
lated from a mass fraction weighted average of species properties, and the specific heat of each species is
calculated using a piecewise polynomial fit of temperature. Natural parameter continuation is performed by
moving from one stationary solution to another. Particular emphasis is placed upon the sustained combus-
tion of at least a portion of fuel under essentially adiabatic conditions at a rate which surmounts the mass
transfer limitation. The results indicate that it is possible to achieve essentially adiabatic combustion in the
presence of a catalyst at a reaction rate many times greater than the mass transfer limited rate. Flammable
mixtures of carbonaceous fuels normally burn at relatively high temperatures, and substantial amounts of
nitrogen oxides inevitably form if nitrogen is present. Complete catalytic combustion of a target species can
only occur when oxygen gas is found in molar stoichiometric excess; a condition which is easily met when
the target species is present in trace quantity in air. In combustion systems utilizing a catalyst, there is little
or no nitrogen oxides formed in a system which burns the fuel at relatively low temperatures. In the mass
transfer limited zone, the reaction rate cannot be increased by increasing the activity of the catalyst because
catalytic activity is not determinative of the reaction rate. Among the unique advantages of the catalytically
supported thermal combustion in the presence of a catalyst is the fact that mixtures of fuel and air which
are too fuel-lean for ordinary thermal combustion can be burned efficiently.

Keywords: Heterogeneous catalysis; Nitrogen oxides; Gas turbines; Flammable mixtures; Thermodynamic
properties; Combustion phenomena

1. Introduction

Combustion is a chemical reaction between substances, usually including oxygen and usually accompanied by
the generation of heat and light in the form of flame [1, 2]. The rate or speed at which the reactants combine is
high, in part because of the nature of the chemical reaction itself and in part because more energy is generated
than can escape into the surrounding medium, with the result that the temperature of the reactants is raised
to accelerate the reaction even more [3, 4]. Combustion encompasses a great variety of phenomena with wide
application in industry, the sciences, professions, and the home, and the application is based on knowledge
of physics, chemistry, and mechanics; their interrelationship becomes particularly evident in treating flame
propagation [5, 6]. Combustion, with rare exceptions, is a complex chemical process involving many steps
that depend on the properties of the combustible substance. It is initiated by external factors such as heat,
light, and sparks [7, 8]. The reaction sets in as the mixture of combustibles attains the ignition temperature.
The combustion spreads from the ignition source to the adjacent layer of gas mixture; in turn, each point of
the burning layer serves as an ignition source for the next adjacent layer, and so on. Combustion terminates
when equilibrium is achieved between the total heat energies of the reactants and the total heat energies of
the products [9, 10]. Most reactions terminate when what is called thermal equilibrium has been attained,
namely when the energy of the reactants equals the energy of the products.

The complexity of the combustion reaction mechanism and the rapidly varying temperatures and concen-
trations in the mixture make it difficult and often impossible to derive an equation that would be useful for
predicting combustion phenomena over wide temperature and concentration ranges. Instead, use is made
of empirical expressions derived for specific reaction conditions [11, 12]. In addition to chemical reactions,
physical processes that transfer mass and energy by diffusion or convection occur in gaseous combustion.
In the absence of external forces, the rate of component diffusion depends upon the concentration of the
constituents, pressure, and temperature changes, and on diffusion coefficients [13, 14]. The latter are either
measured or calculated in terms of the kinetic theory of gases. The process of diffusion is of great impor-
tance in combustion reactions, in flames, that is, in gaseous mixtures, and in solids or liquids. Diffusion heat
transfer follows a law stating that the heat flux is proportional to the temperature gradient [15, 16]. The



coeflicient of proportionality, called the thermal conductivity coefficient, is also measured or calculated in
terms of the kinetic theory of gases, like the diffusion coefficient. Convective transport of mass and energy
may be accounted for by buoyant forces, external forces, and turbulent and eddy motions. Convection is
in the main responsible for the mixing of gases. Flame combustion is most prominent with fuels that have
been premixed with an oxidant, either oxygen or a compound that provides oxygen, for the reaction [17, 18].
The temperature of flames with this mixture is often several thousand degrees. The chemical reaction in
such flames occurs within a narrow zone several micrometers thick [19, 20]. This combustion zone is usually
called the flame front. Dilution of the burning mixture with an inert gas, such as helium or nitrogen, lowers
the temperature and, consequently, the reaction rate [21, 22]. Great amounts of inert gas extinguish the
flame, and the same result is achieved when substances that remove any of the active species are added to
the flame [23, 24]. Conditions must be such that the flame is fixed at the burner nozzle or in the combustion
chamber [25, 26]. This positioning is required in many practical uses of combustion. Various devices, such
as pilot flames and recirculation methods, are designed for this purpose.

A number of combustion systems promote partial conversion of a fuel followed by complete combustion of
that fuel in a downstream combustion zone [27, 28]. These methods generally comprise introducing a fuel
and air mixture into a combustion zone wherein a portion of the fuel has been partially reacted prior to
entering the combustion zone. Such partial reaction may be promoted chemically, catalytically, or by any
other conventional means depending upon each particular application [29, 30]. As the partially reacted fuel
and air mixture are introduced into a region of the combustion zone, as with a dump, a flame is established to
promote complete combustion of the fuel within the fuel and air mixture. Flame stabilization is a common
problem in these combustion systems [31, 32]. A flame will propagate through a fuel-air mixture only
when certain conditions prevail. Initially, a minimum percentage of fuel must be present within the fuel-air
mixture to make the fuel-air mixture flammable, namely the lean flammability limit. Similarly, a maximum
percentage of fuel must be present within the fuel-air mixture wherein greater than this percentage will
prevent burning, namely the rich flammability limit. The flammability range of a fuel-air mixture is that
range of the percentage of fuel within the fuel-air mixture between the lean flammability limit and the rich
flammability limit [33, 34]. The stoichiometry of a fuel-air mixture contributes to its flammability range
[35, 36]. A stoichiometric fuel-air mixture composition contains sufficient oxygen for complete combustion
thereby releasing all the latent heat of combustion of the fuel [37, 38]. The strength of a fuel-air mixture
composition typically is expressed in terms of its equivalence ratio. The equivalence ratio is the actual
fuel-air ratio divided by stoichiometric fuel-air ratio. For example, an equivalence ratio of one represents a
stoichiometric fuel-air mixture composition. An equivalence ratio less than one represents a lean mixture
and an equivalence ratio less great than one represents a rich mixture.

Pressure and temperature contribute to the flammability range of fuel-air mixtures. Typically, with increases
in pressure, the rich flammability limit is extended thereby extending the flammability range of the fuel-air
mixture. Temperature, on the other hand, partially defines the flammability range of fuel-air mixtures [39,
40]. The lowest temperature at which a flammable fuel-air mixture can be formed, based upon the vapor
pressure of the fuel at atmospheric pressure, is the flash point of that fuel-air mixture [41, 42]. Within the
flammability range of a fuel-air mixture, at temperatures exceeding the flash point of the fuel-air mixture,
auto-ignition of the fuel vapor occurs. Auto-ignition generally occurs at or slightly above the stoichiometric
fuel-air mixture composition. The time interval between the mixing of the fuel-air mixture such that it
is combustible and the auto-ignition of that fuel-air mixture is known as the auto-ignition delay time [43,
44]. One reason that flame stabilization is required in combustion systems is to prevent the flame front
from moving upstream from the combustion zone toward the source of fuel, namely a flashback. During a
flashback event, the heat of combustion moves upstream and may damage numerous structures within the
fuel and air mixing region of the combustor. Flashback may occur due to auto-ignition of a fuel-air mixture
caused by a residence time of the fuel-air mixture in a region upstream of the combustion zone that exceeds
the auto-ignition delay time of that fuel-air mixture at the temperature and pressure of that region [45, 46].
Flame stabilization also is dependent upon speed of the fuel-air mixture entering the combustion zone where
propagation of the flame is desired [47, 48]. A sufficiently low velocity must be retained in the region where



the flame is desired in order to sustain the flame. A region of low velocity in which a flame can be sustained
can be achieved by causing recirculation of a portion of the fuel-air mixture already burned thereby providing
a source of ignition to the fuel-air mixture entering the combustion zone. However, the fuel-air mixture flow
pattern, including any recirculation, is critical to achieving flame stability.

In gas turbines, compressed air enters the combustion chamber where it mixes with the fuel. The expanding
combustion products impart their energy to the turbine blades. However, flammable mixtures of most
fuels are normally burned at relatively high temperatures, which inherently results in the formation of
substantial emissions of nitrogen oxides. In the case of gas turbine combustors, the formation of nitrogen
oxides can be greatly reduced by limiting the residence time of the combustion products in the combustion
zone. However, even under these circumstances, undesirable quantities of nitrogen oxides are nevertheless
produced. Additionally, limiting such residence time makes it difficult to maintain stable combustion even
after ignition. The present study relates to the design of gas turbine combustors for the reduction of nitrogen
oxides emissions by heterogeneous catalysis. More particularly, the present study is directed to an improved
method for more efficiently operating a catalytically supported thermal combustion gas turbine system, and
at the same time provide low emissions of unburned hydrocarbons, carbon monoxide, and nitrogen oxides.
The present study is focused primarily upon at least a portion of the thermal combustion of the fuel takes
place in the expansion zone of the gas turbine to counteract the cooling effect of the expansion of the
gases. Natural parameter continuation is performed by moving from one stationary solution to another.
A critical point is denoted as the solution to the problem when a turning point is reached. Knowledge
of critical parameters gains a fundamental understanding of the essential factors affecting the stability of
the catalytically supported thermal combustion process. The critical parameters are useful as the design
guides associated with the gas turbine combustor. The principal quantitative characteristic of a flame is its
normal, or fundamental, burning velocity, which depends on the chemical and thermodynamic properties of
the mixture and on pressure and temperature, under given conditions of heat loss. The burning velocity
value ranges from several centimeters to even tens of meters per second. The dependence of the burning
velocity on molecular structure, which is responsible for fuel reactivity, is known for a great many fuel-
air mixtures. Steady-steady simulations are performed using computational fluid dynamics. The present
study aims to provide an improved method for operating a gas turbine combustor by catalytically supported
thermal combustion of carbonaceous fuel. Particular emphasis is placed upon the sustained combustion of
at least a portion of fuel under essentially adiabatic conditions at a rate which surmounts the mass transfer
limitation.

2. Methods

Computational fluid dynamics is an approach to solving fluid flow problems by solving models that include
numerical methods and algorithms used to represent fluids. The methods and algorithms are generally solved
by computers [49, 50]. The solution of the models can provide a simulation of an interaction of fluids with a
structure defined by surfaces, each of which can be defined by boundary conditions within the model. The
results, or solution, can be used to validate and improve designs, for example. Computational fluid dynamics
is the analysis and prediction of fluid flows and heat transfer using a computer model. Computational fluid
dynamics uses mathematical methods to solve problems that include fluid flow [51, 52]. It may be used
to predict the flows of fluids through a heat exchanger, or through a valve or a mixing vessel for example
[63, 54]. The first stage involves constructing a numerical model of the structure around or through which
the flows are occurring, this being similar to the process of computer aided design. It is also necessary to
provide to the numerical model the nature of the fluid flow as it enters the structure. The second stage is to
a perform the computational fluid dynamics modeling for that structure and that input flow, this typically
being performed in an iterative manner. The final stage is to convert the resulting flow information into an
output form, for example a graphical representation showing the flow paths [55, 56]. Highly sophisticated
software is now available for performing these activities, which enables a skilled user to model fluid flows and
heat transfer in or around any conceivable structure [57, 58]. However, the very sophistication that enables
the software to cope with any fluid flow problem, makes it expensive and also complex.



The gas turbine combustor configured to combust propane is represented physically in Figure 1 for the
reduction of nitrogen oxides emissions by heterogeneous catalysis. The gas turbine combustor comprises
a concentric annular channel, wherein the concentric annular channel further comprises an inner annular
channel and an outer annular channel. A platinum catalyst is deposited only upon the interior surface of the
inner channel, and the wall of the outer channel is chemically inert and catalytically inactive. The reactant
stream flows through the catalytically-coated inner channel and the product stream flows out of the outer
non-catalytic channel. Fuel is present for combustion in both the catalytic and non-catalytic channels. The
concentrically arranged annular channel is 5.0 millimeters in inner channel length, 5.6 millimeters in outer
channel length, 0.8 millimeters in innermost diameter, 2.6 millimeters in outermost diameter, 0.1 millimeters
in catalyst layer thickness, and 0.2 millimeters in wall thickness, unless otherwise stated. The gas turbine
combustor can have any dimension unless restricted by design requirements. All the walls have the same
thickness. The spacing between the inner channel and the outer channel is 0.4 millimeters and remains
constant. One of the potential problems associated with the gas turbine combustor, as with all micro-scale
combustion systems, continues to be combustion stability. The scale of the gas turbine combustor is on
the order of sub-millimeters, which is much smaller than the quenching distance of the combustible mixture
in the absence of a catalyst. The quenching distance defines a critical dimension under which propagation
of the propane flame is not possible. The quenching distance is approximately 2.5 millimeters, at which
combustion cannot be sustained within the gas turbine combustor in the absence of a catalyst.

Figure 1. Physical representation of the gas turbine combustor configured to combust propane for the
reduction of nitrogen oxides emissions by heterogeneous catalysis.

Complex modeling methods and algorithms are required for the gas turbine combustor due not only to
the complex geometry but also the complex physicochemical processes involved. It is therefore essential to
reduce the complexity of the model through use of certain simplifying assumptions. Steady-state analyses
are performed, variations in reactor pressure and temperature are determined in accordance with the ideal
gas law. The model is implemented in computational fluid dynamics software to obtain the solution of
the problem. Computational fluid dynamics is used to describe a broader range of calculations for a wide
variety of scientific and engineering applications. Thermodynamics is an important consideration in many
of these applications. It relates internal energy to temperature, which affects the flow of heat. Further
sources of heat include thermal radiation and chemical reactions, in particular combustion. Heat transfer



may involve conduction in solid materials, coupled with the fluid flow, known as conjugate heat transfer.
A modern definition of computational fluid dynamics would be the prediction of fluid motion and forces
by computation using numerical analysis, generally extended to include heat, thermodynamics, chemistry
and solids. Numerical analysis provides many methods and algorithms that are suitable for computational
fluid dynamics. The methods include finite volume, finite element and finite difference, which calculate the
distributions of properties, for instance, pressure, velocity and temperature, over regions of space which are
usually fixed. Alternative methods attribute properties to particles represented by points in space, whose
motions are calculated. To perform the calculation first requires a description of the problem by the domain
occupied by the fluid, equations that represent the fluid behavior in terms of properties such as pressure and
velocity, and conditions at the boundary of the fluid domain and initially within the domain for the fluid
properties.

The typical computational mesh for the fluid and solid of the gas turbine combustor configured to combust
propane is illustrated schematically in Figure 2 for the reduction of nitrogen oxides emissions by heteroge-
neous catalysis. A computational fluid dynamics simulation begins with a solution domain which specifies a
region of space of a particular geometric shape, in which fluid dynamics equations are solved. The process
of mesh generation subdivides the solution domain into a mesh of small volumes. The computational mesh
consists of about 600,000 nodes in total for the fluid and solid of the gas turbine combustor. A computa-
tional fluid dynamics analysis is carried out on the mesh. A mesh independence test is performed to assure
independence of the solution to the problem. The specification of boundary conditions is one of the most
challenging tasks in setting up a computational fluid dynamics simulation. The range of possible boundary
conditions is endless, to cover all of the potential applications and physics. Velocity inlet boundary conditions
are used to define the velocity properties of the flow at the inlet boundary of the fluid region. A uniform
velocity profile is specified at the flow inlet. The temperature of the mixture is prespecified at the flow inlet.
Under-relaxation is a general method used to improve solution convergence by limiting the amount that a
variable changes during a solution step. The computational fluid dynamics calculations may take days in
order to arrive at a reasonably accurate solution, using fine grids of the gas turbine combustor, due to the
time-consuming nature of the model. Natural parameter continuation is performed by moving from one
stationary solution to another. A critical point is denoted as the solution to the problem when a turning
point is reached. Knowledge of critical parameters gains a fundamental understanding of the essential factors
affecting the stability of the catalytically supported thermal combustion process. The critical parameters
are useful as the design guides associated with the gas turbine combustor.



Figure 2. Schematic illustration of the typical computational mesh for the fluid and solid of the gas turbine
combustor configured to combust propane for the reduction of nitrogen oxides emissions by heterogeneous
catalysis.

Steady-steady simulations are performed, unless otherwise stated. The fluid density is calculated using the
ideal gas law. The fluid viscosity, specific heat, and thermal conductivity are calculated from a mass fraction
weighted average of species properties, and the specific heat of each species is calculated using a piecewise
polynomial fit of temperature. The wall thermal conductivity and exterior convective heat loss coefficient
are taken as independent parameters to understand how important thermal management is. The heat flux
at the wall-fluid interface is computed using Fourier’s law and continuity in temperature and heat flux links
the fluid and solid phases. The left and right edges of the wall are assumed to be insulated. Newton’s law
of cooling is used at the outer edge of the wall. Computations are performed using meshes with varying
nodal densities to determine the optimum node spacing and density that would give the desired accuracy
and minimize computation time. As the mesh density increases, there is a convergence of the solution.
The coarsest mesh fails to accurately capture the inflection point at the ignition point and the maximum
temperature. Solutions obtained with meshes consisting of a few million nodes are reasonably accurate. The
gas phase is assumed to be in quasi-steady-state. The walls are transiently modeled using energy diffusion
and radiation. The gas phase is modeled using the forms of the momentum, energy, and species equations.
To solve the conservation equations, a segregated solution solver with an under-relaxation method is used.
The segregated solver first solves the momentum equations, then solves the continuity equation, and updates
the pressure and mass flow rate. The energy and species equations are subsequently solved and convergence
is checked. The latter is monitored through both the values of the residuals of the conservation equations
and the difference between subsequent iterations of the solution. Numerical convergence is in general difficult
because of the inherent stiffness of the chemistry as well as the disparity between the wall and the fluid heat
conductivities. In order to assist convergence and compute extinction points, natural parameter continuation
is implemented. The calculation time varies for these problems, depending on the initial guess as well as the
parameter set.

3. Results and discussion

The propane mole fraction contour plots in the gas turbine combustor are illustrated in Figure 3 for the



reduction of nitrogen oxides emissions by heterogeneous catalysis. In order to meet the emission level
requirements, for industrial low emission gas turbine engines, staged combustion is required in order to
minimize the quantity of the oxides of nitrogen produced [59, 60]. The fundamental way to reduce emissions
of nitrogen oxides is to reduce the combustion reaction temperature and this requires premixing of the
fuel and all the combustion air before combustion takes place [61, 62]. The present design provides a gas
turbine engine combustion chamber comprising a primary combustion zone and a secondary combustion zone
downstream of the primary combustion zone. In this way, the temperatures in each stage can be reduced.
Suitable temperature ranges in each stage are from 900 K to 1500 K, depending on the particular catalyst and
support. An advantage of operating in this temperature range is that it is below the fixation temperature of
nitrogen and consequently the combusted gases are free of nitrogen oxides. Additionally, catalytic combustion
results in lower un-combusted fuel content. A further advantage of catalytic combustion is that it is possible
to operate with minimum of air for combustion, namely excess oxygen in the combusted gases can be reduced
almost to zero. The catalyst may be supported on a monolith. The preferred characteristics of the metallic
monolith having a catalyst deposited thereon are that is presents low resistance to the passage of gases
by virtue of its possession of a high ratio of open area to blocked area and that it has a high surface to
volume ratio. Preferably, the metallic monolith is formed from one or more metals selected from the group
comprising ruthenium, rhodium, palladium, iridium, and platinum. However, base metals may be used or
base metal alloys which also contain a platinum group metal component may be used. Oxygen is the required
element to support combustion. It is possible to achieve essentially adiabatic combustion in the presence
of a catalyst at a reaction rate many times greater than the mass transfer limited rate. In particular, if
the operating temperature of the catalyst is increased substantially into the mass transfer limited region,
the reaction rate again begins to increase rapidly with temperature. This is in apparent contradiction of
the laws of mass transfer kinetics in catalytic reactions. The phenomenon may be explained by the fact
that the temperature of the catalyst surface and the gas layer near the catalyst surface are above the
instantaneous auto-ignition temperature of the mixture of fuel, air, and any inert gases and at a temperature
at which thermal combustion occurs at a rate higher than the catalytic combustion rate. The fuel molecules
entering this layer burn spontaneously without transport to the catalyst surface. As combustion progresses
and the temperature increases, the layer in which thermal combustion occurs becomes deeper. Ultimately,
substantially all of the gas in the catalytic region is raised to a temperature at which thermal combustion
occurs in virtually the entire gas stream rather than just near the surface of the catalyst. Once this stage
is reached within the catalyst, the thermal reaction appears to continue even without further contact of the
gas with the catalyst.
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Figure 3. Propane mole fraction contour plots in the gas turbine combustor designed for the reduction of
nitrogen oxides emissions by heterogeneous catalysis.

The temperature contour plots in the gas turbine combustor are illustrated in Figure 4 for the reduction of
nitrogen oxides emissions by heterogeneous catalysis. While gas turbine engines employing purely thermal
combustion have been used extensively as prime movers, especially in aircraft and stationary power plants,
they have not been found to be commercially attractive for propelling land vehicles, such as trucks, buses
and passenger cars [63, 64]. One reason for this is the inherent disadvantages of systems based purely on
thermal combustion or conventional catalytic combustion [65, 66]. Catalysts are available for promoting
catalytic combustion. These catalysts are useful in eliminating nitrogen oxides from gases which also contain
some oxygen. In general, reaction of oxygen with combustible hydrocarbons or hydrogen provides sufficient
heat to raise the temperature of the gas mixture so that nitrogen oxides present will decompose when the
oxygen present is depleted by combustion. The reactions are all exothermic and provide considerable heat.
Reactions between oxygen and hydrocarbon gases or between oxygen and hydrogen initiate at different
temperatures. Plant efficiencies are markedly reduced and pollution limits for nitrogen oxides exceeded
when catalysts do not function. There is sufficient heat in gases leaving the catalytic combustion catalyst
to reform a mixture of natural gas or other hydrocarbon and steam. Use of this heat via indirect heat
exchange for reforming converts the incoming natural gas or hydrocarbon into a stream of gas containing a
high percentage of hydrogen. This hydrogen is more than sufficient to initiate the catalytic combustion and
to raise temperatures in the catalyst to a point where the remaining combustibles in the gas stream will also
react with oxygen, reducing the oxygen content and further raising the temperature so that nitrogen oxide
will decompose. According to the catalytically-supported, thermal combustion method, carbonaceous fuels
can be combusted very efficiently at temperatures between about 1,200 K and about 2,000 K, for example,
without the formation of substantial amounts of carbon monoxide or nitrogen oxides by a process designated
catalytically-supported, thermal combustion. In conventional thermal combustion of carbonaceous fuels,
a flammable mixture of fuel and air or fuel, air, and inert gases is contacted with an ignition source to
ignite the mixture. Once ignited, the mixture continues to burn without further support from the ignition
source. Flammable mixtures of carbonaceous fuels normally burn at relatively high temperatures. At these
temperatures, substantial amounts of nitrogen oxides inevitably form if nitrogen is present, as is always the
case when air is the source of oxygen for the combustion reaction. Mixtures of fuel and air or fuel, air, and
inert gases which would theoretically burn at temperatures below about 2,080 K are too fuel-lean to support
a stable flame and therefore cannot be satisfactorily burned in a conventional thermal combustion system.
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Figure 4. Temperature contour plots in the gas turbine combustor designed for the reduction of nitrogen
oxides emissions by heterogeneous catalysis.

The propane mole fraction profiles along the fluid centerline of the gas turbine combustor are presented in
Figure 5 under different fluid velocity conditions. In conventional catalytic combustion, the fuel is burned
at relatively low temperatures [67, 68]. However, catalytic combustion is regarded as having limited value as
a source of thermal energy [69, 70]. In the first place, conventional catalytic combustion proceeds relatively
slowly so that impractically large amounts of catalyst would be required to produce enough combustion
effluent gases to drive a turbine or to consume the large amounts of fuel required in most large furnace
applications. In the second place, the reaction temperatures normally associated with conventional catalytic
combustion are too low for efficient transfer of heat for many purposes. Typically, catalytic combustion is
also relatively inefficient, so that significant amounts of fuel are incompletely combusted or left un-combusted
unless low space velocities in the catalyst are employed. Catalytic combustion is a chemical process whereby
a combustible species, in the gas phase, is reacted over a solid catalyst to completely oxidize the target
molecules. For molecules containing only carbon and hydrogen or molecules containing carbon, hydrogen,
and oxygen, the products of catalytic combustion are solely carbon dioxide and water. Catalytic combustion
is frequently, but not exclusively, employed in applications where the concentration of the target species is
below its lower ignition limit. When combustible gases are below their lower ignition limit then the mixture
will not ignite when exposed to an ignition source. At such dilute concentrations, it is more efficient to
use catalysts to react, convert, or combust, the target compounds because a catalyst can facilitate complete
oxidation of the target species at a temperature significantly lower than the auto-ignition temperature of the
molecule. It is generally desirable to develop catalysts that are capable of facilitating catalytic combustion
at the lowest possible temperature in order to reduce the energy costs associated with operating a catalytic
combustion system. Complete catalytic combustion of a target species can only occur when oxygen gas is
found in molar stoichiometric excess; a condition which is easily met when the target species is present in
trace quantity in air. Even in a reduced-oxygen environment, provided more moles of oxygen gas are present
compared to moles of carbon atoms to be combusted then complete combustion of the target species can
be realized. The required residence time of the gases in the space between the catalyst and the inlet of the
turbine expansion zone is a function of the temperature of the gases exiting the catalyst. In any event, the
gas residence time between the exit of the upstream oxidation zone and the inlet of the turbine gas expansion
zone may be minimal and is such that at least a significant amount of the combustion takes place in the
turbine gas expansion zone. If desirable, this residence time may be so small that at least a major portion of
the total combustion occurring subsequent to the upstream catalyst zone is in the turbine expansion zone.
The fuel is combusted in contact with free or molecular oxygen and free or molecular nitrogen. The fuel may
occur or be obtained in admixture with components which are essentially inert in the oxidation system. The
fuel has a relatively high energy content and is of a nature which permits the preparation of the oxidation
feed streams.
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Figure 5. Propane mole fraction profiles along the fluid centerline of the gas turbine combustor under
different fluid velocity conditions.

The homogeneous reaction rate profiles along the fluid centerline of the gas turbine combustor are presented
in Figure 6 under different fluid velocity conditions. In a gas turbine engine, inlet air is continuously
compressed, mixed with fuel in an inflammable proportion, and then contacted with an ignition source to
ignite the mixture which will then continue to burn [71, 72|. The heat energy thus released then flows in
the combustion gases to a turbine where it is converted to rotary energy for driving equipment such as an
electrical generator [73, 74]. The channels through the unitary body or skeletal structure can be of any shape
and size consistent with the desired superficial surface and should be large enough to permit relatively free
passage of the gas mixture. The channels may be parallel, or generally parallel, and extend through the
support from one side to an opposite side, such channels being separated from one another by preferably thin
walls. The channels may also be multi-directional and may even communicate with one or more adjacent
channels. The channel inlet openings can be distributed across essentially the entire face or cross-section of
the support subject to initial contact with the gas to be oxidized. The unitary, skeletal structure support
type of oxidation catalyst can be characterized by having a plurality of flow channels or paths extending
therethrough in the general direction of gas flow. The flow channels need not pass straight through the
catalyst structure and may contain flow diverters or spoilers. The skeletal structure support is preferably
constructed of a substantially chemically inert, rigid, solid material capable of maintaining its shape and
strength at high temperatures. The support may have a low thermal coefficient of expansion and low thermal
conductivity. Often, the skeletal support is porous but its surface may be relatively non-porous, and it may
be desirable to roughen its surface so that it holds the catalyst coating better, especially if the support is
relatively non-porous. The support may be metallic or ceramic in nature or a combination thereof. The
combustion gases are exhausted to atmosphere after giving up some of their remaining heat to the incoming
air provided from the compressor. Operating the combustion process in a very lean condition is one of the
simplest ways of achieving lower temperatures and hence lower nitrogen oxides emissions. Very lean ignition
and combustion, however, inevitably result in incomplete combustion and the attendant emissions which
result therefrom. In addition, combustion processes cannot be sustained at these extremely lean operating
conditions. In a catalytic combustor, fuel is burned at relatively low temperatures. While emissions can be

11



reduced by combustion at these temperatures, the utilization of catalytic combustion is limited by the amount
of catalytic surface required to achieve the desired reaction and the attendant undesirable pressure drop across
the catalytic surface. Also, the time to bring the catalytic combustor up to operating temperature continues
to be of concern. In conventional thermal combustion systems, a fuel and air in flammable proportions
are contacted with an ignition source to ignite the mixture which will then continue to burn. Flammable
mixtures of most fuels are normally burned at relatively high temperatures, which inherently results in the
formation of substantial emissions of nitrogen oxides. In the case of gas turbine combustors, the formation of
nitrogen oxides can be decreased by limiting the residence time of the combustion products in the combustion
zone. However, even under these circumstances, undesirable quantities of nitrogen oxides are nevertheless
produced. In combustion systems utilizing a catalyst, there is little or no nitrogen oxides formed in a system
which burns the fuel at relatively low temperatures. Such combustion heretofore has been generally regarded
as having limited practicality in providing a source of power as a consequence of the need to employ amounts
of catalyst so large as to make a system unduly large and cumbersome. Consequently, combustion utilizing a
catalyst has been limited generally to such operations as treating tail gas streams of nitric acid plants. The
catalytically supported thermal combustion involves essentially adiabatic combustion of a mixture of fuel
and air or fuel, air, and inert gases in the presence of a solid oxidation catalyst operating at a temperature
substantially above the instantaneous auto-ignition temperature of the mixture, but below a temperature
which would result in any substantial formation of oxides of nitrogen under the conditions existing in the
catalyst.
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Figure 6. Homogeneous reaction rate profiles along the fluid centerline of the gas turbine combustor under
different fluid velocity conditions.

The pressure contour plots in the gas turbine combustor are illustrated in Figure 7 for the reduction of
nitrogen oxides emissions by heterogeneous catalysis. At relatively low temperatures, the catalytic reaction
rate increases exponentially with temperature. As the temperature is raised further, the reaction rate enters
a transition zone in which the rate at which the fuel and oxygen are being transferred to the catalytic
surface begins to limit further increases in the reaction rate. As the temperature is raised still further, the
reaction rate enters a so-called mass transfer limited zone in which the reactants cannot be transferred to
the catalytic surface fast enough to keep up with the catalytic surface reaction and the reaction rate levels
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off regardless of further temperature increases. In the mass transfer limited zone, the reaction rate cannot
be increased by increasing the activity of the catalyst because catalytic activity is not determinative of the
reaction rate. The only apparent way to increase the reaction rate in a mass transfer limited reaction is to
increase mass transfer. However, this typically requires an increase in the pressure drop across the catalyst
and consequently a substantial loss of energy. Sufficient pressure drop may not even be available to provide
the desired reaction rate. Of course, more mass transfer can be affected, and hence more energy can always
be produced by increasing the amount of catalyst surface. However, this results in catalyst configurations of
such size and complexity that the cost is prohibitive and the body of the catalyst is unwieldy. For example,
in the case of gas turbine engines, the catalytic reactor might very well be larger than the engine itself.
In general, conventional adiabatic, thermal combustion systems operate at such high temperatures in the
combustion zone that undesirable nitrogen oxides, The conventional gas turbine combustor, as used in a gas
turbine power generating system, requires a mixture of fuel and air which is ignited and combusted uniformly.
Generally, the fuel injected from a fuel nozzle into the inner tube of the combustor is mixed with air for
combustion, fed under pressure from the air duct, ignited by a spark plug and combusted. The gas that
results is lowered to a predetermined turbine inlet temperature by the addition of cooling air and dilutant
air, then injected through a turbine nozzle into a gas turbine. Catalytic combustion systems, though, are
capable of achieving ultra-low emissions [75, 76]. However, catalytic combustion systems are not able to offer
the accuracy and controllability of the air staging system over a wide range of power levels, fuel properties
and ambient operating conditions [77, 78]. The system may be operated in different manners to allow for low
and high-power operation, as well as according to a controlled schedule that may be programmed. Under
low power operation oxidation does not occur in the catalyst section. However, the mixing of the fuel and air
in the fuel preparation and mixing section is enhanced by the presence of the catalyst. As the engine power
level increases the compressor outlet air temperature will become high enough to activate the catalyst, and
partial oxidation reactions will occur.

(e

10.0 kPa Pressure 10.7 kPa

U -

Figure 7. Pressure contour plots in the gas turbine combustor designed for the reduction of nitrogen oxides
emissions by heterogeneous catalysis.

The chemical enthalpy contour plots in the gas turbine combustor are illustrated in Figure 8 for the reduction
of nitrogen oxides emissions by heterogeneous catalysis. Nitrogen oxides formation is thermodynamically
favored at high temperatures. Since the nitrogen oxides formation reaction is so highly temperature depen-
dent, decreasing the peak combustion temperature can provide an effective means of reducing nitrogen oxides
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emissions from gas turbine engines as can limiting the residence time of the combustion products in the com-
bustion zone. The limits of the operating temperature are governed largely by residence time and pressure.
The instantaneous auto-ignition temperature of the mixture is defined herein to mean the temperature at
which the ignition lag of the mixture entering the catalyst is negligible relative to the residence time in the
combustion zone of the mixture undergoing combustion. Essentially adiabatic combustion means in this case
that the operating temperature of the catalyst does not differ by more than about 80 K, from the adiabatic
flame temperature of the mixture due to heat losses from the catalyst. Among the unique advantages of the
catalytically supported thermal combustion in the presence of a catalyst is the fact that mixtures of fuel and
air which are too fuel-lean for ordinary thermal combustion can be burned efficiently. Since the temperature
of combustion for a given fuel at any set of conditions is dependent largely on the proportions of fuel, of
oxygen available for combustion, and of inert gases in the mixture to be burned, it becomes practical to burn
mixtures which are characterized by much lower flame temperatures. In particular, carbonaceous fuels can
be burned very efficiently and at thermal reaction rates at temperatures in the range from about 1,200 K to
about 2,000 K. At these temperatures, very little if any nitrogen oxides are formed. In addition, because the
catalytically supported thermal combustion is stable over a wide range of mixtures, it is possible to select
or control reaction temperature over a correspondingly wide range by selecting or controlling the relative
proportions of the gases in the mixture. The method may be carried out in various ways, including heating
the catalyst body by electrical means, or by first thermally combusting a fuel and air mixture and applying
the heat produced to the catalyst body. Once a catalyst temperature is reached at which the catalyst will
function to sustain mass transfer limited operation, the combustion of fuel in the presence of the catalyst will
bring it rapidly to the required operating temperature. Once operating temperature is reached, the catalyst
will provide for sustained combustion of the fuel vapor. After the catalyst body reaches a temperature at
which it will sustain mass transfer limited operation, the aforementioned application of heat to the catalyst
body is no longer necessary and an admixture of unburned fuel and air is introduced into the system to
establish the supported thermal combustion to provide a motive fluid for a turbine or heat to a furnace. No
serious start-up problem normally is presented. The operation is substantially continuous and it is necessary
to start the system only at infrequent intervals. Consequently, the substantial emissions of atmospheric pol-
lutants which tend to occur in start-ups are not serious because of the small number of infrequent start-ups.
While this pollution may be tolerated in stationary operations which are normally used continuously and for
long periods of time, it cannot be tolerated in the vehicular type of installation where start-ups are frequent,
due to intermittent operation [79, 80]. Also, the start-up must be rapid in order to be as efficient as in the
conventional present-day automobile [81, 82]. The mixture of unburned fuel and air is not introduced to the
catalyst body until it has reached a temperature at which it will sustain the desired rapid combustion. Such
preferred procedure minimizes pollutant emissions during start-up. Once combustion in the zone containing
the catalyst is achieved, the fuel-air admixture is passed to the catalyst at a gas velocity, prior to or at the
inlet to the catalyst, in excess of the maximum flame propagating velocity. This avoids flash-back that causes
the formation of nitrogen oxides [83, 84|. Various means have been proposed in the past to prevent such flash
backs from traveling back to the gas supply source [85, 86]. Preferably, this velocity is maintained adjacent
to the catalyst inlet [87, 88]. Suitable linear gas velocities are usually above about 8 meters per second, but
considerably higher velocities may be required depending upon such factors as temperature, pressure, and
composition.
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Figure 8. Chemical enthalpy contour plots in the gas turbine combustor designed for the reduction of nitrogen
oxides emissions by heterogeneous catalysis.

4. Conclusions

Steady-steady simulations are performed using computational fluid dynamics. The fluid viscosity, specific
heat, and thermal conductivity are calculated from a mass fraction weighted average of species properties,
and the specific heat of each species is calculated using a piecewise polynomial fit of temperature. Natural
parameter continuation is performed by moving from one stationary solution to another. Knowledge of
critical parameters gains a fundamental understanding of the essential factors affecting the stability of the
combustion process. Particular emphasis is placed upon the sustained combustion of at least a portion of fuel
under essentially adiabatic conditions at a rate which surmounts the mass transfer limitation. The major
conclusions are summarized as follows:

e It is possible to achieve essentially adiabatic combustion in the presence of a catalyst at a reaction rate
many times greater than the mass transfer limited rate.

e Flammable mixtures of carbonaceous fuels normally burn at relatively high temperatures, and sub-
stantial amounts of nitrogen oxides inevitably form if nitrogen is present.

e Complete catalytic combustion of a target species can only occur when oxygen gas is found in molar
stoichiometric excess; a condition which is easily met when the target species is present in trace quantity
in air.

e In combustion systems utilizing a catalyst, there is little or no nitrogen oxides formed in a system
which burns the fuel at relatively low temperatures.

e In the mass transfer limited zone, the reaction rate cannot be increased by increasing the activity of
the catalyst because catalytic activity is not determinative of the reaction rate.

e Among the unique advantages of the catalytically supported thermal combustion in the presence of a
catalyst is the fact that mixtures of fuel and air which are too fuel-lean for ordinary thermal combustion
can be burned efficiently.

References

1. K. Topperwien, S. Puggelli, and R. Vicquelin. Analysis of flame propagation mechanisms during
light-round in an annular spray flame combustor: The impact of wall heat transfer and two-phase
flow. Combustion and Flame , Volume 241, 2022, Article Number: 112105.

15



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

N.I. Kim, J.I. Seo, Y.T. Guahk, and H.D. Shin. The propagation of tribrachial flames in a confined
channel. Combustion and Flame , Volume 146, Issues 1-2, 2006, Pages 168-179.

F. Collin-Bastiani, E. Riber, and B. Cuenot. Study of inter-sector spray flame propagation in a linear
arrangement of swirled burners. Proceedings of the Combustion Institute , Volume 38, Issue 4, 2021,
Pages 6299-6308.

S.H. Kim and Y. Su. Front propagation formulation for large eddy simulation of turbulent premixed
flames. Combustion and Flame , Volume 220, 2020, Pages 439-454.

F. Creta, P.E. Lapenna, R. Lamioni, N. Fogla, and M. Matalon. Propagation of premixed flames in
the presence of Darrieus-Landau and thermal diffusive instabilities. Combustion and Flame , Volume
216, 2020, Pages 256-270.

C. Regis L. Bauwens, J.M. Bergthorson, and S.B. Dorofeev. Modeling the formation and growth of
instabilities during spherical flame propagation. Proceedings of the Combustion Institute , Volume 37,
Issue 3, 2019, Pages 3669-3676.

C. Ji, E. Dames, B. Sirjean, H. Wang, and F.N. Egolfopoulos. An experimental and modeling study of
the propagation of cyclohexane and mono-alkylated cyclohexane flames. Proceedings of the Combustion
Institute , Volume 33, Issue 1, 2011, Pages 971-978.

C. Ji, S.M. Sarathy, P.S. Veloo, C.K. Westbrook, and F.N. Egolfopoulos. Effects of fuel branching on
the propagation of octane isomers flames. Combustion and Flame , Volume 159, Issue 4, 2012, Pages
1426-1436.

R.-H. Chen, Z. Li, and T.X. Phuoc. Propagation and stability characteristics of laminar lifted diffusion
flame base. Combustion and Flame , Volume 159, Issue 5, 2012, Pages 1821-1831.

C. Ji and F.N. Egolfopoulos. Flame propagation of mixtures of air with binary liquid fuel mixtures.
Proceedings of the Combustion Institute , Volume 33, Issue 1, 2011, Pages 955-961.

L. Qiao. Transient flame propagation process and flame-speed oscillation phenomenon in a carbon dust
cloud. Combustion and Flame , Volume 159, Issue 2, 2012, Pages 673-685.

T. Delzeit, L. Carmignani, T. Matsuoka, and S. Bhattacharjee. Influence of edge propagation on down-
ward flame spread over three-dimensional PMMA samples. Proceedings of the Combustion Institute |
Volume 37, Issue 3, 2019, Pages 3203-3209.

P. Pearce and J. Daou. The effect of gravity and thermal expansion on the propagation of a triple
flame in a horizontal channel. Combustion and Flame , Volume 160, Issue 12, 2013, Pages 2800-2809.
Y. Jung, M.J. Lee, and N.I. Kim. Propagation and quenching of premixed flames in a concentration-
length-velocity diagram. Proceedings of the Combustion Institute , Volume 36, Issue 3, 2017, Pages
4243-4251.

T. Kang and D.C. Kyritsis. Phenomenology of methane flame propagation into compositionally stra-
tified, gradually richer mixtures.Proceedings of the Combustion Institute , Volume 32, Issue 1, 2009,
Pages 979-985.

V. Shastry, Q. Cazeres, B. Rochette, E. Riber, and B. Cuenot. Numerical study of multicomponent
spray flame propagation.Proceedings of the Combustion Institute , Volume 38, Issue 2, 2021, Pages
3201-3211.

S.H. Chung. Stabilization, propagation and instability of tribrachial triple flames. Proceedings of the
Combustion Institute , Volume 31, Issue 1, 2007, Pages 877-892.

D. Ebi and N.T. Clemens. Experimental investigation of upstream flame propagation during boundary
layer flashback of swirl flames. Combustion and Flame , Volume 168, 2016, Pages 39-52.

N. Fogla, F. Creta, and M. Matalon. Influence of the Darrieus-Landau instability on the propagation
of planar turbulent flames.Proceedings of the Combustion Institute , Volume 34, Issue 1, 2013, Pages
1509-1517.

A.N. Lipatnikov and J. Chomiak. Molecular transport effects on turbulent flame propagation and
structure. Progress in Energy and Combustion Science , Volume 31, Issue 1, 2005, Pages 1-73.

F.-D. Tang, S. Goroshin, A. Higgins, and J. Lee. Flame propagation and quenching in iron dust clouds.
Proceedings of the Combustion Institute , Volume 32, Issue 2, 2009, Pages 1905-1912.

. Y. Ju and B. Xu. Theoretical and experimental studies on mesoscale flame propagation and extinction.

16



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

Proceedings of the Combustion Institute , Volume 30, Issue 2, 2005, Pages 2445-2453.

H. Song, P. Wang, R.S. Boles, D. Matinyan, H. Prahanphap, J. Piotrowicz, and P.D. Ronney. Effects of
mixture fraction on edge-flame propagation speeds. Proceedings of the Combustion Institute , Volume
36, Issue 1, 2017, Pages 1403-1409.

P.E. Lapenna, R. Lamioni, and F. Creta. Subgrid modeling of intrinsic instabilities in premixed flame
propagation. Proceedings of the Combustion Institute , Volume 38, Issue 2, 2021, Pages 2001-2011.
M. Kikuchi, T. Arai, S. Yoda, T. Tsukamoto, A. Umemura, M. Uchida, M. Kakei, and T. Niioka.
Numerical study on flame propagation of a fuel droplet array in a high-temperature environment under
microgravity. Proceedings of the Combustion Institute , Volume 29, Issue 2, 2002, Pages 2611-2619.

M. Sénchez-Sanz, D.C. Murphy, and C. Fernandez-Pello. Effect of an external electric field on the
propagation velocity of premixed flames. Proceedings of the Combustion Institute , Volume 35, Issue 3,
2015, Pages 3463-3470.

C. Xu, J.-W. Park, C.S. Yoo, J.H. Chen, and T. Lu. Identification of premixed flame propagation
modes using chemical explosive mode analysis. Proceedings of the Combustion Institute , Volume 37,
Issue 2, 2019, Pages 2407-2415.

C. Pera, S. Chevillard, and J. Reveillon. Effects of residual burnt gas heterogeneity on early flame
propagation and on cyclic variability in spark-ignited engines. Combustion and Flame , Volume 160,
Issue 6, 2013, Pages 1020-1032.

V. Golub, A. Korobov, A. Mikushkin, V. Petukhov, and V. Volodin. Propagation of a hemispherical
flame over a heat-absorbing surface. Proceedings of the Combustion Institute , Volume 37, Issue 2, 2019,
Pages 2583-2589.

R.R. Burrell, D.J. Lee, and F.N. Egolfopoulos. Propagation and extinction of subatmospheric counter-
flow methane flames. Combustion and Flame , Volume 195, 2018, Pages 117-127.

Y.S. Ko and S.H. Chung. Propagation of unsteady tribrachial flames in laminar non-premixed jets.
Combustion and Flame , Volume 118, Issues 1-2, 1999, Pages 151-163.

D. Garrido-Lépez and S. Sarkar. Effects of imperfect premixing coupled with hydrodynamic instability
on flame propagation. Proceedings of the Combustion Institute , Volume 30, Issue 1, 2005, Pages 621-
628.

S. Kim, H.J. Lee, J.H. Park, and I.-S. Jeung. Effects of a wall on the self-ignition patterns and flame
propagation of high-pressure hydrogen release through a tube. Proceedings of the Combustion Institute
, Volume 34, Issue 2, 2013, Pages 2049-2056.

N.I. Kim and K. Maruta. A numerical study on propagation of premixed flames in small tubes. Com-
bustion and Flame , Volume 146, Issues 1-2, 2006, Pages 283-301.

A.T. Holley, X.Q. You, E. Dames, H. Wang, and F.N. Egolfopoulos. Sensitivity of propagation and
extinction of large hydrocarbon flames to fuel diffusion. Proceedings of the Combustion Institute ,
Volume 32, Issue 1, 2009, Pages 1157-1163.

B. Dikici, M.L. Pantoya, and V. Levitas. The effect of pre-heating on flame propagation in nanocom-
posite thermites. Combustion and Flame , Volume 157, Issue 8, 2010, Pages 1581-1585.

L. Wermer, J. Hansson, and S.-K. Im. Dual-pulse laser-induced spark ignition and flame propagation
of a methane diffusion jet flame.Proceedings of the Combustion Institute , Volume 36, Issue 3, 2017,
Pages 4427-4434.

M. Izumikawa, T. Mitani, and T. Niioka. Experimental study on cellular flame propagation of blend
fuels. Combustion and Flame , Volume 73, Issue 2, 1988, Pages 207-214.

A.P. Kelley, G. Jomaas, and C.K. Law. Critical radius for sustained propagation of spark-ignited
spherical flames. Combustion and Flame , Volume 156, Issue 5, 2009, Pages 1006-1013.

A. Gorczakowski, A. Zawadzki, J. Jarosinski, and B. Veyssiere. Combustion mechanism of flame pro-
pagation and extinction in a rotating cylindrical vessel. Combustion and Flame , Volume 120, Issue 3,
2000, Pages 359-371.

C. Ji, R. Zhao, B. Li, and F.N. Egolfopoulos. Propagation and extinction of cyclopentadiene flames.
Proceedings of the Combustion Institute , Volume 34, Issue 1, 2013, Pages 787-794.

. D. Barré, L. Esclapez, M. Cordier, E. Riber, B. Cuenot, G. Staffelbach, B. Renou, A. Vandel, L.Y.M.

17



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

o4.

95.

56.

o7.

58.

99.

60.

61.

62

Gicquel, and G. Cabot. Flame propagation in aeronautical swirled multi-burners: Experimental and
numerical investigation. Combustion and Flame , Volume 161, Issue 9, 2014, Pages 2387-2405.

C. Ji, E. Dames, H. Wang, and F.N. Egolfopoulos. Propagation and extinction of benzene and alkylated
benzene flames. Combustion and Flame , Volume 159, Issue 3, 2012, Pages 1070-1081.

M. Fairweather, G.K. Hargrave, S.S. Ibrahim, and D.G. Walker. Studies of premixed flame propagation
in explosion tubes. Combustion and Flame , Volume 116, Issue 4, 1999, Pages 504-518.

H.J. Jang, S.M. Lee, and N.I. Kim. Effects of ignition disturbance on flame propagation of methane
and propane in a narrow-gap-disk-burner. Combustion and Flame , Volume 215, 2020, Pages 124-133.
D. Ebi, R. Bombach, and P. Jansohn. Swirl flame boundary layer flashback at elevated pressure: Modes
of propagation and effect of hydrogen addition. Proceedings of the Combustion Institute , Volume 38,
Issue 4, 2021, Pages 6345-6353.

E. Martelli, M. Valorani, S. Paolucci, and Z. Zikoski. Numerical simulation of edge flames initiation and
propagation using an adaptive wavelet collocation method. Proceedings of the Combustion Institute ,
Volume 34, Issue 1, 2013, Pages 1077-1084.

Y. Nunome, S. Kato, K. Maruta, H. Kobayashi, and T. Niioka. Flame propagation of n-decane spray
in microgravity. Proceedings of the Combustion Institute , Volume 29, Issue 2, 2002, Pages 2621-2626.
J.M. Armengol, O.L. Maitre, and R. Vicquelin. Bayesian calibration of a methane-air global scheme
and uncertainty propagation to flame-vortex interactions. Combustion and Flame , Volume 234, 2021,
Article Number: 111642.

S. Essmann, D. Markus, H. Grosshans, and U. Maas. Experimental investigation of the stochastic early
flame propagation after ignition by a low-energy electrical discharge. Combustion and Flame , Volume
211, 2020, Pages 44-53.

M. Hajilou, M.Q. Brown, M.C. Brown, and E. Belmont. Investigation of the structure and propagation
speeds of n-heptane cool flames. Combustion and Flame , Volume 208, 2019, Pages 99-109.

S.H. Won, S.K. Ryu, M.K. Kim, M.S. Cha, and S.H. Chung. Effect of electric fields on the propagation
speed of tribrachial flames in coflow jets. Combustion and Flame , Volume 152, Issue 4, 2008, Pages
496-506.

D. Fernandez-Galisteo, V.N. Kurdyumov, and P.D. Ronney. Analysis of premixed flame propagation
between two closely-spaced parallel plates. Combustion and Flame , Volume 190, 2018, Pages 133-145.
D. Shimokuri, Y. Honda, and S. Ishizuka. Flame propagation in a vortex flow within small-diameter
tubes. Proceedings of the Combustion Institute , Volume 33, Issue 2, 2011, Pages 3251-3258.

A. Bhagatwala, R. Sankaran, S. Kokjohn, and J.H. Chen. Numerical investigation of spontaneous
flame propagation under RCCI conditions. Combustion and Flame , Volume 162, Issue 9, 2015, Pages
3412-3426.

D.J. Lee, R.R. Burrell, and F.N. Egolfopoulos. Propagation of sub-atmospheric methyl formate flames.
Combustion and Flame , Volume 189, 2018, Pages 24-32.

A .M. Starik, V.E. Kozlov, and N.S. Titova. On the influence of singlet oxygen molecules on the speed of
flame propagation in methane-air mixture. Combustion and Flame , Volume 157, Issue 2, 2010, Pages
313-327.

N. Pasquier, B. Lecordier, M. Trinité, and A. Cessou. An experimental investigation of flame propaga-
tion through a turbulent stratified mixture. Proceedings of the Combustion Institute , Volume 31, Issue
1, 2007, Pages 1567-1574.

W.K. Kim, T. Mogi, K. Kuwana, and R. Dobashi. Self-similar propagation of expanding spherical
flames in large scale gas explosions. Proceedings of the Combustion Institute , Volume 35, Issue 2, 2015,
Pages 2051-2058.

K. Bioche, G. Ribert, and L. Vervisch. Simulating upstream flame propagation in a narrow channel after
wall preheating: Flame analysis and chemistry reduction strategy. Combustion and Flame , Volume
200, 2019, Pages 219-231.

S. Ishizuka. Flame propagation along a vortex axis. Progress in Energy and Combustion Science ,
Volume 28, Issue 6, 2002, Pages 477-542.

. T. Kang and D.C. Kyritsis. Departure from quasi-homogeneity during laminar flame propagation in

18



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

e

78.

79.

80.

lean, compositionally stratified methane-air mixtures. Proceedings of the Combustion Institute , Volume
31, Issue 1, 2007, Pages 1075-1083.

Y.M. Najim, N. Mueller, and I.S. Wichman. On premixed flame propagation in a curved constant
volume channel. Combustion and Flame , Volume 162, Issue 10, 2015, Pages 3980-3990.

M.K. Kim, S.H. Won, and S.H. Chung. Effect of velocity gradient on propagation speed of tribrachial
flames in laminar coflow jets. Proceedings of the Combustion Institute , Volume 31, Issue 1, 2007, Pages
901-908.

S. Balusamy, A. Cessou, and B. Lecordier. Laminar propagation of lean premixed flames ignited in
stratified mixture. Combustion and Flame , Volume 161, Issue 2, 2014, Pages 427-437.

N. Fogla, F. Creta, and M. Matalon. Effect of folds and pockets on the topology and propagation of
premixed turbulent flames. Combustion and Flame , Volume 162, Issue 7, 2015, Pages 2758-2777.

N.I. Kim. Effect of an inlet temperature disturbance on the propagation of methane-air premixed flames
in small tubes. Combustion and Flame , Volume 156, Issue 7, 2009, Pages 1332-1338.

O. Schulz, T. Jaravel, T. Poinsot, B. Cuenot, and N. Noiray. A criterion to distinguish autoignition
and propagation applied to a lifted methane-air jet flame. Proceedings of the Combustion Institute ,
Volume 36, Issue 2, 2017, Pages 1637-1644.

C. Cathey, J. Cain, H. Wang, M.A. Gundersen, C. Carter, and M. Ryan. OH production by tran-
sient plasma and mechanism of flame ignition and propagation in quiescent methane-air mixtures.
Combustion and Flame , Volume 154, Issue 4, 2008, Pages 715-727.

J. Jayachandran, A. Lefebvre, R. Zhao, F. Halter, E. Varea, B. Renou, and F.N. Egolfopoulos. A study
of propagation of spherically expanding and counterflow laminar flames using direct measurements
and numerical simulations. Proceedings of the Combustion Institute , Volume 35, Issue 1, 2015, Pages
695-702.

K. Eisazadeh-Far, F. Parsinejad, H. Metghalchi, and J.C. Keck. On flame kernel formation and propa-
gation in premixed gases. Combustion and Flame , Volume 157, Issue 12, 2010, Pages 2211-2221.

J. Hwang, W. Kim, and C. Bae. Influence of plasma-assisted ignition on flame propagation and per-
formance in a spark-ignition engine. Applications in Energy and Combustion Science , Volume 6, 2021,
Article Number: 100029.

O. Schulz and N. Noiray. Combustion regimes in sequential combustors: Flame propagation and au-
toignition at elevated temperature and pressure. Combustion and Flame , Volume 205, 2019, Pages
253-268.

E. Takahashi, A. Kuramochi, and M. Nishioka. Turbulent flame propagation enhancement by appli-
cation of dielectric barrier discharge to fuel-air mixtures. Combustion and Flame , Volume 192, 2018,
Pages 401-409.

N.A.K. Doan and N. Swaminathan. Autoignition and flame propagation in non-premixed MILD com-
bustion. Combustion and Flame , Volume 201, 2019, Pages 234-243.

R.C. Aldredge. Flame propagation in multiscale transient periodic flow. Combustion and Flame |,
Volume 183, 2017, Pages 166-180.

Y. Xia, N. Hashimoto, and O. Fujita. Turbulent flame propagation mechanism of polymethylmetha-
crylate particle cloud-ammonia co-combustion. Combustion and Flame , Volume 241, 2022, Article
Number: 112077.

H. Terashima, Y. Hanada, and S. Kawai. A localized thickened flame model for simulations of fla-
me propagation and autoignition under elevated pressure conditions. Proceedings of the Combustion
Institute , Volume 38, Issue 2, 2021, Pages 2119-2126.

A. Zdanowicz, J. Mohr, J. Tryner, K. Gustafson, B. Windom, D.B. Olsen, G. Hampson, and A.J.
Marchese. End-gas autoignition fraction and flame propagation rate in laser-ignited primary reference
fuel mixtures at elevated temperature and pressure. Combustion and Flame , Volume 234, 2021, Article
Number: 111661.

Z. Chen, S. Ruan, and N. Swaminathan. Simulation of turbulent lifted methane jet flames: Effects
of air-dilution and transient flame propagation. Combustion and Flame , Volume 162, Issue 3, 2015,
Pages 703-716.

19



81

82.

83.

84.

85.

86.

87.

88.

J. Weinkauff, P. Trunk, J.H. Frank, M.J. Dunn, A. Dreizler, and B. Bohm. Investigation of flame
propagation in a partially premixed jet by high-speed-Stereo-PIV and acetone-PLIF. Proceedings of
the Combustion Institute , Volume 35, Issue 3, 2015, Pages 3773-3781.

F.J. Higuera. Numerical simulation of the upward propagation of a flame in a vertical tube filled with
a very lean mixture. Combustion and Flame , Volume 158, Issue 5, 2011, Pages 885-892.

A. Umemura and K. Tomita. Rapid flame propagation in a vortex tube in perspective of vortex break-
down phenomena. Combustion and Flame , Volume 125, Issues 1-2, 2001, Pages 820-838.

J. Palecka, J. Sniatowsky, S. Goroshin, A.J. Higgins, and J.M. Bergthorson. A new kind of flame:
Observation of the discrete flame propagation regime in iron particle suspensions in micrograv-
ity. Combustion and Flame , Volume 209, 2019, Pages 180-186.

E. Inanc, A.M. Kempf, and N. Chakraborty. Scalar gradient and flame propagation statistics of a flame-
resolved laboratory-scale turbulent stratified burner simulation. Combustion and Flame , Volume 238,
2022, Article Number: 111917.

D. Ebi, U. Doll, O. Schulz, Y. Xiong, and N. Noiray. Ignition of a sequential combustor: Evidence of
flame propagation in the autoignitable mixture. Proceedings of the Combustion Institute , Volume 37,
Issue 4, 2019, Pages 5013-5020.

J. Jayachandran and F.N. Egolfopoulos. Effect of unsteady pressure rise on flame propagation and
near-cold-wall ignition. Proceedings of the Combustion Institute , Volume 37, Issue 2, 2019, Pages 1639-
1646.

K. Asato, H. Wada, T. Hiruma, and Y. Takeuchi. Characteristics of flame propagation in a vortex
core: Validity of a model for flame propagation. Combustion and Flame , Volume 110, Issue 4, 1997,
Pages 418-428.

20



Design of gas turbine combustors for the reduction of nitrogen oxides emissions by
heterogeneous catalysis

Junjie Chen

Department of Energy and Power Engineering, School of Mechanical and Power Engineering, Henan
Polytechnic University, Jiaozuo, Henan, 454000, P.R. China

* Corresponding author, E-mail address: jchengn@163.com, https://orcid.org/0000-0001-6708-071X
Abstract

Flammable mixtures of most fuels are normally burned at relatively high temperatures, which
inherently results in the formation of substantial emissions of nitrogen oxides. In the case of gas turbine
combustors, the formation of nitrogen oxides can be greatly reduced by limiting the residence time of
the combustion products in the combustion zone. However, even under these circumstances,
undesirable quantities of nitrogen oxides are nevertheless produced. Additionally, limiting such
residence time makes it difficult to maintain stable combustion even after ignition. The present study
relates to the design of gas turbine combustors for the reduction of nitrogen oxides emissions by
heterogeneous catalysis. Steady-steady simulations are performed using computational fluid dynamics.
The fluid viscosity, specific heat, and thermal conductivity are calculated from a mass fraction
weighted average of species properties, and the specific heat of each species is calculated using a
piecewise polynomial fit of temperature. Natural parameter continuation is performed by moving from
one stationary solution to another. Particular emphasis is placed upon the sustained combustion of at
least a portion of fuel under essentially adiabatic conditions at a rate which surmounts the mass transfer
limitation. The results indicate that it is possible to achieve essentially adiabatic combustion in the
presence of a catalyst at a reaction rate many times greater than the mass transfer limited rate.
Flammable mixtures of carbonaceous fuels normally burn at relatively high temperatures, and
substantial amounts of nitrogen oxides inevitably form if nitrogen is present. Complete catalytic
combustion of a target species can only occur when oxygen gas is found in molar stoichiometric excess;
a condition which is easily met when the target species is present in trace quantity in air. In combustion
systems utilizing a catalyst, there is little or no nitrogen oxides formed in a system which burns the fuel
at relatively low temperatures. In the mass transfer limited zone, the reaction rate cannot be increased
by increasing the activity of the catalyst because catalytic activity is not determinative of the reaction
rate. Among the unique advantages of the catalytically supported thermal combustion in the presence of
a catalyst is the fact that mixtures of fuel and air which are too fuel-lean for ordinary thermal
combustion can be burned efficiently.

Keywords: Heterogeneous catalysis; Nitrogen oxides; Gas turbines; Flammable mixtures;
Thermodynamic properties; Combustion phenomena

1. Introduction

Combustion is a chemical reaction between substances, usually including oxygen and usually
accompanied by the generation of heat and light in the form of flame [1, 2]. The rate or speed at which
the reactants combine is high, in part because of the nature of the chemical reaction itself and in part
because more energy is generated than can escape into the surrounding medium, with the result that the
temperature of the reactants is raised to accelerate the reaction even more [3, 4]. Combustion
encompasses a great variety of phenomena with wide application in industry, the sciences, professions,



and the home, and the application is based on knowledge of physics, chemistry, and mechanics; their
interrelationship becomes particularly evident in treating flame propagation [5, 6]. Combustion, with
rare exceptions, is a complex chemical process involving many steps that depend on the properties of
the combustible substance. It is initiated by external factors such as heat, light, and sparks [7, 8]. The
reaction sets in as the mixture of combustibles attains the ignition temperature. The combustion spreads
from the ignition source to the adjacent layer of gas mixture; in turn, each point of the burning layer
serves as an ignition source for the next adjacent layer, and so on. Combustion terminates when
equilibrium is achieved between the total heat energies of the reactants and the total heat energies of the
products [9, 10]. Most reactions terminate when what is called thermal equilibrium has been attained,
namely when the energy of the reactants equals the energy of the products.

The complexity of the combustion reaction mechanism and the rapidly varying temperatures and
concentrations in the mixture make it difficult and often impossible to derive an equation that would be
useful for predicting combustion phenomena over wide temperature and concentration ranges. Instead,
use is made of empirical expressions derived for specific reaction conditions [11, 12]. In addition to
chemical reactions, physical processes that transfer mass and energy by diffusion or convection occur
in gaseous combustion. In the absence of external forces, the rate of component diffusion depends upon
the concentration of the constituents, pressure, and temperature changes, and on diffusion coefficients
[13, 14]. The latter are either measured or calculated in terms of the kinetic theory of gases. The
process of diffusion is of great importance in combustion reactions, in flames, that is, in gaseous
mixtures, and in solids or liquids. Diffusion heat transfer follows a law stating that the heat flux is
proportional to the temperature gradient [15, 16]. The coefficient of proportionality, called the thermal
conductivity coefficient, is also measured or calculated in terms of the kinetic theory of gases, like the
diffusion coefficient. Convective transport of mass and energy may be accounted for by buoyant forces,
external forces, and turbulent and eddy motions. Convection is in the main responsible for the mixing
of gases. Flame combustion is most prominent with fuels that have been premixed with an oxidant,
either oxygen or a compound that provides oxygen, for the reaction [17, 18]. The temperature of flames
with this mixture is often several thousand degrees. The chemical reaction in such flames occurs within
a narrow zone several micrometers thick [19, 20]. This combustion zone is usually called the flame
front. Dilution of the burning mixture with an inert gas, such as helium or nitrogen, lowers the
temperature and, consequently, the reaction rate [21, 22]. Great amounts of inert gas extinguish the
flame, and the same result is achieved when substances that remove any of the active species are added
to the flame [23, 24]. Conditions must be such that the flame is fixed at the burner nozzle or in the
combustion chamber [25, 26]. This positioning is required in many practical uses of combustion.
Various devices, such as pilot flames and recirculation methods, are designed for this purpose.

A number of combustion systems promote partial conversion of a fuel followed by complete
combustion of that fuel in a downstream combustion zone [27, 28]. These methods generally comprise
introducing a fuel and air mixture into a combustion zone wherein a portion of the fuel has been
partially reacted prior to entering the combustion zone. Such partial reaction may be promoted
chemically, catalytically, or by any other conventional means depending upon each particular
application [29, 30]. As the partially reacted fuel and air mixture are introduced into a region of the
combustion zone, as with a dump, a flame is established to promote complete combustion of the fuel
within the fuel and air mixture. Flame stabilization is a common problem in these combustion systems
[31, 32]. A flame will propagate through a fuel-air mixture only when certain conditions prevail.
Initially, a minimum percentage of fuel must be present within the fuel-air mixture to make the fuel-air
mixture flammable, namely the lean flammability limit. Similarly, a maximum percentage of fuel must
be present within the fuel-air mixture wherein greater than this percentage will prevent burning, namely
the rich flammability limit. The flammability range of a fuel-air mixture is that range of the percentage



of fuel within the fuel-air mixture between the lean flammability limit and the rich flammability limit
[33, 34]. The stoichiometry of a fuel-air mixture contributes to its flammability range [35, 36]. A
stoichiometric fuel-air mixture composition contains sufficient oxygen for complete combustion
thereby releasing all the latent heat of combustion of the fuel [37, 38]. The strength of a fuel-air
mixture composition typically is expressed in terms of its equivalence ratio. The equivalence ratio is
the actual fuel-air ratio divided by stoichiometric fuel-air ratio. For example, an equivalence ratio of
one represents a stoichiometric fuel-air mixture composition. An equivalence ratio less than one
represents a lean mixture and an equivalence ratio less great than one represents a rich mixture.

Pressure and temperature contribute to the flammability range of fuel-air mixtures. Typically, with
increases in pressure, the rich flammability limit is extended thereby extending the flammability range
of the fuel-air mixture. Temperature, on the other hand, partially defines the flammability range of
fuel-air mixtures [39, 40]. The lowest temperature at which a flammable fuel-air mixture can be formed,
based upon the vapor pressure of the fuel at atmospheric pressure, is the flash point of that fuel-air
mixture [41, 42]. Within the flammability range of a fuel-air mixture, at temperatures exceeding the
flash point of the fuel-air mixture, auto-ignition of the fuel vapor occurs. Auto-ignition generally occurs
at or slightly above the stoichiometric fuel-air mixture composition. The time interval between the
mixing of the fuel-air mixture such that it is combustible and the auto-ignition of that fuel-air mixture is
known as the auto-ignition delay time [43, 44]. One reason that flame stabilization is required in
combustion systems is to prevent the flame front from moving upstream from the combustion zone
toward the source of fuel, namely a flashback. During a flashback event, the heat of combustion moves
upstream and may damage numerous structures within the fuel and air mixing region of the combustor.
Flashback may occur due to auto-ignition of a fuel-air mixture caused by a residence time of the
fuel-air mixture in a region upstream of the combustion zone that exceeds the auto-ignition delay time
of that fuel-air mixture at the temperature and pressure of that region [45, 46]. Flame stabilization also
is dependent upon speed of the fuel-air mixture entering the combustion zone where propagation of the
flame is desired [47, 48]. A sufficiently low velocity must be retained in the region where the flame is
desired in order to sustain the flame. A region of low velocity in which a flame can be sustained can be
achieved by causing recirculation of a portion of the fuel-air mixture already burned thereby providing
a source of ignition to the fuel-air mixture entering the combustion zone. However, the fuel-air mixture
flow pattern, including any recirculation, is critical to achieving flame stability.

In gas turbines, compressed air enters the combustion chamber where it mixes with the fuel. The
expanding combustion products impart their energy to the turbine blades. However, flammable
mixtures of most fuels are normally burned at relatively high temperatures, which inherently results in
the formation of substantial emissions of nitrogen oxides. In the case of gas turbine combustors, the
formation of nitrogen oxides can be greatly reduced by limiting the residence time of the combustion
products in the combustion zone. However, even under these circumstances, undesirable quantities of
nitrogen oxides are nevertheless produced. Additionally, limiting such residence time makes it difficult
to maintain stable combustion even after ignition. The present study relates to the design of gas turbine
combustors for the reduction of nitrogen oxides emissions by heterogeneous catalysis. More
particularly, the present study is directed to an improved method for more efficiently operating a
catalytically supported thermal combustion gas turbine system, and at the same time provide low
emissions of unburned hydrocarbons, carbon monoxide, and nitrogen oxides. The present study is
focused primarily upon at least a portion of the thermal combustion of the fuel takes place in the
expansion zone of the gas turbine to counteract the cooling effect of the expansion of the gases. Natural
parameter continuation is performed by moving from one stationary solution to another. A critical point
is denoted as the solution to the problem when a turning point is reached. Knowledge of critical
parameters gains a fundamental understanding of the essential factors affecting the stability of the



catalytically supported thermal combustion process. The critical parameters are useful as the design
guides associated with the gas turbine combustor. The principal quantitative characteristic of a flame is
its normal, or fundamental, burning velocity, which depends on the chemical and thermodynamic
properties of the mixture and on pressure and temperature, under given conditions of heat loss. The
burning velocity value ranges from several centimeters to even tens of meters per second. The
dependence of the burning velocity on molecular structure, which is responsible for fuel reactivity, is
known for a great many fuel-air mixtures. Steady-steady simulations are performed using
computational fluid dynamics. The present study aims to provide an improved method for operating a
gas turbine combustor by catalytically supported thermal combustion of carbonaceous fuel. Particular
emphasis is placed upon the sustained combustion of at least a portion of fuel under essentially
adiabatic conditions at a rate which surmounts the mass transfer limitation.

2. Methods

Computational fluid dynamics is an approach to solving fluid flow problems by solving models
that include numerical methods and algorithms used to represent fluids. The methods and algorithms
are generally solved by computers [49, 50]. The solution of the models can provide a simulation of an
interaction of fluids with a structure defined by surfaces, each of which can be defined by boundary
conditions within the model. The results, or solution, can be used to validate and improve designs, for
example. Computational fluid dynamics is the analysis and prediction of fluid flows and heat transfer
using a computer model. Computational fluid dynamics uses mathematical methods to solve problems
that include fluid flow [51, 52]. It may be used to predict the flows of fluids through a heat exchanger,
or through a valve or a mixing vessel for example [53, 54]. The first stage involves constructing a
numerical model of the structure around or through which the flows are occurring, this being similar to
the process of computer aided design. It is also necessary to provide to the numerical model the nature
of the fluid flow as it enters the structure. The second stage is to a perform the computational fluid
dynamics modeling for that structure and that input flow, this typically being performed in an iterative
manner. The final stage is to convert the resulting flow information into an output form, for example a
graphical representation showing the flow paths [55, 56]. Highly sophisticated software is now
available for performing these activities, which enables a skilled user to model fluid flows and heat
transfer in or around any conceivable structure [57, 58]. However, the very sophistication that enables
the software to cope with any fluid flow problem, makes it expensive and also complex.

The gas turbine combustor configured to combust propane is represented physically in Figure 1
for the reduction of nitrogen oxides emissions by heterogeneous catalysis. The gas turbine combustor
comprises a concentric annular channel, wherein the concentric annular channel further comprises an
inner annular channel and an outer annular channel. A platinum catalyst is deposited only upon the
interior surface of the inner channel, and the wall of the outer channel is chemically inert and
catalytically inactive. The reactant stream flows through the catalytically-coated inner channel and the
product stream flows out of the outer non-catalytic channel. Fuel is present for combustion in both the
catalytic and non-catalytic channels. The concentrically arranged annular channel is 5.0 millimeters in
inner channel length, 5.6 millimeters in outer channel length, 0.8 millimeters in innermost diameter, 2.6
millimeters in outermost diameter, 0.1 millimeters in catalyst layer thickness, and 0.2 millimeters in
wall thickness, unless otherwise stated. The gas turbine combustor can have any dimension unless
restricted by design requirements. All the walls have the same thickness. The spacing between the inner
channel and the outer channel is 0.4 millimeters and remains constant. One of the potential problems
associated with the gas turbine combustor, as with all micro-scale combustion systems, continues to be
combustion stability. The scale of the gas turbine combustor is on the order of sub-millimeters, which
is much smaller than the quenching distance of the combustible mixture in the absence of a catalyst.



The quenching distance defines a critical dimension under which propagation of the propane flame is
not possible. The quenching distance is approximately 2.5 millimeters, at which combustion cannot be
sustained within the gas turbine combustor in the absence of a catalyst.

Figure 1. Physical representation of the gas turbine combustor configured to combust propane for the
reduction of nitrogen oxides emissions by heterogeneous catalysis.

Complex modeling methods and algorithms are required for the gas turbine combustor due not
only to the complex geometry but also the complex physicochemical processes involved. It is therefore
essential to reduce the complexity of the model through use of certain simplifying assumptions.
Steady-state analyses are performed, variations in reactor pressure and temperature are determined in
accordance with the ideal gas law. The model is implemented in computational fluid dynamics software
to obtain the solution of the problem. Computational fluid dynamics is used to describe a broader range
of calculations for a wide variety of scientific and engineering applications. Thermodynamics is an
important consideration in many of these applications. It relates internal energy to temperature, which
affects the flow of heat. Further sources of heat include thermal radiation and chemical reactions, in
particular combustion. Heat transfer may involve conduction in solid materials, coupled with the fluid
flow, known as conjugate heat transfer. A modern definition of computational fluid dynamics would be
the prediction of fluid motion and forces by computation using numerical analysis, generally extended
to include heat, thermodynamics, chemistry and solids. Numerical analysis provides many methods and
algorithms that are suitable for computational fluid dynamics. The methods include finite volume, finite
element and finite difference, which calculate the distributions of properties, for instance, pressure,
velocity and temperature, over regions of space which are usually fixed. Alternative methods attribute
properties to particles represented by points in space, whose motions are calculated. To perform the
calculation first requires a description of the problem by the domain occupied by the fluid, equations
that represent the fluid behavior in terms of properties such as pressure and velocity, and conditions at
the boundary of the fluid domain and initially within the domain for the fluid properties.



The typical computational mesh for the fluid and solid of the gas turbine combustor configured to
combust propane is illustrated schematically in Figure 2 for the reduction of nitrogen oxides emissions
by heterogeneous catalysis. A computational fluid dynamics simulation begins with a solution domain
which specifies a region of space of a particular geometric shape, in which fluid dynamics equations are
solved. The process of mesh generation subdivides the solution domain into a mesh of small volumes.
The computational mesh consists of about 600,000 nodes in total for the fluid and solid of the gas
turbine combustor. A computational fluid dynamics analysis is carried out on the mesh. A mesh
independence test is performed to assure independence of the solution to the problem. The specification
of boundary conditions is one of the most challenging tasks in setting up a computational fluid
dynamics simulation. The range of possible boundary conditions is endless, to cover all of the potential
applications and physics. Velocity inlet boundary conditions are used to define the velocity properties
of the flow at the inlet boundary of the fluid region. A uniform velocity profile is specified at the flow
inlet. The temperature of the mixture is prespecified at the flow inlet. Under-relaxation is a general
method used to improve solution convergence by limiting the amount that a variable changes during a
solution step. The computational fluid dynamics calculations may take days in order to arrive at a
reasonably accurate solution, using fine grids of the gas turbine combustor, due to the time-consuming
nature of the model. Natural parameter continuation is performed by moving from one stationary
solution to another. A critical point is denoted as the solution to the problem when a turning point is
reached. Knowledge of critical parameters gains a fundamental understanding of the essential factors
affecting the stability of the catalytically supported thermal combustion process. The critical parameters
are useful as the design guides associated with the gas turbine combustor.

Figure 2. Schematic illustration of the typical computational mesh for the fluid and solid of the gas
turbine combustor configured to combust propane for the reduction of nitrogen oxides emissions by
heterogeneous catalysis.



Steady-steady simulations are performed, unless otherwise stated. The fluid density is calculated
using the ideal gas law. The fluid viscosity, specific heat, and thermal conductivity are calculated from
a mass fraction weighted average of species properties, and the specific heat of each species is
calculated using a piecewise polynomial fit of temperature. The wall thermal conductivity and exterior
convective heat loss coefficient are taken as independent parameters to understand how important
thermal management is. The heat flux at the wall-fluid interface is computed using Fourier's law and
continuity in temperature and heat flux links the fluid and solid phases. The left and right edges of the
wall are assumed to be insulated. Newton's law of cooling is used at the outer edge of the wall.
Computations are performed using meshes with varying nodal densities to determine the optimum node
spacing and density that would give the desired accuracy and minimize computation time. As the mesh
density increases, there is a convergence of the solution. The coarsest mesh fails to accurately capture
the inflection point at the ignition point and the maximum temperature. Solutions obtained with meshes
consisting of a few million nodes are reasonably accurate. The gas phase is assumed to be in
quasi-steady-state. The walls are transiently modeled using energy diffusion and radiation. The gas
phase is modeled using the forms of the momentum, energy, and species equations. To solve the
conservation equations, a segregated solution solver with an under-relaxation method is used. The
segregated solver first solves the momentum equations, then solves the continuity equation, and
updates the pressure and mass flow rate. The energy and species equations are subsequently solved and
convergence is checked. The latter is monitored through both the values of the residuals of the
conservation equations and the difference between subsequent iterations of the solution. Numerical
convergence is in general difficult because of the inherent stiffness of the chemistry as well as the
disparity between the wall and the fluid heat conductivities. In order to assist convergence and compute
extinction points, natural parameter continuation is implemented. The calculation time varies for these
problems, depending on the initial guess as well as the parameter set.

3. Results and discussion

The propane mole fraction contour plots in the gas turbine combustor are illustrated in Figure 3 for
the reduction of nitrogen oxides emissions by heterogeneous catalysis. In order to meet the emission
level requirements, for industrial low emission gas turbine engines, staged combustion is required in
order to minimize the quantity of the oxides of nitrogen produced [59, 60]. The fundamental way to
reduce emissions of nitrogen oxides is to reduce the combustion reaction temperature and this requires
premixing of the fuel and all the combustion air before combustion takes place [61, 62]. The present
design provides a gas turbine engine combustion chamber comprising a primary combustion zone and a
secondary combustion zone downstream of the primary combustion zone. In this way, the temperatures
in each stage can be reduced. Suitable temperature ranges in each stage are from 900 K to 1500 K,
depending on the particular catalyst and support. An advantage of operating in this temperature range is
that it is below the fixation temperature of nitrogen and consequently the combusted gases are free of
nitrogen oxides. Additionally, catalytic combustion results in lower un-combusted fuel content. A
further advantage of catalytic combustion is that it is possible to operate with minimum of air for
combustion, namely excess oxygen in the combusted gases can be reduced almost to zero. The catalyst
may be supported on a monolith. The preferred characteristics of the metallic monolith having a
catalyst deposited thereon are that is presents low resistance to the passage of gases by virtue of its
possession of a high ratio of open area to blocked area and that it has a high surface to volume ratio.
Preferably, the metallic monolith is formed from one or more metals selected from the group
comprising ruthenium, rhodium, palladium, iridium, and platinum. However, base metals may be used
or base metal alloys which also contain a platinum group metal component may be used. Oxygen is the
required element to support combustion. It is possible to achieve essentially adiabatic combustion in the



presence of a catalyst at a reaction rate many times greater than the mass transfer limited rate. In
particular, if the operating temperature of the catalyst is increased substantially into the mass transfer
limited region, the reaction rate again begins to increase rapidly with temperature. This is in apparent
contradiction of the laws of mass transfer kinetics in catalytic reactions. The phenomenon may be
explained by the fact that the temperature of the catalyst surface and the gas layer near the catalyst
surface are above the instantaneous auto-ignition temperature of the mixture of fuel, air, and any inert
gases and at a temperature at which thermal combustion occurs at a rate higher than the catalytic
combustion rate. The fuel molecules entering this layer burn spontaneously without transport to the
catalyst surface. As combustion progresses and the temperature increases, the layer in which thermal
combustion occurs becomes deeper. Ultimately, substantially all of the gas in the catalytic region is
raised to a temperature at which thermal combustion occurs in virtually the entire gas stream rather
than just near the surface of the catalyst. Once this stage is reached within the catalyst, the thermal
reaction appears to continue even without further contact of the gas with the catalyst.
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Figure 3. Propane mole fraction contour plots in the gas turbine combustor designed for the reduction
of nitrogen oxides emissions by heterogeneous catalysis.

The temperature contour plots in the gas turbine combustor are illustrated in Figure 4 for the
reduction of nitrogen oxides emissions by heterogeneous catalysis. While gas turbine engines
employing purely thermal combustion have been used extensively as prime movers, especially in
aircraft and stationary power plants, they have not been found to be commercially attractive for
propelling land vehicles, such as trucks, buses and passenger cars [63, 64]. One reason for this is the
inherent disadvantages of systems based purely on thermal combustion or conventional catalytic
combustion [65, 66]. Catalysts are available for promoting catalytic combustion. These catalysts are
useful in eliminating nitrogen oxides from gases which also contain some oxygen. In general, reaction
of oxygen with combustible hydrocarbons or hydrogen provides sufficient heat to raise the temperature
of the gas mixture so that nitrogen oxides present will decompose when the oxygen present is depleted
by combustion. The reactions are all exothermic and provide considerable heat. Reactions between
oxygen and hydrocarbon gases or between oxygen and hydrogen initiate at different temperatures.
Plant efficiencies are markedly reduced and pollution limits for nitrogen oxides exceeded when




catalysts do not function. There is sufficient heat in gases leaving the catalytic combustion catalyst to
reform a mixture of natural gas or other hydrocarbon and steam. Use of this heat via indirect heat
exchange for reforming converts the incoming natural gas or hydrocarbon into a stream of gas
containing a high percentage of hydrogen. This hydrogen is more than sufficient to initiate the catalytic
combustion and to raise temperatures in the catalyst to a point where the remaining combustibles in the
gas stream will also react with oxygen, reducing the oxygen content and further raising the temperature
so that nitrogen oxide will decompose. According to the catalytically-supported, thermal combustion
method, carbonaceous fuels can be combusted very efficiently at temperatures between about 1,200 K
and about 2,000 K, for example, without the formation of substantial amounts of carbon monoxide or
nitrogen oxides by a process designated catalytically-supported, thermal combustion. In conventional
thermal combustion of carbonaceous fuels, a flammable mixture of fuel and air or fuel, air, and inert
gases is contacted with an ignition source to ignite the mixture. Once ignited, the mixture continues to
burn without further support from the ignition source. Flammable mixtures of carbonaceous fuels
normally burn at relatively high temperatures. At these temperatures, substantial amounts of nitrogen
oxides inevitably form if nitrogen is present, as is always the case when air is the source of oxygen for
the combustion reaction. Mixtures of fuel and air or fuel, air, and inert gases which would theoretically
burn at temperatures below about 2,080 K are too fuel-lean to support a stable flame and therefore
cannot be satisfactorily burned in a conventional thermal combustion system.

300 K Temperature 2080 K

Figure 4. Temperature contour plots in the gas turbine combustor designed for the reduction of nitrogen
oxides emissions by heterogeneous catalysis.

The propane mole fraction profiles along the fluid centerline of the gas turbine combustor are
presented in Figure 5 under different fluid velocity conditions. In conventional catalytic combustion,
the fuel is burned at relatively low temperatures [67, 68]. However, catalytic combustion is regarded as
having limited value as a source of thermal energy [69, 70]. In the first place, conventional catalytic
combustion proceeds relatively slowly so that impractically large amounts of catalyst would be
required to produce enough combustion effluent gases to drive a turbine or to consume the large
amounts of fuel required in most large furnace applications. In the second place, the reaction
temperatures normally associated with conventional catalytic combustion are too low for efficient



transfer of heat for many purposes. Typically, catalytic combustion is also relatively inefficient, so that
significant amounts of fuel are incompletely combusted or left un-combusted unless low space
velocities in the catalyst are employed. Catalytic combustion is a chemical process whereby a
combustible species, in the gas phase, is reacted over a solid catalyst to completely oxidize the target
molecules. For molecules containing only carbon and hydrogen or molecules containing carbon,
hydrogen, and oxygen, the products of catalytic combustion are solely carbon dioxide and water.
Catalytic combustion is frequently, but not exclusively, employed in applications where the
concentration of the target species is below its lower ignition limit. When combustible gases are below
their lower ignition limit then the mixture will not ignite when exposed to an ignition source. At such
dilute concentrations, it is more efficient to use catalysts to react, convert, or combust, the target
compounds because a catalyst can facilitate complete oxidation of the target species at a temperature
significantly lower than the auto-ignition temperature of the molecule. It is generally desirable to
develop catalysts that are capable of facilitating catalytic combustion at the lowest possible temperature
in order to reduce the energy costs associated with operating a catalytic combustion system. Complete
catalytic combustion of a target species can only occur when oxygen gas is found in molar
stoichiometric excess; a condition which is easily met when the target species is present in trace
quantity in air. Even in a reduced-oxygen environment, provided more moles of oxygen gas are present
compared to moles of carbon atoms to be combusted then complete combustion of the target species
can be realized. The required residence time of the gases in the space between the catalyst and the inlet
of the turbine expansion zone is a function of the temperature of the gases exiting the catalyst. In any
event, the gas residence time between the exit of the upstream oxidation zone and the inlet of the
turbine gas expansion zone may be minimal and is such that at least a significant amount of the
combustion takes place in the turbine gas expansion zone. If desirable, this residence time may be so
small that at least a major portion of the total combustion occurring subsequent to the upstream catalyst
zone is in the turbine expansion zone. The fuel is combusted in contact with free or molecular oxygen
and free or molecular nitrogen. The fuel may occur or be obtained in admixture with components which
are essentially inert in the oxidation system. The fuel has a relatively high energy content and is of a
nature which permits the preparation of the oxidation feed streams.
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Figure 5. Propane mole fraction profiles along the fluid centerline of the gas turbine combustor under
different fluid velocity conditions.
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The homogeneous reaction rate profiles along the fluid centerline of the gas turbine combustor are
presented in Figure 6 under different fluid velocity conditions. In a gas turbine engine, inlet air is
continuously compressed, mixed with fuel in an inflammable proportion, and then contacted with an
ignition source to ignite the mixture which will then continue to burn [71, 72]. The heat energy thus
released then flows in the combustion gases to a turbine where it is converted to rotary energy for
driving equipment such as an electrical generator [73, 74]. The channels through the unitary body or
skeletal structure can be of any shape and size consistent with the desired superficial surface and should
be large enough to permit relatively free passage of the gas mixture. The channels may be parallel, or
generally parallel, and extend through the support from one side to an opposite side, such channels
being separated from one another by preferably thin walls. The channels may also be multi-directional
and may even communicate with one or more adjacent channels. The channel inlet openings can be
distributed across essentially the entire face or cross-section of the support subject to initial contact
with the gas to be oxidized. The unitary, skeletal structure support type of oxidation catalyst can be
characterized by having a plurality of flow channels or paths extending therethrough in the general
direction of gas flow. The flow channels need not pass straight through the catalyst structure and may
contain flow diverters or spoilers. The skeletal structure support is preferably constructed of a
substantially chemically inert, rigid, solid material capable of maintaining its shape and strength at high
temperatures. The support may have a low thermal coefficient of expansion and low thermal
conductivity. Often, the skeletal support is porous but its surface may be relatively non-porous, and it
may be desirable to roughen its surface so that it holds the catalyst coating better, especially if the
support is relatively non-porous. The support may be metallic or ceramic in nature or a combination
thereof. The combustion gases are exhausted to atmosphere after giving up some of their remaining
heat to the incoming air provided from the compressor. Operating the combustion process in a very
lean condition is one of the simplest ways of achieving lower temperatures and hence lower nitrogen
oxides emissions. Very lean ignition and combustion, however, inevitably result in incomplete
combustion and the attendant emissions which result therefrom. In addition, combustion processes
cannot be sustained at these extremely lean operating conditions. In a catalytic combustor, fuel is
burned at relatively low temperatures. While emissions can be reduced by combustion at these
temperatures, the utilization of catalytic combustion is limited by the amount of catalytic surface
required to achieve the desired reaction and the attendant undesirable pressure drop across the catalytic
surface. Also, the time to bring the catalytic combustor up to operating temperature continues to be of
concern. In conventional thermal combustion systems, a fuel and air in flammable proportions are
contacted with an ignition source to ignite the mixture which will then continue to burn. Flammable
mixtures of most fuels are normally burned at relatively high temperatures, which inherently results in
the formation of substantial emissions of nitrogen oxides. In the case of gas turbine combustors, the
formation of nitrogen oxides can be decreased by limiting the residence time of the combustion
products in the combustion zone. However, even under these circumstances, undesirable quantities of
nitrogen oxides are nevertheless produced. In combustion systems utilizing a catalyst, there is little or
no nitrogen oxides formed in a system which burns the fuel at relatively low temperatures. Such
combustion heretofore has been generally regarded as having limited practicality in providing a source
of power as a consequence of the need to employ amounts of catalyst so large as to make a system
unduly large and cumbersome. Consequently, combustion utilizing a catalyst has been limited
generally to such operations as treating tail gas streams of nitric acid plants. The catalytically supported
thermal combustion involves essentially adiabatic combustion of a mixture of fuel and air or fuel, air,
and inert gases in the presence of a solid oxidation catalyst operating at a temperature substantially
above the instantaneous auto-ignition temperature of the mixture, but below a temperature which would
result in any substantial formation of oxides of nitrogen under the conditions existing in the catalyst.
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Figure 6. Homogeneous reaction rate profiles along the fluid centerline of the gas turbine combustor
under different fluid velocity conditions.

The pressure contour plots in the gas turbine combustor are illustrated in Figure 7 for the reduction
of nitrogen oxides emissions by heterogeneous catalysis. At relatively low temperatures, the catalytic
reaction rate increases exponentially with temperature. As the temperature is raised further, the reaction
rate enters a transition zone in which the rate at which the fuel and oxygen are being transferred to the
catalytic surface begins to limit further increases in the reaction rate. As the temperature is raised still
further, the reaction rate enters a so-called mass transfer limited zone in which the reactants cannot be
transferred to the catalytic surface fast enough to keep up with the catalytic surface reaction and the
reaction rate levels off regardless of further temperature increases. In the mass transfer limited zone, the
reaction rate cannot be increased by increasing the activity of the catalyst because catalytic activity is
not determinative of the reaction rate. The only apparent way to increase the reaction rate in a mass
transfer limited reaction is to increase mass transfer. However, this typically requires an increase in the
pressure drop across the catalyst and consequently a substantial loss of energy. Sufficient pressure drop
may not even be available to provide the desired reaction rate. Of course, more mass transfer can be
affected, and hence more energy can always be produced by increasing the amount of catalyst surface.
However, this results in catalyst configurations of such size and complexity that the cost is prohibitive
and the body of the catalyst is unwieldy. For example, in the case of gas turbine engines, the catalytic
reactor might very well be larger than the engine itself. In general, conventional adiabatic, thermal
combustion systems operate at such high temperatures in the combustion zone that undesirable nitrogen
oxides, The conventional gas turbine combustor, as used in a gas turbine power generating system,
requires a mixture of fuel and air which is ignited and combusted uniformly. Generally, the fuel
injected from a fuel nozzle into the inner tube of the combustor is mixed with air for combustion, fed
under pressure from the air duct, ignited by a spark plug and combusted. The gas that results is lowered
to a predetermined turbine inlet temperature by the addition of cooling air and dilutant air, then injected
through a turbine nozzle into a gas turbine. Catalytic combustion systems, though, are capable of
achieving ultra-low emissions [75, 76]. However, catalytic combustion systems are not able to offer the
accuracy and controllability of the air staging system over a wide range of power levels, fuel properties
and ambient operating conditions [77, 78]. The system may be operated in different manners to allow
for low and high-power operation, as well as according to a controlled schedule that may be
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programmed. Under low power operation oxidation does not occur in the catalyst section. However, the
mixing of the fuel and air in the fuel preparation and mixing section is enhanced by the presence of the
catalyst. As the engine power level increases the compressor outlet air temperature will become high
enough to activate the catalyst, and partial oxidation reactions will occur.
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Figure 7. Pressure contour plots in the gas turbine combustor designed for the reduction of nitrogen
oxides emissions by heterogeneous catalysis.

The chemical enthalpy contour plots in the gas turbine combustor are illustrated in Figure 8 for the
reduction of nitrogen oxides emissions by heterogeneous catalysis. Nitrogen oxides formation is
thermodynamically favored at high temperatures. Since the nitrogen oxides formation reaction is so
highly temperature dependent, decreasing the peak combustion temperature can provide an effective
means of reducing nitrogen oxides emissions from gas turbine engines as can limiting the residence
time of the combustion products in the combustion zone. The limits of the operating temperature are
governed largely by residence time and pressure. The instantaneous auto-ignition temperature of the
mixture is defined herein to mean the temperature at which the ignition lag of the mixture entering the
catalyst is negligible relative to the residence time in the combustion zone of the mixture undergoing
combustion. Essentially adiabatic combustion means in this case that the operating temperature of the
catalyst does not differ by more than about 80 K, from the adiabatic flame temperature of the mixture
due to heat losses from the catalyst. Among the unique advantages of the catalytically supported
thermal combustion in the presence of a catalyst is the fact that mixtures of fuel and air which are too
fuel-lean for ordinary thermal combustion can be burned efficiently. Since the temperature of
combustion for a given fuel at any set of conditions is dependent largely on the proportions of fuel, of
oxygen available for combustion, and of inert gases in the mixture to be burned, it becomes practical to
burn mixtures which are characterized by much lower flame temperatures. In particular, carbonaceous
fuels can be burned very efficiently and at thermal reaction rates at temperatures in the range from
about 1,200 K to about 2,000 K. At these temperatures, very little if any nitrogen oxides are formed. In
addition, because the catalytically supported thermal combustion is stable over a wide range of
mixtures, it is possible to select or control reaction temperature over a correspondingly wide range by
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selecting or controlling the relative proportions of the gases in the mixture. The method may be carried
out in various ways, including heating the catalyst body by electrical means, or by first thermally
combusting a fuel and air mixture and applying the heat produced to the catalyst body. Once a catalyst
temperature is reached at which the catalyst will function to sustain mass transfer limited operation, the
combustion of fuel in the presence of the catalyst will bring it rapidly to the required operating
temperature. Once operating temperature is reached, the catalyst will provide for sustained combustion
of the fuel vapor. After the catalyst body reaches a temperature at which it will sustain mass transfer
limited operation, the aforementioned application of heat to the catalyst body is no longer necessary
and an admixture of unburned fuel and air is introduced into the system to establish the supported
thermal combustion to provide a motive fluid for a turbine or heat to a furnace. No serious start-up
problem normally is presented. The operation is substantially continuous and it is necessary to start the
system only at infrequent intervals. Consequently, the substantial emissions of atmospheric pollutants
which tend to occur in start-ups are not serious because of the small number of infrequent start-ups.
While this pollution may be tolerated in stationary operations which are normally used continuously
and for long periods of time, it cannot be tolerated in the vehicular type of installation where start-ups
are frequent, due to intermittent operation [79, 80]. Also, the start-up must be rapid in order to be as
efficient as in the conventional present-day automobile [81, 82]. The mixture of unburned fuel and air
is not introduced to the catalyst body until it has reached a temperature at which it will sustain the
desired rapid combustion. Such preferred procedure minimizes pollutant emissions during start-up.
Once combustion in the zone containing the catalyst is achieved, the fuel-air admixture is passed to the
catalyst at a gas velocity, prior to or at the inlet to the catalyst, in excess of the maximum flame
propagating velocity. This avoids flash-back that causes the formation of nitrogen oxides [83, 84].
Various means have been proposed in the past to prevent such flash backs from traveling back to the
gas supply source [85, 86]. Preferably, this velocity is maintained adjacent to the catalyst inlet [87, 88].
Suitable linear gas velocities are usually above about 8 meters per second, but considerably higher
velocities may be required depending upon such factors as temperature, pressure, and composition.
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Figure 8. Chemical enthalpy contour plots in the gas turbine combustor designed for the reduction of
nitrogen oxides emissions by heterogeneous catalysis.
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4. Conclusions

Steady-steady simulations are performed using computational fluid dynamics. The fluid viscosity,
specific heat, and thermal conductivity are calculated from a mass fraction weighted average of species
properties, and the specific heat of each species is calculated using a piecewise polynomial fit of
temperature. Natural parameter continuation is performed by moving from one stationary solution to
another. Knowledge of critical parameters gains a fundamental understanding of the essential factors
affecting the stability of the combustion process. Particular emphasis is placed upon the sustained
combustion of at least a portion of fuel under essentially adiabatic conditions at a rate which surmounts
the mass transfer limitation. The major conclusions are summarized as follows:
® [t is possible to achieve essentially adiabatic combustion in the presence of a catalyst at a reaction
rate many times greater than the mass transfer limited rate.

® Flammable mixtures of carbonaceous fuels normally burn at relatively high temperatures, and
substantial amounts of nitrogen oxides inevitably form if nitrogen is present.

® (Complete catalytic combustion of a target species can only occur when oxygen gas is found in
molar stoichiometric excess; a condition which is easily met when the target species is present in
trace quantity in air.

® [n combustion systems utilizing a catalyst, there is little or no nitrogen oxides formed in a system
which burns the fuel at relatively low temperatures.

® [n the mass transfer limited zone, the reaction rate cannot be increased by increasing the activity of
the catalyst because catalytic activity is not determinative of the reaction rate.

® Among the unique advantages of the catalytically supported thermal combustion in the presence of
a catalyst is the fact that mixtures of fuel and air which are too fuel-lean for ordinary thermal
combustion can be burned efficiently.
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