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ABSTRACT
A dynamic combustor model is developed for inclusion into a
one-dimensional full gas turbine engine simulation code. A fluxdifference splitting algorithm is used to numerically integrate the
quasi-one-dimensional Euler equations, supplemented with species
mass conservation equations. The combustion model involves a
single-step, global finite-rate chemistry scheme with a temperaturedependent activation energy. Source terms are used to account for
mass bleed and mass injection, with additional capabilities to handle
momentum and energy sources and sinks. Numerical results for
cold and reacting flow for a can-type gas turbine combustor are
presented. Comparisons with experimental data from this
combustor are also made.

INTRODUCTION
Due to the inherent dynamics of the fluid system, the transient
performance of a gas turbine engine can differ significantly from
that predicted from quasi-steady operating assumptions. The
consequences of these dynamics can be quite dramatic, including
unexpected crossing of the compressor surge line while transitioning
between operating points. Beyond the surge line, compressor
rotating stall and surge serve as the forcing functions for a complex
dynamic interaction between the engine components. These
unsteady operating cycles are of particular interest, as they result in
substantially reduced performance and durability. Recovery from
rotating stall and surge is an important issue facing the gas turbine
designer, since it is impossible to guarantee that an engine can
avoid such behavior during its operational lifetime. Because of this,
significant efforts have been made to accurately simulate the
performance of a compressor undergoing a surge transient (Hale and
Davis, 1992). As these techniques have matured, the focus
increasingly has shifted toward extending these methods to
encompass the entire engine, and thus capture the important
compressor-combustor interactions that occur during engine surge
(Garrard et al., 1995; Garrard, 1995). One of the more challenging
tasks in this effort is the modeling of combustor behavior..
In the earliest days of gas turbine engine development,
combustor design was regarded as somewhat of a 'black art,'
typically involving labor intensive parametric testing. As the 'art'
evolved into more of a science, rule-based design techniques relying

on experimental correlations became an important part of the initial
design phase (Lefebvre, 1983). More recently, as industry was
challenged by ever more stringent requirements for performance and
emissions, advanced computational modeling has played an
important role in the design sequence. Ideally, a combustor model
would address the actual physical processes, including the effects of
three-dimensional, turbulent, viscous, reacting flow. Unfortunately,
such models require vast computational resources that prohibit their
use as a design tool. As a result, numerous efforts have been made
over the past 35 years to produce simplified models to predict gas
turbine combustor performance (Lefebvre, 1983). These models and
numerical techniques have primarily focused on the simulation of
steady flow in combustors. with particular emphasis in the past 20
years on pollution (Mellor, 1976; Gupta and Lilley, 1994).
Considering the modeling difficulties experienced in steady flow, it
is not surprising that little effort has been directed on addressing
the added complexity of the transient behavior of the combustor.
Unfortunately, the limited knowledge in this area has proven a key
difficulty in modeling dynamic gas turbine engine behavior.
especially post-stall dynamics.
Pryzbylko (1985) identified the important role the combustor
played in determining an engines ability to recover from surge. He
also presented one of the first discussions concerning modeling
efforts in post-stall engine dynamics which addressed the desired
features of a post-stall dynamic combustor model. Coincident with
Pryzbylko's discussion of transient engine modeling, Davis (1986)
modified a one dimensional time dependent stage-by-stage axial
compressor model to describe the behavior of a high-speed
compression system during post-stall events. This model was finitevolume based, and solved the one-dimensional Euler equations. It
incorporated a time-lagged source term treatment to provide a
dynamic stage characteristic in the rotating stall region. This
treatment alleviated the problems associated with applying the
quasi-steady assumption to events such as rotating stall and surge
which were primary concerns of Pryzbylko.
To capture the effect of the combustor on system stability.
further refinements of this model introduced a set of control volumes representing the combustor geometry. Heat released from the
reaction was evenly distributed throughout the entire combustor
section, with the presence of a flame based upon fixed equivalence
ratio criterion. Similar to the approach taken for the compressor
model, an ignition delay was imposed which lagged the heat release
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during re-light with a time constant taken from experimental
measurements, analogous to the treatment of the turbomachinery
terms that were included.
Over the last decade. the work of Davis evolved into the
Aerodynamic Turbine Engine Code (ATEC) whose latest results are
presented by Garrard (1995). This type of model has demonstrated
its effectiveness in characterizing the dynamics of the gas turbine,
albeit with certain limitations. One of these limitations is the
accuracy with which the model can characterize the combustor
behavior. The simple quasi-steady heat release formulation
employed in the model has limited ability to accurately predict heat
release, flame-out, re-light, and fuel migration in the combustor.
Despite these limitations, the current models have shed new light on
the importance of the compressor-combustor interaction during the
engine surge event.
To improve the accuracy of such engine simulations, it is evident
that an improved combustor model is necessary. A key to producing
this improved model is the ability to model fuel transport, as this is
critical to the calculation of the local equivalence ratio. As this local
equivalence ratio is the basis for all of the empirical combustor
dynamic calculations of the ATEC model, in itself including fuel
transport would be a significant improvement. However, a
significant additional benefit of adding fuel transport modeling is
the ability to incorporate finite rate chemical kinetics which allows
for the prediction of both the magnitude and location of the heat
release due to combustion, thus removing significant empiricism
from the analysis.
The objective of the research discussed herein is to develop a
computational combustor model based on finite-rate chemistry for
incorporation into a dynamic gas turbine engine model. The goal of
the model under development focuses on characterizing the type of
dynamic events typical of aircraft engine operation. Initial
verification of this model was accomplished by comparison to stepcombustor studies (Costura et al., 1997). As favorable agreement
was achieved, computational studies herein are now focused on
realistic gas turbine combustor geometry. Specifically, the model
that is developed will be exercised against the geometry of a cantype gas turbine combustor currently being tested at Purdue as part
of this research effort.
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where p, u, E, P, Y and S are the density, velocity, total energy
(sensible, chemical and kinetic), pressure, i th species mass fraction,
and cross-sectional area. respectively. The source vector G contains
mass, momentum, energy and species source/sink rate terms per unit
length. In the conservation of mass equations (total and individual
species), Mb represents the mass transfer rate across boundaries
other than the inlet or exit (such as secondary or dilution air
addition), and

riz,„) represents mass addition due to fuel injection.

In the momentum equation. the first term is due to the crosssectional area variation, while the remaining terms are due to blade
forces (not used here), bleed momentum losses, flow losses, and
skin friction losses, respectively. In the energy equation, the source
terms represent shaft power (not used here), chemical energy
release. enthalpy gain due to mass addition and thermal energy
deposition due to ignition. respectively. In the species mass
conservation equation, the source terms represent mass addition due
to dilution air and fuel injection, and the chemical production term.
Under the assumption of an ideal gas mixture and cold air-standard
assumptions, the equation of state is:
p2,2

P=

Governing Equations
The unsteady quasi-one-dimensional Euler equations,
supplemented with the species mass conservation (neglecting
molecular transport) are numerically integrated using a first-order,
characteristic-based, explicit finite-difference method (Kneile and
Hale, 1995). The governing equations, expressed in vector
conservative form, are:
+—=
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where y is the ratio of the specific heats.
The formulation and major assumptions of the model are made
to be consistent with the ATEC approach and may be extended and
relaxed in future work.
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As the objective of this work is to develop a dynamic combustor
model for incorporation into the ATEC fill gas turbine engine
simulation code, the same modeling philosophy and numerical
approach used in ATEC (Garrard, 1995) is employed here. The
model is then evaluated on the geometry from a can type gas turbine
combustor which has been tested at Purdue (Costura, 1997).
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Hydrocarbon fuel combustion is modeled with a single-step,
global chemical reaction mechanism based upon the work of
Westbrook and Dryer (1981), which is of the form:

C,Hy +(x+ y / 4)02 —> xCO2 +(y12)H20

(6)

After testing numerous mixtures of fuel and oxidizer. Westbrook
and Dryer were able to develop a set of reaction rate parameters
which provided excellent agreement between experimental and
predicted flame speeds and flammability limits. The reaction rate
equation used takes the form of the Arrhenius equation :
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where the parameters .R.. A, Ea, a, and b represent the universal gas
constant, pre-exponential factor, activation energy, and
concentration exponents respectively. The last four terms are the
parameters that were adjusted to match experimental data
accumulated during their studies. The study performed by these
authors was primarily based upon temperatures in excess of 1000 K
which are typically encountered in steady flames. In transient
simulations, where ignition phenomena are important, using a
constant activation energy, EC can lead to undesirable results. Of
primary concern is the low temperature kinetics which dominate
during this period of the combustion process. Generally. in order to
describe an ignition event, significant modifications need to be
implemented to produce a stable solution (Winowich, 1990)
Ignition is dependent upon the formation of free-radical species
which develop as a result of the ignition source, usually a spark.
These free-radicals are not modeled in a global one-step combustion
mechanism because these species are simply intermediate products
which are subsequently decomposed as the reaction reaches, ideally.
completion characterized by the ultimate production of carbon
dioxide and water vapor. With their absence, there is no physical
mechanism for ignition delay which in term causes extremely rapid
increases in chemical heat release often driving computational
models to instability. Several methods have been proposed and
tested to overcome this weakness in the chemical model:
• Incorporation of a minimal number of additional chemical
reactions. Typically at least 5-7 chemical equations involving
generally ten additional chemical species are necessary to have
the desired effect (Vlachos, 1996; Egolfopoulos et al., 1992).
A two-step chemistry mechanism which divides the overall
reaction rate into disparate temperature ranges. When the local
temperature is below a lower temperature threshold, a low
temperature global mechanism is used to model ignition events.
For high temperature combustion, typically over 1100 K. the
models use another single step global mechanism. Finally, while
in the region between the lower threshold and high temperature
regime, a representative average of the two rates is employed
(Kong and Reitz, 1993; Ayoub and Reitz, 1997).
Modification of one or more of the reaction rate parameters while
still using a single global chemical kinetics mechanism
(Winowich, 1990; Segal and Haj-Harra. 1994: Chitsomboon and
Notham, 1991).
In this study, the later method was chosen, as the primary
motivation for using a quasi-one-dimensional model is to balance

Numerical Approach. Numerical integration of the
governing equations is achieved using an explicit, first-order,
finite-difference approximation to the flux-split characteristic
form of he hyperbolic partial differential equations (Kneile
and Hale, 1995). The finite-difference equation for this
scheme s:
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where first-order Euler integration is used to advance the solution in
time. In this equation. the / matrices pre-multiplying the square
bracketed terms on the right hand side involve the eigenvalues of the
Jacobian matrix and the + and — superscripts indicate right-running
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the computational workload with the requirement for a physicsbased dynamic model. Thus. the inclusion of more than a halt:
dozen additional species conservation equations was not regarded as
a worthwhile investment of computational resources in this context.
And although the use of multiple global kinetics mechanisms over a
few temperature regimes does not increase the computational time
significantly, the
approach has been used principally' in
multidimensional analysis of complex flows.
Without any
documented efforts in one dimensional flows, the data base
presented in the literature was not directly applicable. Thus, upon
evaluation of the probability of success, this technique was viewed
with less enthusiasm than the single mechanism implementation.
The principle task in impelmenting the single global kinetics
method was to determine which particular parameter to vary.
Previous studies focused mainly on adjusting the activation energy
(Chitsomboom and Northam. 1991; Segal and Haj-Hariri. 1994) and
pre-exponential terms (Winch% ich. 1990). Aly (1991) varied each of
these parameters for a generic Arrhenius equation, and studied the
effect upon the reaction rate. It is important to note that aside from
ignition, a steady state physical characteristic needs to be addressed.
namely the distribution of the reaction zone. Reaction models arc
calibrated to provide an accurate comparison to experimentally
measured flame thickness. The flame thickness measured however.
is usually based on an opposed jet flame experiment for which the
flame is a thin sheet rather than the distributed shape present in a
combustor or afterburner. My found that modi61ng either the preexponential factor or activation energy spreads the reaction zone as
they are decreased and increased respectively. This demonstrated
that modi6ing either of these parameters would produce the desired
stretching of the flame as well as compensating for the ignition
effects. Thus, the choice was narrowed down to two parameters:
activation energy and the pre-exponential factor. Ultimately, a
parabolic dependence of the activation energy on temperature was
selected, primarily because the reaction rate is more sensitive to
changes in activation enery than changes in the pre-exponential
factor. The parabolic relationship was clipped to a constant value
below a critical low temperature limit and above a high temperature
limit (500 K and 2500 K in these studies).

Combustion Model.

combustor. The velocity decreases as the flow enters the difinser
and again when the flow is split before it enters the swirlers and the
primary zone. The velocity increases as fuel is injected and as air is
reintroduced into the combustor through the liner holes. The
velocity increases further as the flow enters the exhaust section and
exits the combustor at a slightly higher velocity than when it entered
due to the additional fuel mass.
Simulations of steady state reacting flow are next examined.
Initial conditions for this test case were identical to the cold flow
study with the exception of the dilution air splits. In this test case.
the three rows of the primary zone, and the three rows of the
secondary zone were lumped into one injection port for each group
with the amount of dilution air in each zone remaining the same as
the cold flow case.
At the beginning of the simulation fuel begins to be injected at a
constant equivalence ratio of 1.81 which approximates the primary
zone equivalence ratio calculated in the laboratory tests, and the
ignitor is activated to elevate the ignitor control volume by 200 K.
Figure 4 shows temperature profiles at 0.30 and 0.60 seconds for the
portion of the computational domain between x/L).4 and x/L=0.8.
Until the ignitor source term is deactivated at 0.30 seconds. the
solution reaches a steady state following the ignition event. When
the ignitor source term is removed, the primary zone temperature
decreases by 200 K as the flow reaches a second steady solution
indicated by the profile given at 0.60 seconds. The predicted exit
temperature is in good agreement with the experiments, with an exit
temperature between 650 K and 700 K observed in the data.
Figure 5 presents a trace of the total temperature at x/L0.56
which is located just downstream of the primary zone. Once again
the effect of turning off the ignitor is seen at 0.30 seconds, with the
temperature profile dropping nearly 100 K before becoming stable at
approximately 1300K. Since the primary zone dilution air has been
added, only 50 K of the temperature drop can be attributed to the
ignitor. The remainder of the temperature drop is due to a slight
shift in the temperature profile where the reaction zone has
elongated due to the absence of the preheat provided by the ignitor
source term. In other words, at this location the fuel is no longer
completely burned as it was in the previous steady state solution
presented at 0.30 s.

RESULTS AND DISCUSSION
The combustor liner geometry to be evaluated is shown in
Figure 1. This is a simple, swirl and cross jet stabilized can-type
combustor that is undergoing testing as part of this research effort.
The experimentally determined flow splits for this combustor are
presented in Table I, and further details on the geometry and
experimental data are given by Costura (1997). The combustor is
liquid fueled. In the experimental studies, the combustor was fired
with ethyl alcohol, due to the need for a high volatility fuel to
minimize the effects of spray quality. This introduces some error
due to the large latent heat of vaporization, however, which is not
currently modeled in the code.

Lean Blow Out Simulation
Results from a lean blow out simulation are achieved with initial
conditions identical to the previous test case with the ignitor source
term turned off at 0.30 seconds. At 0.40 seconds, the fuel injector
mass flow rate is reduced to decrease the equivalence ratio at a ratc
of 1.0 per second. A plot of the exit total temperature trace is given
in Figure 6. Over the period from 0.40 to 1.30 seconds, there is a
gradual decline in exit temperature as the fuel flow rate is
decreased. After a brief transient event at approximately 1.35
seconds, lean blowout is achieved at a primary zone equivalence
ratio of 0.8, as indicated by the sharp decline in exit temperature.
The exit fuel mass fraction trace also provided in Figure 6 indicates
the presence of unburned fuel as a result of the injector remaining
active until the end of the simulation.
Upon achieving lean blowout, a large disturbance is evident in
the mass flow rate which is presented in Figure 7. Following the
spike, a self-sustaining oscillation is evident with an approximate
frequency of 100 ii2. This may be explained by a brief reverse flow
event which occurs just upstream of the combustion liner where the
secondary air is extracted. This event causes the secondary air

Steady State Simulation
Numerical predictions for the experimental combustor
geometry under non-reacting (cold) flow conditions are first
examined. For this test case, the inlet total temperature, pressure
and mass flow rate are 311 K , 275.6 kPa. and 0.272 kg/s,
respectively. Injection of gaseous ethyl alcohol occurs just upstream
of the primary zone at a rate of 22.7 Uhr to coincide with the
experimental testing. Figure 2 shows the geometry, computational
grid and boundary conditions, where 161 uniformly spaced grid
points are employed in the simulations. The S and 1 indicators
correspond to the swirler and fuel injector locations. The numbers
indicate liner holes. The percentage of air which passes through the
swirler slots and the primary, intermediate and dilution liner holes
is measured in the laboratory and specified in the code. Losses
associated with the swirlers are not accounted for in this preliminary
test and the slot air injection is specified with zero streamwise
momentum. Constant inlet total temperature, pressure and exit
static pressure are enforced. Steady-state is achieved after 0.25 s.
Figure 3 shows the steady-state velocity distribution within the
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and left-running characteristics, respectively. Notice that the fluxes
are evaluated at the grid points whereas the / matrices and the
source term vector are evaluated at the cell interfaces. In order to
evaluate these quantities at the cell interface, variables are
approximated by an Roe averages (Hirsch, 1990). A stable time
step for the scheme is chosen as the more restrictive of a CFL based
time step and a chemistry based time step (Drummond, et al., 1996).
More details and a derivation of the method are given by Costura
(1997).
Boundary Conditions.
Characteristic-based boundary
conditions, extended for reacting flow, are enforced at the inlet and
exit of the computational domain (Kneile and Hale, 1995). At the .
inlet, total temperature, total pressure and species mass fractions are
specified. At the outlet, either static pressure, mass flow rate. or
Mach number are specified. Characteristic equations corresponding
to the outgoing characteristics at the exit, L e. the u and u+a (where a
is the sound speed), and outgoing characteristics at the inlet, L e. the
u-a. are computed based on a subsonic boundary assumption. The
boundary conditions are developed in order to be fully functional
with a full engine simulation, including events such as engine surge.
For this purpose, during reverse flow the inlet boundary condition is
transitioned to a static pressure boundary condition. Upon
resumption of forward flow, the upstream stagnation boundary
conditions are increased at a user specified rate until the values
match those specified before the reverse-flow event was encountered
(Garrard, 1995). Essentially, this is similar to a compressor
recovery in the full engine simulation.

CONCLUSIONS
A combustor model was developed to study gas turbine
dynamics. The model was tested for both cold and hot flow in cantype gas turbine combustor geometry. Comparisons to the available
experimental data were favorable. Results from the combustor
model and transient combustor test data show that:
(I) Cold flow simulations performed with the test combustor
geometry demonstrated the models ability to provide a stable
solution while diverting large quantities of mass flow required
to model the effect of flow splitting.
(2)
In addition to the detection of unburned filel and decreasing
exit temperature, lean blowout simulations showed
similarities to the behavior exhibited in the experimental
data.
In addition, the current studies have illuminated the need for a
revision of the current secondary mass flow model, as this proved
inadequate to provide accurate results for large scale flow
disturbances such as that resulting from lean blowout. In addition,
although adequate for a first approximation, the assumptions of
infinite mass transfer rate between the extraction and injection ports
and fixed flow split information in this model need to be reevaluated in the fixture. In order to alleviate these concerns, it
should be possible to parallel process the secondary air passage
using the extraction node as the inlet boundary and the final
injection port as the exit boundary. The intermediate injection holes
would then be calculated as bleed terms based upon the pressure
differential across the liner interface.
As a broader range of data from the experimental program
becomes available, it is foreseen to continue to exercise and develop
this model against that database, with a focus on rich blow out and
reverse flow events.
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Figure 2. Computational Grid, Physical Diagram and Boundary
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Figure 6. Exit Total Temperature Trace and Fuel Mass Fraction
Trace for the Lean Blowout Transient Test Case.

Figure 4. Total Temperature Profiles for Steady Reacting Flow
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Figure 5. Total Temperature Trace at x/L = 0.56 for Steady Reacting
Flow Test Case.

Figure 7. Exit Mass Flow Rate Trace for Lean Blowout Transient
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