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Abstract

In aircraft propulsion as well as stationary power generation, gas turbine engines remain a key energy conver-
sion technology due to their high thermal efficiencies and low emissions. However, as emission requirements
become increasingly stringent, engine manufacturers have sought to design combustion systems that operate
near the fuel-lean limit of lammability. In this study, superadiabatic matrix-stabilized combustion, also
known as porous media combustion, is evaluated as an advanced combustion concept for extending the lean
flammability limit to achieve improved efficiency and emissions. To this end, a Brayton cycle analysis is
developed and key parameters of the porous matrix are identified for maximizing the extension of the lean
flammability limit. It is shown that stabilization of combustion below the nominal lean flammability limit
allows for the design of engines with significantly higher pressure ratios and lower dilution ratios without
increasing turbine inlet temperatures, thus improving cycle thermal efficiency. Combustor flammability lim-
its were shown to be extendable by up to 32% when employing matrix-stabilized combustion, resulting in
thermal efficiency gains of up to 11% compared to a nominal design.
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1. Introduction

In aerospace propulsion as well as many electric power generating systems, the power plant of choice is
the gas turbine engine operating on the Brayton cycle due to high thermal efficiency, mechanical reliability
and rapid start-up times [I]. Manufacturers are under continuous pressure to improve thermal efficiency,
which has been achieved primarily through increased pressure ratios and higher turbine inlet temperatures.
To meet increasingly stringent regulatory requirements for emissions of carbon monoxide (CO) and oxides of
nitrogen (NO,,) [2] while improving engine performance, a number of combustor designs have been proposed
[3]. In stationary power generation applications employing natural gas as well as aviation engines employing
TAPS (Twin Annular Premixing Swirler) systems [4], combustors operate in a lean premixed mode in
a highly turbulent flow environment. This results in low NO, production, but creates issues related to
combustor stability, particularly those of blow-out and flashback.

Superadiabatic combustion and its application to gas turbine engines is the focus of this study. A concept
first proposed by Hardesty and Weinberg [5], superadiabatic or ‘excess enthalpy’ combustion allows for the
combustion of nominally non-flammable fuel-lean mixtures through internal heat recirculation. This internal
heat recirculation is distinct from recuperating systems commonly used in thermal power plants, in that the
final enthalpy of the product stream remains unchanged compared to that of the nominal system without any
heat recirculation. Two intermediate stages are added to the combustion process: reactant preheating and
product cooling by internal heat recirculation. Heat from the combustion products preheats the reactant
stream, resulting in a combustion temperature exceeding the nominal adiabatic flame temperature and
intermediate products thus termed ‘superadiabatic’. The intermediate product stream is cooled to its final
temperature by heat recirculation to the reactants. By the first law of thermodynamics, the enthalpy of the
final product stream must equal that of the nominal system, since heat recirculation in this manner is internal
to the combustor. However, since leaner mixtures require higher reactant temperatures for flammability [6],
reactant preheating through superadiabatic combustion results in extension of the lean flammability limit,
allowing the combustion of reactant mixtures of lower fuel-air equivalence ratios than otherwise possible.
The present study employs this principle to improve the thermal efficiency of a Brayton cycle.

Stabilization of a flame within an inert porous matrix, also referred to as porous media combustion, was
first proposed in [7] as a practicable means to achieve superadiabatic combustion and is the basis for many
superadiabatic combustion systems, with diverse application areas including household cooking devices [8]
and thermophotovoltaic power conversion [9]. Combustion in porous inert media has been the subject
of comprehensive reviews [I0] that should be consulted for in-depth description of the relevant physical
processes; a brief overview is given here. An inert porous solid, typically made of sillicon carbide, alumina,
or other heat-conducting ceramic material, is placed in the path of the reactant gas stream and a combustion

reaction is stabilized within it. The combustion products heat the solid downstream of a thin combustion



zone via convection. The solid matrix recirculates the heat upstream from the post-combustion region to
the pre-combustion region via conduction and radiation. Incoming gases are then preheated by convection
from the solid prior to entering the combustion zone. The stabilization of combustion within the thin zone is
commonly accomplished with the interface-stabilized design [I1], which consists of a step-change in porosity
or pore diameter, although other stabilization methods have been proposed [12]. Flow through the matrix
results in a small viscous pressure loss. The upstream segment has small pores to prevent flashback, whereas
the downstream section has large pores to allow flame propagation. The pore-scale velocity is deterined by
the void fraction e, defined as the ratio of void area to total area in a given cross section of the matrix. The
matrix is designed such that for a range of operating conditions the flame is stabilized at the interface between
the two segments, with the flame propagating upstream from the large pore segment, but unable to propagate
in the small pore segment owing to quenching and flow acceleration. The geometric properties of the matrix
and the thermal and radiative properties of the matrix material determine the system’s effectiveness in
heat recirculation as well as the level of pressure loss. Figure [1] illustrates superadiabatic matrix-stabilized
combustion schematically and through direct imagery of the experimental system described in [12]. Typical
temperature profiles for the solid and gas phases are shown as well as axial locations corresponding to
thermodynamic states, denoted ®;, considered in Sec. [4

Matrix-stabilized combustion has been proposed as an alternative combustion concept for gas turbine
engines [13]. As a stand-alone concept, matrix-stabilized combustion has been analyzed experimentally,
theoretically, and numerically [14]. Novel applications and modifications of the Brayton cycle, such as
augmentation with concentrated solar power [I5], remain areas of active research. However, there remains
a need to perform a systematic study of the effect of matrix-stabilized combustion on the performance of
gas turbine engines operating on the Brayton cycle. To this end, the objective of this study is to develop
a system-level model of matrix-stabilized combustion and conduct a thermodynamic cycle analysis of a gas
turbine engine employing this technology. The effects of matrix-stabilized combustion on cycle efficiency and
system design are studied parametrically, and matrix parameters key to cycle performance are identified.

The remainder of this manuscript is structured as follows. The Brayton cycle is analyzed in Sec.
to identify opportunities for efficiency improvement. Limitations to those opportunities due to stability
considerations are described in Sec. Section 4| develops a thermodynamic model for matrix-stabilized
combustion and identifies key parameters affecting combustor performance. Effects of matrix-stabilized
combustion on cycle performance are evaluated in Sec. [5] and some discussion of the analysis performed is

given in Sec.[6}] The manuscript closes with conclusions in Sec. [7}
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Figure 1: Depiction of superadiabatic matrix-stabilized combustion via schematic representation and direct imagery. Top:
Direct imagery [16] of a flame stabilized inside a silicon carbide porous matrix [12] with flow from left to right. The upstream
section is 65PPI (pores-per-inch) and downstream is 10PPI, with a total burner length of 76mm of which approximately 40mm
is shown in the figure. Light emission is due primarily to radiation from the solid phase. Bottom: Schematic representation of

solid and gas-phase temperatures in superadiabatic matrix-stabilized combustion employing the interface-stabilized design.

2. Brayton Cycle Analysis

2.1. Cycle Description

A stationary gas turbine engine employing fuel-lean premixed combustion is analyzed. This analysis is
readily extendable to turbojet and turbofan propulsion engines by considering effects of bypass ratio and
operation with liquid fuels. Figure [2]shows the mass and energy flows associated with the system considered.
Thermodynamic state vectors are denoted ®; = [T};, p;]”, where the subscript i refers to the stations in
Fig. The subscript ¢ denotes stagnation conditions; its omission indicates static conditions. The cycle
description developed and the system boundaries considered for individual components follow that of [I7].

Sea-level ambient air enters the engine at ®5 at a mass flow rate 1o and undergoes polytropic compression

with a pressure ratio . = pi3/pr2 and adiabatic efficiency 7. to ®3 at a rate mg, where thg = rmy. Part of
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Figure 2: Mass and energy flows for an open Brayton cycle. Dashed line shows system boundary.

the compressed air stream is diverted around the combustor according to the dilution ratio 3,

B _ 'dil’ (1)

ms3

where 1y, is the mass flow rate of air in the dilution stream. Fuel is mixed with the main air stream at a
rate thy < 1z prior to the combustor inlet state ®3,. Changes in stagnation enthalpy due to fuel addition
are neglected, such that a premixed stream enters the combustor at a rate 13, = 13 + 1 — 1y With

Ti3 = Ti3q. The combustion process is modeled as isobaric heat addition at a rate
Qcomb = meva (2)

where LHV is the lower heating value of the fuel. It is assumed that § and 7y are sufficiently small such

that the combustor equivalence ratio ¢;,. < 1, with

_ 9
¢loc - m’ (3)

and ¢ = f/fs is the global equivalence ratio, f = 1y /rhg is the global fuel-air ratio, and the subscript st
denotes the stoichiometric condition. The equivalence ratio within the combustor ¢;,. is thus increased from
its global value ¢ due to the presence of the dilution duct. Flow through the combustor results in a pressure
drop according to the pressure ratio m, = pi3p/Pisa and is attributable largely to the flow acceleration
needed for flame stabilization through turbulence, as well as the Rayleigh loss across the deflagration wave
[3]. The dilution air stream is mixed with the combustion products prior to entering the turbine at state
®, to reduce the turbine inlet temperature T34. The diluted product stream enters the turbine at a rate
my = 13 + my. Work is extracted through polytropic expansion in the turbine according to a pressure
ratio m; = pua/pis = wemp and adiabatic efficiency 7, prior to exhausting to the ambient environment at ®;
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at a rate rs = 1. It is assumed the exhaust stream is fully expanded such that ps;5 = pso. Part of the
extracted work drives the compressor, the rest being available as output Wipet. The cycle thermal efficiency

Mp is thus computed as ]
Wnet

Nth = —= (4)
Qcomb
where Wnet = Wt — Wc is the difference between turbine and compressor power, with
WC = ﬁI3 (htg — th) (5&)
W, = (ring +1iag) (hea — his) (5b)

where hy; denotes stagnation enthalpy at state ®;.

2.2. Effect of Changing Equivalence Ratio on Cycle

The effect of varying ¢ on the Brayton cycle is examined due to its consequences for cycle efficiency
and its limitations due to flammability, as will be discussed in Sec. [3] Material considerations typically
limit the turbine inlet temperature to a maximum of 1800K [I8] and T4 is thus considered a constant
design parameter. For a given compressor inlet state &9 = Dy = [300K, 101325Pa]T, all others can be
determined uniquely as a function of design parameters ¢ = [Ty, B]T, component performance parameters
¢ = [Ne, 11, 7Tb]T, gas thermo-chemical properties £ = [cp, ¢, LH V]T and ¢ expressed in terms of the fuel-air
ratio f. The values ¢, and c, are the isobaric and isochoric heat capacities of air. Assuming air to be a
calorically perfect gas, neglecting the effect of the fuel vapor on the mixture thermodynamic properties and

assuming constant component performance parameters, then ¥» = const, ( = const, £ = const, stagnation

enthalpy may be expressed as hy; = ¢,13; and the remaining state variables determined as

B f LHV
Tys = Tha — T (6a)
B 1 f LHV T
mo= {1 | (- AR ) <] (6b)
Tis = T [1 =i (1= (rem) 7 )] (60)

where v = ¢,/c,. Using the properties of air, ¢, and v vary less than 14% and 9% across the range of

temperatures and pressures present in the cycle, and thus the assumption of a calorically-perfect gas is
found to be reasonable for the present study. Figure [3| shows the effect of ¢ on the temperature/entropy
and pressure/specific-volume diagrams for a Brayton cycle. Values used in ¢, ¢ and ¢ are noted in Table
and are typical for small stationary gas turbine engines operating using methane fuel at sea-level ambient
conditions [I9]. The calculation of 3 is discussed in Sec. Unless otherwise stated, these values will be used
for subsequent calculations. Figure shows that with decreasing ¢, the combustor inlet temperature Tis
increases to maintain a constant turbine inlet temperature Ty4. This temperature increase is accomplished
by increasing the compressor pressure ratio ., as seen in Fig. [30]
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Table 1: Constants used in Brayton cycle calculations.
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Figure 3: Effect of changing global equivalence ratio ¢ while maintaining a constant turbine inlet temperature T4 on Brayton

cycle. Dashed line indicates open cycle isobaric cooling.

2.8. Effect of Changing Equivalence Ratio on Thermal Efficiency and Emissions

The effect of ¢ on engine performance is demonstrated by computing the cycle thermal efficiency nyy,.

From Egs. [AH6]
Cp

=t [+ oo (1= o)) - 22 (7 1) @)

Increasing the turbine inlet temperature T34 thus increases thermal efficiency, motivating the effort to push

to higher temperatures [20]. Figure |[4a|shows the effect of ¢ on 7y, where 7. and 7; are considered paramet-
rically. Reduction in ¢ results in increased cycle efficiency, and a maximum exists for non-ideal turboma-
chinery. Figure [4D]shows that the increased efficiency is accompanied by a significant increase in compressor
pressure ratio. The normalization values 74,0 and 7. o are computed at ¢ for the values of n. and 7; shown
in the figure, where n:,,0 = 0.4 and 7o = 15 obtained for n. = 0.9 and 7, = 0.9 are typical for stationary
gas turbine engines [19].

Improvements in 7, have a direct impact on COy emissions. Considering the major products of lean

combustion, the mass flow rate of CO» in the engine exhaust rmco, is proportional to r¢. From Egs. |Z| and
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Figure 4: Effect of changing global equivalence ratio ¢ while maintaining a constant turbine inlet temperature T34 on cycle

performance.

2! :
Wnet

T LHVny (8)

mco, ~ 1My
For a constant power output, improved 7, thus results in reduced fuel consumption and correspondingly
reduced COy emissions. Also of concern, however, are emissions of NO, and CO, whose quantitative
prediction is notoriously difficult and strongly dependent upon combustor design [3]. Emissions from matrix-
stabilized combustion systems are considered specifically in Sec. Here, it is sought to capture the
qualitative trends in emission profiles as a function of ¢ for a constant T;4 to further motivate operation at
leaner conditions. To this end, the system was modeled between ®3, and ®3;, using an isochoric perfectly-
stirred flow reactor with Cantera [21], employing the GRI 3.0 chemical mechanism for methane combustion
[22]. The reactant stream mass flow rate ms, and combustor volume V were held constant while the reactant
stream temperature T3, and system pressure py3, were varied in tandem with ¢ evaluated from Eqgs. [Ga]
and 6D} State variables inside the combustor were evaluated at stagnation conditions. The product stream
composition was then considered for a range of ¢, the results of which are shown in Fig. [5| where pollutant

levels are expressed in terms of an emission index E1, defined for a pollutant species 7 as

BL =Y k| )

The values selected for g, and V were based on typical values for combustor mass flux rf, and residence
time 7,05 [23], although trends were found to be robust to variations in these values. From Eqs. [8 and EI,
the exhaust mass flow rate of a pollutant i is

Wnet

ng = Eli———,
mn LHVn,,

(10)
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where the mass fractions Y; were obtained from the perfectly-stirred flow reactor calculations. From this
equation and considering Figs. [ and [5] it can be seen that for a constant power output, a reduction in ¢

results in a reduction in both NO, and CO emissions nearly independent of turbomachinery efficiency.
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Figure 5: Effect of changing global equivalence ratio ¢ while maintaining a constant turbine inlet temperature T;4 on emissions

for a gas turbine combustor without matrix stabilization. The nominal values EI; o are the values of EI; obtained at ¢q.

2.4. Summary of Cycle Analysis Assumptions

In the preceding description and subsequent analysis, a number of assumptions have been made for each
component in the cycle. The system is assumed to be a stationary gas turbine engine operating according
to an open Brayton cycle at steady-state and at sea-level ambient conditions. Air is taken as a calorically-
perfect working fluid, with constant thermo-chemical properties throughout the cycle. The compressor has
a pressure ratio m. and operates with an adiabatic efficiency 7.. Part of the post-compressor air stream is
diverted into the dilution duct with a constant dilution ratio 8. Fuel-air mixing prior to the combustor is
assumed isothermal at Ti3,. Combustion is modeled as heat addition, and is assumed fuel-lean and complete.
Total pressure losses through the combustor are taken as constant with a pressure ratio m, = 0.95. Heat
losses are neglected throughout most of the analysis, but are considered specifically in Sec. Mixing of
the combustion product stream with the dilution stream is assumed adiabatic. The turbine operates with
an adiabatic efficiency 7; and the exit state is fully-expanded, with a pressure ratio m; = m.m,. Thermal
efficiency is calculated based on net work output, neglecting mechanical losses. The effects of non-adiabatic

compressor and turbine efficiencies are considered parametrically.



3. Combustor Stability Analysis

3.1. Lean Flammability Limat

The results of Sec. [ suggest that efficiency and emissions can be improved by redesigning an engine
to operate at a reduced ¢ with a corresponding increase in m.. The naivety of such a strategy becomes
apparent, however, when combustor stability is considered. In this work, combustor stability is considered
in terms of the lean flammability limit (LFL) and the flashback limit; dynamic instabilities arising from
thermo-acoustic effects are highly geometry-dependent and are outside the scope of this analysis.

To reduce emissions of NO, and CO, engines employing lean premixed combustion are generally de-
signed to operate near LFL, below which combustion is no longer self-sustaining and flame-out occurs. The
flammability limits for a combustion reaction are determined by the chemical and physical properties of the
reactants, their initial temperature and the system pressure [24]. For methane-air mixtures, LFL expressed
as a fuel mole fraction Xy 1 ry, is independent of pressure up to 25bar [25]. An empirical correlation [6] can

thus be used to express LFL as a function of the unburned gas temperature,
XyprL = CT)™, (11)

where T, is the unburned gas temperature, C' is a constant approximately equal to 0.9795 for gaseous

methane in air, and n = 0.51536 is an empirical constant [6]. This correlation shows that increasing the

reactant temperature decreases LFL. Rearranging Eq. [L1] for T}, = Ty 1, and noting that

_ %

B f st (1 - Xy ) ,

the minimum unburned gas temperature required to achieve flammability at a given ¢ is
Trrr = {O<1~ﬂ+1>r/n, (13)

D fst

where f; is the molar stoichiometric fuel-air ratio. Consistent with the assumption that engines are designed

¢ (12)

to operate at LFL, the dilution ratio 8 was assumed to be such that T3, = Trpr for ¢ = ¢g. Setting
Dloc = OLFL, [ is obtained from Eq. [3] as

5= drrr (Tiza) — do
drrr (Tiza)

where ¢y, is obtained from Eq. [T1] after converting X to ¢ using Eq. and yielding 8 ~ 0.1 for ¢ and

(14)

¢ as in Sec. [2l Considering the ratio of the stagnation combustor inlet temperature T;3, and the minimum
temperature for flammability Ty rr as a function of ¢ in Fig. |§|7 it is clear that although a reduction in ¢
results in an increase in T3, to maintain a constant Ty4 as per Eq. |§[, the increase is not enough to maintain
flammability as T, Fy, increases at a greater rate. As such, the basic redesign of a cycle to operate at a lower
¢ to exploit the efficiency gains shown in Fig. [] will result in combustor instability and flame-out. LFL thus
limits achievable cycle efficiency.

10
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Figure 6: Effect of equivalence ratio ¢ on T3, /T 1, for a constant turbine inlet temperature Tt4. Conditions where T3, /T rr <

1 result in flame-out.

3.2. Flashback due to Autoignition

In addition to flame-out, in lean premixed combustors, instability due to flashback must also be consid-
ered. Flashback of the flame into the mixing zone is determined by combustor geometry, inlet temperature
and pressure, as well as fuel chemistry and ¢ [26]. Flashback may occur in a multitude of ways [27], but of
particular importance is autoignition of the mixture prior to reaching the combustion zone [28]. Autoignition
may be characterized by the ignition delay time 7;4,, here defined as the time required for the mixture to
reach 99% of the adiabatic equilibrium temperature, and a characteristic flow time scale Tf100 = L¢/usq with
L. being a characteristic length and ug, the flow velocity at the combustor inlet. An ignition Damkoéhler

number is defined as

(15)

The characteristic length scale is taken as the quenching distance d, at the reference condition, and is
obtained using the basic scaling relations [29] d; ~ d; and ¢ ~ /sy, where d¢ is the flame thickness, a
is the unburned mixture thermal conductivity, and sy, is the unstretched laminar flame speed. Noting that
velocity can be obtained from mass flux as u = /' /p where p is the static density, then applying the ideal
gas law at stagnation conditions and that p;/p = (1 + 7T_]LM??Q) ﬁ, the flow velocity at the combustor inlet

u3, is evaluated as

1
RT}s, -1 71
Usq = Tl 13 <1+7 §a) (16)

where M = u/c is the Mach number, ¢ is the speed of sound, R is the gas constant of the fuel-air mixture,
assumed equal to the nominal value for air R = 287J/(kg - K), and 5, is the mass flux through the
combustor, taken as i}, = 2.0kg/(m” - s) based on typical combustor geometries [23] and flow rates [17].

For typical gas turbine engine combustors, Mz, < 0.3 [3], and thus 25t M2, < 1 such that Eq. is

11



approximated as

(17)

The ignition Damkohler number Da,gy, is plotted as a function of ¢ in Fig. where the flashback
criterion due to autoignition is taken as Da;g, > 1. The autoignition time 754, was evaluated using an
isobaric homogeneous reactor with Cantera [21] employing the GRI 3.0 chemical mechanism for methane
combustion [22]. From Fig. [7| the effect of improved turbomachinery efficiency is to increase the flashback
limit. However, even in the case of isentropic turbomachinery, the flashback limit is very low at ¢/¢g =~ 0.4.
Thus, for sufficiently lean mixtures, combustion instability may occur due to autoignition arising from the
increased combustor inlet temperatures and pressures needed to maintain a constant T4, presenting another
lean limit on ¢ in cycle design. Consideration of the potential gains in 7, with reduced ¢ described in Sec.
with the limitations imposed due to combustor stability detailed in this section motivates the integration
of matrix-stabilized combustion in the Brayton cycle for LFL extension. A system-level model of matrix-

stabilized combustion is thus needed to quantify its effects.

10° 4
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Figure 7: Effect of equivalence ratio ¢ on autoignition Damkohler number Da;gy, for a constant turbine inlet temperature Ti4.

The dashed line at Da;g4, = 1 is taken as the limit of flashback due to autoignition.

4. Mathematical Model of Matrix-Stabilized Combustion

A steady-state, isobaric, thermodynamic model for combustion in a porous matrix integrated in a gas
turbine engine is developed. As in the differential models of other authors [30], a two-phase system is consid-
ered, consisting of a gas phase and an inert solid. Heat is transported downstream by gas-phase convection
and upstream by solid-phase conduction and radiation, neglecting gas-phase radiation. Interactions between
the two phases occur through convective heat transfer; gas-solid radiation is neglected due to limited gaseous

optical thickness [31]. The porous matrix is assumed to be insulated radially, such that axial radiative heat

12
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Figure 8: Thermodynamic model for superadiabatic matrix-stabilized combustion. Dashed lines indicate subsystem boundaries.

losses are considered, whereas radial heat losses are neglected. Effects of material degradation are also
neglected.

Figure[§|illustrates the proposed model and the pathways for heat transfer within the system. As noted in
the figure, the model describes the processes occurring between states ®3, and ®3;, as defined in Fig. |2 where
the mass flow through the system is mg, = 13,. Two new gaseous thermodynamic states are introduced,
®3, and ®3,, corresponding to the gas immediately prior to and after combustion, respectively. Two solid
states, ®g1 and Pgo, are introduced, which correspond to the solid temperature of the preheating and heat

recirculation zones. Solid states are assumed to be fully described by a solid-phase temperature.

4.1. Gaseous Subsystem

In addition to the assumptions made regarding gas flow in Sec. [2] it is further assumed that combustion
occurs in a thin zone within the matrix where heat transfer to and from the solid is negligible. Fuel-lean
combustion is modeled as instantaneous isobaric heat release per Eq. The first law of thermodynamics

written between the four gaseous states inside the combustor, shown in Fig. [§] is

QPH = mSan (Tth - Tt3a) (183“)
meHV = Th3an (Ttgy — Ttgw) (18b)
- QRC = m?)acp (Tt3b - Tt3y) (ISC)
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where QPH and Q rc are the heat transferred from and to the solid by convection in the preheat and

recirculation zones, respectively.

4.2. Solid Subsystem

Assuming steady-state heat transfer and no heat losses along the length of the matrix, an algebraic
heat conduction equation can be written to describe heat transfer between ®g; and ®g5. Both radiative
and conductive heat transfer are present, denoted Qqq and Qeona, respectively. The Rosseland equation
approximating radiation as a diffusive process [32] is used to express the solid-solid thermal radiative heat
transfer in the porous media in terms of a temperature-dependent thermal conductivity,

16073
R — 3KR )

(19)

where o is the Stefan-Boltzmann constant, T is an average solid temperature, and Ky is the radiative
extinction coefficient, which can be determined from the material and geometric properties of the porous
matrix; here, Eq. 19 from [33] is employed. As in [31], heat conduction in the solid is expressed in terms of
an overall thermal conductivity, Ag

. AT

1
_ 2
Qcond )‘S Az ( O)

where Q'c’on 4 is the conductive heat transfer within the solid per unit cross-sectional area. Total heat transfer

within the solid, QS = and + chh is thus expressed as

. A
Qs = AS,eff%(TSZ —Ts1) (21)

where Acg is the matrix cross-sectional area, [ is the matrix axial length, and Agerr = As + Ag is the
effective thermal conductivity. Heat convected from the gas enters the solid subsystem at ®g5 as Q RC,
whereupon some heat is lost to the ambient by radiation from the end of the matrix as QSQJOSS. The same
radiative heat loss mechanism is considered at the upstream end of the matrix at ®g;. Similar application

of the first law at ®g; and Pgo yields
Qrr = Qs — QSl,los.Sa (22a)
Qrc = Qs + Qs2,10ss- (22b)
A simple model for steady radiative heat loss from the end sections of the matrix is employed,
Qs1,10ss = 0ex (1 =€) Acs (Tdy — Tjs,) (23a)

QSQ,loss = 0O€K (1 - 6) AC’S (T§2 - Tt%l) (23b)

where £k is the gray-body emissivity of the porous material, € is the void fraction of the porous matrix, and
it is assumed that the upstream end of the matrix radiates to a surface at the combustor inlet temperature
Ti34, and the downstream end to a surface at the post-dilution turbine inlet temperature Tiy4.
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4.8. Final Fquations

Combining the equations of Secs. and [£.2] to perform an energy balance within the two-phase matrix-
stabilized combustion system accounting for radiative heat losses to the surroundings, five equations are
obtained for the five unknown state temperatures. Normalizing gas and solid temperatures with the ambient
temperature Ty;o = 300K as 0; = Ty; /T2 and 0g; = Tg;/Tia, respectively, and creating non-dimensional

groups from the parameters of Secs. [£.1] and the final non-dimensional equations are

O30 — O3q = 0 [(1+66%) (052 — Os1) — Spk (05, — 03,)] (24a)
O3y — O3, = ]"J;Hig“::’ (24b)

O3y — 036 = L [(1+00%) (052 — Os1) + S (08, — 01)] (24c)
051 — O35 = A1, (24d)

O35 — Os2 = Aa. (24e)

The normalized temperature at @3, is obtained from Eq.[6a] An additional equation is needed to obtain 64

in Eq. which is derived from a simple mass and energy balance of the combustor exit and dilution air

streams
Bbsa + (f —B+1) 03

04 = . 25
! f+1 (25)

The non-dimensional parameters are defined as

A 160T? ek Kr(1—¢)l
= s = le o, B9l (26)
3, cpl 3KRrAs 16

where mf, = ms./Acs. The parameters A; and Ay represent the non-dimensional terminal temperature
differences between ®3, and ®g; and between ®3, and Pgo, respectively, and are required for the finite
porous matrix lengths considered by the second law of thermodynamics. In [34] it was shown that solid and
gas-phase temperatures in a matrix-stabilized combustion system do not differ by more than 25K outside
the reaction zone, and thus the analysis of Sec. [5| assumes that Ay = Ay = 25K/T}s.

In the analysis of Sec. [5] the combustor is assumed to be perfectly adiabatic i.e. px = 0. The combustor
exit temperature T3, is thus constrained by the first law to the adiabatic flame temperature, expressed in

non-dimensional form as

(f = B+1)05, + L2V
O3 = = ﬁi T (27)
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4.4. Discussion and Asymptotics of Non-dimensional Parameters and Equations

The ratio of solid to gas phase thermal transport is described by the parameter ¢, which can be rewritten

as
As/l
PEUDoreCp ’

Variation in combustor mass flow rate 13, affects ¢ only. The parameter § captures the ratio of radiative

(28)

L=

to solid thermal conductivities, which is clear when it is rewritten as

oTi /KR

5N
As

(29)

Internal radiative feedback is thus controlled by 4. Radiative heat losses are characterized by the product
Ok, as seen in Eq. The parameter pux can be expressed as a ratio of the axial length of the porous
matrix to the radiative attenuation length

1—¢)l
R e (30)
The selection of px = 0 while 6 > 0 thus amounts to setting radiative losses to zero while allowing for
internal radiative heat recirculation.

A brief asymptotic analysis of Egs. follows. Noting first that ¢, §, ux, A1, As >0 from their def-
initions, the case where pux = 0 and Ay, As — 0 is considered for analysis, which represents an idealized
porous matrix with no radiative heat losses and infinitesimal terminal temperature differences. In this case,
051 = 03, and fgo = O3p, from which g = (03, — 055)/2. Furthermore, the magnitudes of preheating and

heat recirculation temperature changes become equivalent i.e. 03, — 03, = 63, — 035. Equation can thus

be rewritten as

93x - 93(1 3
=== = (1+602). 31
O35 — O34 ( s) (51

In this form, it is evident that ¢« — 0 yields 03, = 03, and hence 03, = 03;,. The effect of the porous matrix
diminishes to none, resulting in an internal temperature profile commensurate with no porous matrix being
present. Furthermore, both the cases ¢+ — oo and ¢ > 0, § — oo yield 63, = 635, which represents the
asymptotic limit of preheating achievable using matrix-stabilized combustion. In this limit, s, = 203, — 034,
where the value of 03, is derived in Eq. Both the upper and lower asymptotic limits for matrix effectiveness

are shown in Fig. 0a]in the following section for the case where g =0 but Ay, Ay > 0.

5. Analysis of Porous Matrix-Integrated Brayton Cycle

The solution of Egs. yields a gaseous and solid temperature profile within the matrix as a function
of upstream Brayton cycle parameters, ¢ and the non-dimensional parameters of Eq. In all subsequent
analysis, variation of ¢ is performed in tandem with 7. such that Ti4 is maintained constant, as in Sec.
The values of ¥, ¢ and £ were held constant at the values of Table [I] unless noted otherwise.
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Figure [0]shows that the model developed in Sec. ] captures the key features of matrix-stabilized combus-
tion, namely substantial gas preheating by the solid phase from ®3, to ®3,, resulting in a post-combustion
temperature at ®3, in excess of the adiabatic flame temperature based solely on ®3,. The gas is subsequently
cooled by the solid phase from ®3, to ®3;, exiting the porous matrix at the adiabatic flame temperature as
required by the first law. Non-dimensional axial temperature profiles of the gas phase within the matrix are
plotted in Fig. [0a] for ¢ = ¢ and a range of ¢, showing the effect of the matrix in increasing the preheating
and flame temperatures, where the curve for + = 0 corresponds to the base case without a porous matrix.
The figure shows that the model correctly captures the base case temperature profile, such that no excess
enthalpy combustion is achieved without a porous matrix. Furthermore, as ¢ — oo, an asymptotic level of
preheating is reached where 83, ~ 03, and 03, ~ 203, —03,, which was predicted from the analysis of Sec. @
for the ideal case where A1, Ay — 0.

An example of a dimensional gaseous temperature profile within the porous matrix is shown in Fig. [0b}
]T

The set of mechanical and radiative porous matrix properties x = [As,l,€,ex, Kr,dpm,drc]” was selected

based on those used in previous numerical and experimental studies [12],

X = [8.7W/(m - K), 76.2mm, 0.8, 0.9, 0.686m ", 0.39mm, 2.54mm]T ,

where dpy and drc are the pore diameters of the preheating and recirculation segments, respectively. The
value of K employed represents the average of those obtained for the two matrix segments, and ey was
taken from [35] for silicon carbide. Assuming pux = 0, and using the mass flux of Sec. t =~ 0.05 and
0 ~ 1.38. The effect of the Brayton cycle can be seen in the increase of T;3, with decreasing ¢; this effect

alone was shown in Sec. to be insufficient for stabilizing combustion below ¢q.

5.1. Pressure Drop in Matriz-Stabilized Combustion

A matrix-stabilized combustor does not require the turbulent swirling flow field most combustor designs
[3] employ for flame stabilization and therefore does not incur the associated pressure drop. Instead, frictional

losses are incurred from flow through the porous matrix, as governed by the Darcy-Forchheimer equation

[36]
dp RT M(T) 7 1
_ — 2

o p(K1m+K2m (32)

where x is the bulk flow direction, p(7T') is the temperature-dependent dynamic viscosity and ideal gas
behavior has been assumed. The constants K; and K are the intrinsic permeability and the non-Darcian
drag coefficient, which are functions of the matrix geometry [37]. Since Eq.[32|is a function of temperature
both explicitly and through g, it cannot be integrated without the complete axial temperature profile in the
porous matrix T'(x), which is not available from the current thermodynamic analysis.

It has been shown experimentally and through numerical simulation in [I2] that the pressure drop due
to matrix-stabilized combustion does not exceed 2.5% for the matrix properties x of Sec. |5/ and mass flux of
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Figure 9: Gas phase temperature profiles for matrix-stabilized combustion:
parametric variations in thermal transport parameter ¢ and (b) dimensional temperature profiles for variations in equivalence
Dashed lines are for

(a) non-dimensional temperature profiles for
ratio ¢. Abscissa gives thermodynamic states in porous matrix but does not provide a length scale.

visualization and do not imply a particular temperature profile between states.

Sec. [3:2] at atmospheric conditions. Recent experiments using similar matrix properties and mass flux values
performed at pressures of up to 8bar exhibited even lower combined pressure losses [38]. For the purposes

of this analysis, it is conservatively assumed that the pressure drop across the matrix is constant at 5% such

that m, = mtpgmeopmre = 0.95, where mpy and wre are the frictional pressure loss ratios in the preheating

and recirculation segments, and 7 is the Rayleigh loss due to combustion.

5.2. Open Brayton Cycle with Matriz-Stabilized Combustion
Analysis analogous to that of Sec. is performed for a Brayton cycle employing matrix-stabilized

combustion. From the first law of thermodynamics, so long as combustion remains locally fuel-lean such

that Eq.[2|holds, then Egs. |§| also hold. For a given set of parameters {®2, ¢, 1, ¢, £}, the specific combustion

process cannot affect the post-combustion state ®3,. Rather, the use of matrix stabilization changes the
The effect of matrix-stabilized

range of accessible parameters given combustor stability considerations.
combustion on the Brayton cycle considered in Sec. |2]is shown in Fig.
From Fig. it is evident that for the same ¢, the Brayton cycle employing matrix stabilization
has a maximum temperature in excess of the combustor exit temperature T;3p, to which the preheated gas
temperature T}3, is comparable. Figure[I0D|illustrates the effects of matrix stabilization on pressure, namely

the pressure loss across the preheating section, followed by isobaric heat addition in the thin combustion

zone and pressure loss across the recirculation section. Figure [10] therefore represents the major changes to

the Brayton cycle brought about by matrix-stabilized combustion, namely the creation of a preheated state

®3, and an excess-enthalpic combusted state ®3,,.
18
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Figure 10: Effect of changing global equivalence ratio ¢ while maintaining a constant turbine inlet temperature 734 on open
Brayton cycle with matrix-stabilized combustion, 8 = 0, m, = 1%, = 7%, = 0.95, ¢ = {0.9,0.9,0.95}, « = 0.05, § = 1.38,

pr =0.

5.3. Preheating Temperature and LFL

The most important effect of the porous matrix on the thermodynamic cycle is the preheating of the
reactants to T}3,, as this results in the reduction of LFL as per Eq. The dependence of T}z, on ¢ and
d can be seen in Fig. [[Ta] showing that the greater the effectiveness of the porous matrix, the greater the
level of reactant preheating. As was described in Sec. LFL for methane is determined uniquely by
the unburned gas temperature for a large range of pressures. The empirical correlation of Eq. can be
rewritten as the ratio of X yr; achieved with matrix-stabilized combustion to the reference condition of
Sec. [2] using Eq. since ¢q is assumed to be at the lean limit, as in Sec. Solving for the lean limit
global equivalence ratio that is achieved at ®3, through matrix-stabilized combustion ¢.,i,, the following

expression is obtained in terms of T}3,

—-n s —n] !
¢min _ (1 - /8) ( TtSw ) 1_ (bOfst ( Tt?m ) (33)
¢o  1—F+¢ofst \Ti3ao 1— B+ dofst \Ttsa0
where Ti34,0 18 T3 Obtained from Eq. [6a] for ¢ = ¢o. From Eq. however, Ty3, is itself a function of ¢.

Thus, Eq.[33]can be solved iteratively together with Eq.[24]to obtain ¢, as a function of ¢ and §, the results
of which are plotted in Fig. As expected from Fig. LFL is reduced with increasing porous matrix

effectiveness, with lean limit extension reaching an asymptotic limit of approximately ¢,,in/d0 =~ 0.68. For
¢o = 0.3, this amounts to an extension of the combustor LFL by 32%. Figure clearly shows that, for a
wide range of operating conditions and matrix properties, matrix-stabilized combustion does in fact reduce
LFL below that achievable without heat recirculation, and can thus be used to achieve the efficiency gains
obtained from leaner engine operation. It is further noted that the lowest ¢;,;, achieved using matrix-
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stabilized combustion is greater than the autoignition limit described in Sec. and thus the lean limit
extension will not result in autoignition at ®j3,, assuming that the preheating section is designed with

sufficiently small pores such that flame propagation due to autoignition is inhibited by thermal quenching
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@/Po =1 combustion

Figure 11: Parametric variation of matrix-stabilized combustion system behavior with porous matrix design parameters ¢ and

§ with px = 0.

5.4. Effect of Matriz-Stabilized Combustion on Cycle Thermal Efficiency and Emissions

As was discussed in Sec. 2] and shown in Fig. reduction in ¢ while maintaining constant T34 results
in improved 7. The results shown in Fig. were used to obtain a map of 7, as a function of ma-
trix parameters and turbomachinery efficiencies. For a given set of matrix parameters ¢ and 8, ¢ Was
obtained, the corresponding 7, was calculated for a given set of 1. and 7;, and was normalized by the
corresponding nominal efficiency 7,0 obtained at ¢o. The results of this are shown in Fig. Application
of matrix-stabilized combustion to the Brayton cycle considered was found to result in improvements in
cycle efficiency of up to n,/mn,0 = 1.2 in the case of isentropic turbomachinery. This corresponds to an
absolute improvement of 11% compared to the nominal design considered due to lean limit extension. For
non-ideal turbomachinery efficiencies (n.,7:) = (0.9,0.9), an improvement of of up to n/mn,0 = 1.06 was
obtained, corresponding to a 2.5% efficiency gain compared to the nominal design. In the case of non-ideal
turbomachinery efficiencies, the maximum gain in 7y, occurs along a finite contour of matrix parameter
values due to the efficiency maximum of the non-ideal system with reducing ¢, seen in Fig. This is in
contrast to the case of isentropic turbomachinery, where the maximum efficiency gain occurs at the asymp-
totic limit of lean flammability limit reduction with increasing porous matrix effectiveness, as can be seen
by comparing Fig. [[Ib] and Fig. [fal These results show that for an engine employing a matrix-stabilized
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combustion system, the porous matrix and engine turbomachinery can be designed in tandem such that
for a given operating condition, an optimal reduction in LFL and thereby a maximum increase in 7, is
obtained.

The effect of operating at a reduced ¢ using a matrix-stabilized combustion system on NO, and CO
emissions requires spatial resolution of the interactions between gas and solid phases beyond the thermody-
namic treatment given in this study. The formation of these pollutants is highly dependent on residence time
in zones of elevated temperature [39]. It has been shown experimentally that matrix-stabilized combustion
results in low NO,, and CO emissions in gas turbine engines [13] and that these can be further diminished by
reducing ¢ at constant pressure due to reduced residence times [I1]. When maintaining a constant T34, Fig.
shows that reduced ¢ with increased combustor inlet temperatures and pressures result in reduced emissions
in lean premixed combustors not employing matrix-stabilization. These results, however, do not take into
account the preheating and quenching effects of the porous matrix, to which NO, and CO emissions are
sensitive. Emission profile measurements in recent experiments of matrix stabilized combustion at elevated
pressures and reactant temperatures have been shown to support these trends [38], with significant reduc-
tions in NO, emissions with reduction ¢. Quantitative discussion of emissions profiles, however, requires

detailed simulations and further experimental analysis beyond the scope of this study.
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Figure 12: Effect of applying matrix-stabilized combustion to a Brayton cycle on thermal efficiency 7, as a function of porous

matrix design parameters ¢ and §, with px = 0.

6. Discussion

6.1. Efficiency versus Specific Work

Although this analysis has focused on 7y, engine designers must also consider the air-mass-specific net
work w = Wi, /M. Since engines are generally designed to produce a certain power output, a reduction
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in w results in a need for larger turbomachinery with greater air throughput to achieve the same power.
Though less critical in stationary power generation, engine size (and consequently weight) is a key factor in

aerospace propulsion. From Egs. [2 and [4]
w = nn¢fst LHV, (34)

which for a constant ), ¢ and £ is uniquely a function of ¢. The variation of w with ¢ is shown in Fig. [I3]
The dependence of 7, on ¢ is expressed in Eq. [7] and illustrated in Fig. which shows that a reduction in
¢ results in an increase in 7;,. Thus, in Eq. the effects of reduced ¢ and improved 7y, are in competition.

Figure [I3] shows the effect of reduced ¢ on w. From the figure, it is evident that although the proposed
reduction in ¢ results in efficiency gains, these gains would have to be realized through a larger engine due to
reduced specific work. However, the dependence of w on ¢ is non-monotonic, and thus with careful selection
of the cycle parameters, the ¢ for which w is a maximum can be modulated to lessen the reduction in w

incurred.
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Figure 13: Effect of changing global equivalence ratio ¢ while maintaining a constant turbine inlet temperature T4 on cycle

air-mass-specific net work w.

6.2. Efficiency versus Pressure Losses

As was noted in Sec. quantitative consideration of pressure drop requires spatial resolution of the
flow field, and thus the present discussion of the effect of pressure drop on efficiency is limited to a qualitative
one. Considering Eq. for a constant mass flux, increased temperatures in the matrix result in increased
frictional losses due to the temperature dependence of the coefficient RT/p as well as that of viscosity. The
pressure drop across the combustor Ap can be estimated as Ap ~ —[ - dp/dz, showing that frictional losses
increase with matrix axial length. However, from Eq. [26]it can be seen that reduction in axial length results
in an increased matrix effectiveness since ¢ ~ 1/1, thus increasing gas temperatures within the matrix, but
allowing operation at leaner equivalence ratios at higher pressure ratios. It is also clear from Eq. [32] that
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dp/dx ~ —1/p, and pressure losses in matrix-stabilized combustion are therefore expected to reduce with
increasing combustor inlet pressure. This has been shown experimentally [38] for methane and heptane
fuels at pressures up to 20bar. The design and optimization of a matrix-integrated Brayton cycle, therefore,
requires the simultaneous consideration of the effects on 7, due to losses from Ap and gains due to operation

at a reduced ¢.

6.3. Efficiency versus Radiative Heat Losses

Throughout this work, the effect of heat losses on 7, have been neglected. Although this assumption
is reasonable for conductive and convective heat losses in a conventional Brayton cycle analysis, heat losses
in matrix-stabilized combustion arising from solid radiation can be considerable if steps for its mitigation
are not taken, and are quantified for axial heat losses arising at the ends of the matrix using the parameter
pr in Sec. [d This section seeks to quantify the critical level of radiative heat loss which results in the
superadiabatic system no longer providing improvement in 7. It is assumed that no steps to mitigate
radiative heat losses were taken. From Eq. the mass-specific total radiative heat loss ¢joss = ngss /M3a

is written in non-dimensional form as
Eloss = L(SMK [(egl - ega) + (9%«2 - 92)] (35)

where Zjoss = Qoss/(cpTi2). From Eq. it is clear that for a given set of matrix effectiveness parameters
¢ and 6, radiative heat losses are directly proportional to pg, with matrix temperatures functions of ux
through Egs. 24]

Radiative heat losses affect 7y, in two ways. Firstly, heat losses reduce the product stream temperature
exiting the combustor. The effect of this temperature reduction on 7y, is clear from Eq. [7] namely any
reduction in T4 directly reduces efficiency, as was noted in Sec. 2.3] Secondly, the heat losses reduce the
amount of heat available for recirculation and hence reduce reactant preheating. This reduces LFL extension,
and thereby reduces efficiency. Here the combined effect is considered, namely by determining the level of
radiative heat loss, quantified by py, which eliminates any increase in 7 attained through matrix-stabilized

combustion, expressed as ik |n,, = This is done for engine cycles which were initially optimized through

Neh,o°
lean limit extension for given values of + and § when neglecting heat losses. Figure [14] shows the effect of
radiative heat losses as a function of ¢ and § for both non-ideal and ideal turbomachinery. In both cases, the
figure shows that radiative heat losses are strongly dependent on both ¢ and ¢, although dependence on ¢ is
less significant at small values of §. Of practical relevance is that with increasing matrix effectiveness and
thus lean limit extension, efficiency gains become more sensitive to jz, with values as small as pg ~ 1074

sufficient to eliminate efficiency gains for (¢,0) ~ (1,1). Thus, the design of a gas turbine Brayton cycle

taking advantage of the increased efficiency achievable through lean limit extension using matrix stabilized
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combustion must carefully consider the effects of solid radiation from the matrix, including measures to

minimize it.
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Figure 14: Effect of radiative heat losses on Brayton cycle thermal efficiency as a function of porous matrix design parameters
vand 6. pilny,=n, n.o denotes the level of radiative heat loss, parametrized by p g, which results in no efficiency gain relative

to the nominal cycle i.e. ni, = n¢n0-

6.4. Practical Considerations

The effect of combustion product stream dilution on 7, was not considered in Eq. [7} and the dilution
ratio B was considered constant in this work. However, the reduction of 8 results in a reduction in the local
combustor equivalence ratio as per Eq. [3] Given that engines are designed to operate near LFL, reactant
preheating would be required to stabilize a combustion system with reduced dilution. As with the reduction
in global equivalence ratio, this is achievable using matrix-stabilized combustion. The reduction of 8 would
then result in reduced stagnation pressure losses due to the flow of cooling air through combustor liner holes,
improving 75, and could be quantified through a more detailed analysis.

The analysis of Sec. [5] assumed that the combustor was adiabatic, and thus pux = 0 in the matrix-
stabilized combustion model. Section|6.3|showed the significance of radiative heat losses for thermal efficiency
in the matrix-stabilized system. Such heat losses can also be detrimental to the components near the porous
matrix due to increased thermal loading and associated material degradation. Engine designs must therefore
seek to mitigate radiative losses from the matrix, and furthermore must take into account the effect of incident
thermal radiation on the longevity of components within the engine exposed to the matrix.

In Sec. [3] two modes of combustor instability were considered, namely flame-out at the lean flammability
limit and flashback due to autoignition. In the design of combustion systems, dynamic modes of instability
due to thermoacoustics are a key concern. Thermoacoustic instability in swirl-stabilized combustion cham-

bers has been shown to be reduced by the use of porous inserts within the combustion chamber [40]. In one
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configuration tested experimentally, fully matrix-stabilizated combustion was found to reduce the propensity
for thermoacoustic instability [I3], but further study is necessary to definitively assess this effect.

Finally, the proposed reduction in ¢ and increase in 7. result in a significant increase in T3 according to
Eq.[6al Such high pressures and temperatures may lead to hardware difficulties. Greater mechanical stress
would be placed on engine components and coking may occur on nozzles, issues which would have to be

mitigated in the design process.

7. Conclusions

A system-level thermodynamic analysis of the effects of fuel-air equivalence ratio on the performance
of a gas turbine engine operating according to an open Brayton cycle was performed. It was shown that
reduction in ¢ results in efficiency gains when turbine inlet temperature is held constant and pressure ratio
is increased. However, it was further shown that redesigning engine cycles in this manner is inhibited by
combustion stability considerations, specifically that of flame-out due to operation below LFL for premixed
combustion. Matrix-stabilized combustion was proposed as a means of preheating fuel-air mixtures to
achieve flammability and thereby to extend LFL and enable more efficient cycle performance. A novel
thermodynamic model of combustion in porous media was developed, and was used in conjunction with a

Brayton cycle analysis to quantify the expected gains in efficiency. Key results of the analysis include:

e Matrix-stabilized combustion enables the extension of LFL due to heat recirculation parametrized by

non-dimensional groups of matrix properties ¢, § and pg, defined in Eq. 26]

e Combustion stability in a porous matrix at LFL is controlled by the preheating temperature Tis,, a

function of the heat recirculation within the matrix

e Cycle efficiency can be improved significantly through matrix-stabilized combustion due to its reduction

of LFL, relaxing the restriction on ¢ and thereby allowing for a higher 7. and lower 3

e For the engine parameters considered, matrix-stabilized combustion is shown to result in efficiency
gains of up to 11% and extension of LFL by up to 32% while enabling reduced emissions of NO, and
CO

Future work includes the extension of the analysis to advanced turbofan engines employing lean premixed
combustion, as well as detailed comparison of the results of the matrix-stabilized combustion model with
the results of atmospheric and high-pressure experiments and simulations. With regard to the practical
application of this concept in gas turbine engines, demonstration of the durability of the matrix material
is a key requirement. Further cycle efficiency improvements may be obtained through the variation of the
relative lengths of the matrix sections to minimize pressure drop while maintaining combustion stability, and
may be used in conjunction with high-pressure matrix-stabilized combustion emission data in cycle design.
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