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1. Motivation and objectives
The performance, efficiency, and stability of a gas turbine engine are significantly influenced by thermo-fluid dynamic interactions among the engine components. For example,
a small variation in fan blade wakes significantly influences the performance of the downstream compressor and leads to a significant change in mass flow rate; separation of
compressor wakes in the combustor pre-diffuser can induce combustion instability, and
unsteady high temperature streaks at the combustor exit cause thermal failure of turbine
blades.
The thermo-fluid dynamic interactions among engine components has been difficult
to predict and understand using experimental techniques. Although a computational
fluid dynamics (CFD) is considered a feasible alternative for predicting flow phenomena
related to the component interactions, such a study has been rarely attempted mainly
due to the requirement of tremendous computational resources and lack of numerical
methodologies capable of predicting multiple physical phenomena occurring throughout
the engine.
With the support of a U.S. Department of Energy Advanced Simulation and Computing program, the Center for Turbulence Research has overcome many of these difficulties
and successfully ran an integrated simulation of a 20◦ sector of a Pratt & Whitney gas
turbine engine, encompassing the fan, low- and high-pressure compressors, combustor,
high- and low-pressure turbines, and the exit nozzle as illustrated in Fig. 1.
The requirements for high-fidelity and high-performance simulation have been overcome by developing a variety of state-of-art computational algorithms and numerical
methods which are incorporated in an unstructured-grid large-eddy simulation (LES)
solver, CDP (Ham et al. 2006), and an unsteady Reynolds-averaged Navier-Stokes solver,
SUmb (van der Weide et al. 2006). Many challenges are encountered when attempting
to couple the low-Mach number variable-density Navier-Stokes equations (for flow in the
combustor) and the compressible unsteady Reynolds-averaged Navier-Stokes equations
(for flow in the fan, compressor, and turbine). These have been overcome with a computational environment, CHIMPS (Coupler High-Performance Integrated Multi-Physics
Simulation), which allows an accurate and efficient integration of multi-physics and multiscale phenomena. In this framework each of these solvers compute a portion of a given
flow domain and exchanges flow data at the interfaces with other solvers (see Alonso et
al. 2007). Recent progress on this simulation can be found in Medic et al. (2007).
The present paper focuses on understanding complex phenomena in the combustor
such as flow swirling, flow separation, turbulent mixing of main stream and dilution
cooling air, and hot combustion products including pollutants. The mixing and cooling
performance of a combustor dilution system can be implicated in thermal failure of the
downstream turbine. Accurate observations and quantitative measurements of these processes in real industrial configurations are difficult and expensive. Better understanding
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Figure 1. Computational approach for an integrated simulation of a gas turbine engine.
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of these flows for design modifications, improvements, and exploring fundamental physics
demands high-fidelity numerical studies in real industrial configurations. LES is considered attractive in predicting and understanding important flow features in combustors,
since it resolves large-scale energetic turbulent motions mainly associated with the largescale mixing and cooling. Kim & Syed (2004) and Mongia (2003) provide overviews on
the importance and role of LES in designing advanced gas-turbine combustors.
The accuracy and stability of numerical algorithms used for the present LES is achieved
by conserving discrete kinetic energy as well as mass and momentum. Geometric complexity of practical combustors is overcome by the use of unstructured grids. Systematic
validations of the present LES technique have been performed in the simulations of jets
in cross flow, a model combustor with fuel spray, and flow through a rig-configuration of
the Pratt & Whitney 6000 engine combustor. Some of these results have been reported
in Moin & Apte (2007).
In section 2, the computational methodology for simulating gas and liquid phase flows is
described. Results from LES of the Pratt & Whitney 6000 engine combustor are analyzed
in section 3, followed by concluding remarks in section 4.

2. Computational methodology
2.1. Numerical methods for gas phase
The numerical algorithm and solution methods are described in detail by Ham et al.
(2006) and Moin & Apte (2007). The main features of the methodologies are summarized
here. The spatially filtered governing equations for the gas-phase are
(ρg ),t + (ρg u
ej ),j = Ṡ m ,

(2.1)

(ρg u
ei ),t + (ρg u
ej u
ei ),j = (2µSeij ),j − (τij ),j − (p),i + Ṡ i ,

(2.2)

Combustion & Spray!
Instantaneous temperature iso-surfaces and liquid fuel spray droplets inside the
combustor chamber. LES of turbulent combustion with models for spray
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e ,t + (ρg u
e ,j ),j − (qZ j ),j + Ṡ Z ,
e ,j = (ρg α
ej Z)
eZ (Z)
(ρg Z)

(2.3)

e ,t + (ρg u
e ,j = (ρg α
e ,j ),j − (qC j ),j + ω̇ C ,
(ρg C)
ej C)
eC (C)

(2.4)

where the filtering operation is denoted by an overbar and Favre (density-weighted)
filtering by a tilde. ρg , ui , p, µ, and Sij are the density, velocity, pressure, dynamic
viscosity, and strain-rate tensor of gas-phase flow, respectively. Z and C are the mixture
fraction and progress variable, respectively, while αZ and αC are molecular diffusivities of
the corresponding scalars. ω̇C is the source term due to chemical reactions. The additional
terms in the continuity, Ṡ m , mixture fraction, Ṡ Z , and momentum equations, Ṡ i , are the
interphase mass and momentum transport terms, which are obtained from the governing
equations for spray droplet dynamics described in section 2.B. The unclosed transport
terms in the momentum and scalar equations are grouped into the residual stress τij and
residual scalar fluxes qZ j and qC j . The choice of the progress variable C depends on the
flow conditions and chemistry. Typically, the mass fraction of major product species is a
good indicator of the forward progress of the reaction.
The Cartesian velocity components and pressure are stored at the nodes of the computational elements. A numerical method that emphasizes discrete energy conservation was
developed for the above equations on unstructured grids with hybrid, arbitrary elements
(Ham et al. 2006). Controlling aliasing errors using kinetic energy conservation instead
of employing numerical dissipation or filtering has been shown to provide good predictive
capability for successful LES.
All terms in (2.1) are advanced using a second-order accurate fully-implicit method in
time, and are discretized by the second-order central difference in space. A bi-conjugate
gradient stabilized method (BCGSTAB) is used to solve the discretized momentum equations. The Poisson-type equation is solved by an algebraic multigrid method.
The combustion chemistry is incorporated in the form of a steady state one-dimensional
flamelet model as in the flamelet/progressive-variable approach of Pierce & Moin (2004).
The subgrid fluctuations in the mixture fraction, progress variable, and filtered combustion variables are obtained by integrating chemical state relationships over the joint
probability density function (PDF) of Z and C. For example, the filtered chemical source
term of the progress variable is given as
Z
ω̇ C = ω̇C (Z, C)Pe(Z, C)dZdC.
(2.5)
The joint subgrid PDF is modeled by writing Pe(Z, C) = Pe(C|Z)Pe(Z), where Pe(Z) is
modeled by the presumed beta subgrid PDF and the conditional PDF Pe(C|Z) is modeled
as a delta function. The governing equation for the mixture fraction in (2.1) consists of a
source term due to the evaporation of liquid fuel spray. By assuming a beta PDF for Pe(Z),
it is implicitly assumed that the timescale of evaporation is smaller than the timescale for
the scalar mixing. From these assumptions, the flamelet library is computed and subgrid
PDF integrals are evaluated to generate a lookup table which provides filtered variables
as
g
00 2 , C),
e Z
e
fe = fe(Z,
(2.6)
g
00 2 is the mixture fraction variance and fe is a filtered variable such as the species
where Z
mass fraction, temperature, dynamic viscosity, molecular diffusivities, and other properties required in the simulation. Nitric oxide (NO) formation is predicted by a model of
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Ihme & Pitsch (2007) that consists of the consideration of radiative heat losses and the
additional solution of a transport equation for the NO mass fraction.
In (2.1), the eddy viscosity and eddy diffusivities are evaluated using the dynamic
Smagorinsky model of Moin et al. (1991) while the subfilter variance of the mixture
fraction is evaluated by the transported-filtered density function approach of Raman et
al. (2005).
2.2. Numerical methods for liquid phase
The liquid-phase fuel spray is simulated in a Lagrangian framework with an efficient
particle tracking scheme on unstructured grids, which allows simulation of millions of
independent droplet trajectories. The droplet motion is simulated using a version of the
Basset-Boussinesq-Oseen equations:


ρg
dup
= Dp drop (ug − up ) + 1 −
g,
dt
ρp
dxp
= up ,
(2.7)
dt
where
3 ρg |ug − up |
Cd
,
4 ρp
dp
24
(1 + 0.15Re0.687
),
Cd =
p
Re

Dp solid =

(2.8)

and the Basset force and added mass terms are neglected by the facts that the density
ratio of the droplet to gas-phase fluid is about 103 , droplet sizes are smaller than the turbulence integral length scale, and that the effect of shear on droplet motion is negligible.
In (4) and (5), xp is the position vector of the droplet centroid, up is the droplet velocity, ug is the gas-phase velocity interpolated to the droplet location, ρp and ρg are the
droplet and gas-phase densities, and g is the gravitational acceleration. The expression
for solid-body drag in (2.8) is modified to account for droplet deformation and internal
circulation (see Moin & Apte (2006) for more details).
The injected liquid jet/sheet is approximated by large drops with size equal to the
initial annular film thickness. Then, a stochastic spray breakup model (Apte et al. 2003)
generates a broad range of droplet sizes depending on Weber numbers. In this model, the
characteristic radius of droplets is assumed to be a time-dependent stochastic variable
with a given initial size distribution. The breakup of parent drops into secondary droplets
is viewed as the temporal and spatial evolution of this distribution function around the
parent-droplet size according to the Fokker-Planck (FP) differential equation (see Apte
et al. 2003). As new droplets are formed, parent droplets are destroyed and Lagrangian
tracking in the physical space is continued until further breakup events.
Drop evaporation rates are estimated based on quasi-steady analysis of a single isolated
drop in a quiescent environment. Multiplicative factors are then applied to consider the
convective and internal circulation effects. The Lagrangian equations governing particle
mass and heat transfer processes are
d
(mp ) = −ṁp ,
dt
d
mp Cpl (Tp ) = hp πd2p (Tg − Tp ) − ṁp ∆hv ,
dt

(2.9)
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Figure 2. (a) Pratt & Whitney gas turbine engine combustor and (b) schematic diagram of flow
configuration. The combustor geometry presented in this paper is scaled with arbitrary aspect
ratios.

where ∆hv is the latent heat of vaporization, mp the mass of the droplet, Tp the temperature of the droplet, and Cpl the specific heat of liquid. The diameter of the droplet
1
is obtained from its mass, dp = (6mp /πρp ) 3 . The effective heat transfer coefficient hp
is defined as hp = ks (dT /dr)sg /(Tg − Ts ), where ks is the effective conductivity of the
surrounding gas at the droplet surface and the subscript s stands for the surface of the
droplet.
Performing spray breakup computations using Lagrangian tracking of each individual
droplet gives rise to a large number of droplets (≈ 20 − 50 million) in localized regions
very close to the injector. In this study a novel hybrid particle-parcel scheme has been
developed and is employed to effectively reduce the number of particles tracked and yet
properly represent the overall spray evolution (see Moin & Apte (2006) for details).

3. Flow configuration
The simulation is performed at cruise condition for a single injector shown in Fig. 2,
which represents a 20◦ sector of the full combustor. The computational domain consists
of pre-diffuser, fuel injector, swirler, and inner and outer dilution shrouds and holes. Liner
cooling of the combustor chamber walls is modeled as transpiration boundary conditions.
The Reynolds number based on inlet conditions and a reference length scale of 1 inch is
around 500,000 and becomes 150,000 in the main (core) swirler channel.
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Air flow
QI mass flow rate at the inlet of diffuser
Qe mass flow rate extracted through the casings
= 23.15%QI
QIE mass flow rate inside combustor chamber
= QI − Qe = 76.85%QI
QL mass flow rate through the liner = 24.3%QIE
QF mass flow rate through the injector = 8.67%QIE
Liquid fuel spray
fuel-air-ratio= far = 0.027
stoichiometric coefficient= far/0.068 = 0.395
mass flow rate= 0.019 kg/s
axial velocity of fuel injection= 3.56 m/s
tangential velocity of fuel injection= 3.56 m/s
Table 1. Boundary conditions for air flow and liquid fuel spray.
Liquid fuel (Jet-A) is injected into the combustion chamber through an annular opening
at the injector exit. These drops are convected by the surrounding hot air, then break
and evaporate. The fuel vapor is mixed with the surrounding air producing non-premixed
spray flames. The flow parameters for both gas- and liquid-phase flows are summarized
in Table 1.
Two computational grids consisting of 3 million and 24 million hybrid elements are
employed. The time step size is about 1 − 1.2 micro-seconds for both mesh cases. In the
3 million mesh case, a combustor-flow-through time is about 14 hours on 80 CPUs of
a 2.4GHz Intel XEON cluster, while, in the 24 million mesh case, it is about 19 hours
on 512 CPUs of an 1.9 GHz IBM Power 5 at Lawrence Livermore National Laboratory.
About 10 combustor-flow-through times are required to obtain first and second-order
statistics.

4. Results and discussion
4.1. Gross features of flow field
Gross features of reacting flow in the combustor are illustrated in Fig. 3, which shows
an instantaneous snapshot of iso-surfaces of temperature and fuel sprays swirling with a
conical distribution. The reacting flow simulation was started by first simulating nonreacting flow with spray undergoing breakup. Once spray particles are sufficiently injected
into the chamber, the air-fuel mixture is ignited to start a reacting flow simulation. Then
the total number of spray particles becomes statistically steady by the balance between
spray evaporation and injected fuel flow rate and breakup.
Compressed air enters the pre-diffuser of the combustor and is split to enter in part into
the swirler and in part into the inner and outer dilution shrouds. As shown in Fig. 4(a),
the swirling flow near the injector generates helical motions of vortical structures and
flow reversal in the core of the swirling flow. Multiple dilution jets are produced through
the lower and upper dilution holes by the pressure difference between the dilution shrouds
and combustor chamber. The mean temperature is found to be drastically reduced by
the dilution jets as shown in Fig. 4(b), while high temperature fluctuations are especially
noticeable along the dilution jets (Fig. 4(c)).
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Figure 3. Snapshot of iso-surfaces of temperature and fuel sprays.
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Table 2: Averaged meant temperature and NO mole fraction at the combustor exit plane.
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Experimental data by Pratt & Whitney.

4.2. Validation
The inflow entering the pre-diffuser is split through the front end swirler and outer
dilution (OD) and inner dilution (ID) shrouds. The flow splits predicted by the present
LES are found to be less sensitive to mesh resolution and are in excellent agreement with
experimental data as shown in Fig. 5.
The normalized temperature profile averaged over the time and circumferential direction at the combustor exit plane is in close agreement with the experimental data as
shown in Fig. 6. The LES predict a rise in temperature near the outer casing of the
combustor similar to the experimental data. It is found that the temperature profile
predicted on a 24 million mesh is closer to the experimental data near the outer casing.
As summarized in Table 2, the time and plane averaged temperature at the exit plane
is predicted to be 4% and 2% higher than the experimental value in the 3 million and 24
million mesh cases, respectively. The NO mole fraction predicted on a 24 million mesh is
also in reasonable agreement with the experimental value.
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Figure 4. Contour plots of (a) the mean axial velocity, (b) mean temperature, and (c) rms
temperature in the symmetry x − y plane. Red (blue) colored regions correspond to high (low)
magnitudes of velocity, temperature, and rms temperature. Figures are distorted.
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Figure 5. Flow splits in the combustor. Black: LES on 24 million mesh; brown: LES on 3
million mesh; gray: experiment.

e formation of swirling flow

4.3. Turbulent mixing and cooling
As shown in Fig. 7(a), near the injector, the flow field is dominated by swirling large-scale
coherent vortical structures with high temperature. The large-scale swirling coherent
vortical motions are destroyed once the swirling main stream encounters cross-stream
dilution jets introduced from upper and lower dilution holes (Fig. 7(b)). The present LES
indicates (not shown in this paper) that derivatives of the mean radial and circumferential
velocity components dominate turbulent kinetic energy production in the mixing zone
of main stream and dilution jets. Influenced by the dilution-jet mixing, at the exit of
the combustor as shown in Fig. 7(c), the velocity field is mainly characterized as small-
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Figure 6. Mean temperature profile at the exit plane of the combustor. Solid line, LES on a
24 million mesh; dashed line, LES on a 3 million mesh; circle, experiment.

scale less coherent flow motions, while the temperature field is dominated by intermittent
large-scale high temperature flow structures.
4.4. Influence on downstream turbine
The large-scale high temperature flow structures have a direct influence on thermal safety
of the downstream turbine. A thorough understanding of the mean and turbulent characteristics of the exit temperature is, therefore, essential in designing a highly efficient
turbine cooling system. The present LES indicates that, in the the present combustor
configuration, the downstream turbine blades should be prepared for the peak mean
temperature around the mid-span region as shown in Fig. 8(a). At the same time, significant temperature fluctuations are observed near the casings of the combustor as shown
in Fig. 8(b). These peak rms values at hub and tip gap may have implications on the
thermal fatigue of turbine blades.

5. Conclusions
LES of turbulent reacting flow in a gas turbine engine combustor has been performed
to elucidate mechanisms of turbulent mixing and cooling and potential implications on
thermal issues of the downstream turbine. Detailed chemical reactions, spray dynamics,
and the interaction between gas- and liquid-phase flows have been predicted on a coupled
Eulerian (for gas-phase flow) and Lagrangian (for liquid phase flow) framework equipped
with a flamelet/progress-variable approach for combustion. Mesh resolution effect on
the LES solution has been examined by employing two different meshes consisting of 3
million and 24 million elements. Flow and temperature fields at the exit of combustor
are reasonably well predicted even on a coarse mesh (3 million elements) while more
detailed flow features such as swirl flow and dilution-jet mixing are better captured on
a finer mesh (24 million elements). Flow splits through the combustor and the mean
temperature, temperature profile, and NO mole fraction at the exit of the combustor
are predicted to be in favorable agreement with experimental data. The present study
suggests that turbulent kinetic energy production is dominated by strong derivatives of
the mean radial and circumferential velocity components in the dilution-jet mixing zone
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and the combustor exit flow consists of fine-scale velocity fluctuations and intermittent
large-scale high temperature flow structures. It is found that turbine blades may suffer
from thermal fatigue due to highly fluctuating temperature, especially near the casing
walls.

KE production
fine-scale turbulence
Acknowledgments
by
The authors gratefully acknowledge the support from the DOE-ASC Alliance program
and provision of experimental data and jet-engine configuration from Pratt & Whit-

Temperature
Exit
Temperature at
at Combustor
Combustor Exit
T T

<T>
rms
<T> combustion in a gas turbine engine
TT
rms
LES of turbulent
combustor

(a)

229

(b)

Figure 8. Contour plots of the (a) mean and (b) rms temperature in a radial-circumferential

plane at x/Lref = 6. Simulation on a 24 million mesh. Figures are scaled with an arbitrary
mperature
field
characterizedby
bythe
the mixing
mixing through
perature
field
is ischaracterized
through the
thedilution-jet
dilution-jetsystem
system
aspect ratio.

ustor
exit
flow
highlyunsteady
unsteadywith
with
or exit
flow
is ishighly
scale
velocity
fluctuations
ale velocity fluctuations
mittent large-scaleney.
hotThe
streaks
authors are also grateful to Professors Iaccarino and Pitsch for their valuable
ttent large-scale hot
streaks
contributions.

e blades are prone to thermal fatigue due to highly fluctuating temperature,
blades are prone to thermal fatigue due to highly fluctuating temperature,
ially near the casing walls
ly near the casing walls
REFERENCES
Alonso, J. J., Hahn, S., Ham, F., Hermann, M., Iaccarino, G., Kalitzin, G.,
LeGresley, P., Mattsson, K., Medic, G., Moin, P., Pitsch, H., Schlüter,
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