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Investigation of the effect of conjugate heat
transfer on the adiabatic effectiveness of an

annular gas turbine engine combustor

By M. Cui† AND S. Bose‡

Integrated analyses of major physical mechanisms associated with heat transfer are
conducted for a realistic aircraft engine combustor. Coupled wall-modeled large-eddy
simulations (WMLES) and conjugate heat transfer (CHT) analyses are performed to
evaluate the unsteady turbulence structures on convective and conductive heat transfer
inside the engine combustor. The impact of heat conduction through a solid liner material
on overall heat transfer process is assessed by a comparative study of adiabatic and CHT
cases. The results of integrated WMLES/CHT simulations agree with available test data.
A non-dimensional parameter, liner cooling effectiveness, is introduced and validated to
measure the effectiveness of the engine combustor cooling system.

1. Introduction

In a modern gas turbine engine (GTE) combustor, the gas temperature from the
combustion process may reach 2400 K (Lefebvre & Ballal 2010). This temperature is
significantly higher than the melting point of the combustor flame tube and other com-
ponents. Therefore, cooling systems need to be developed to protect the combustor’s
structural integrity. As engines are designed to be more fuel efficient, the pressure ratio
and temperature inside the combustors rises and the problem of wall cooling becomes
more severe. Current combustor cooling technology often requires more than one-third
of the total combustor airflow to be used to cool the combustor liner. One of the ma-
jor challenges to improve the performance, reliability, and cost of aircraft engines is to
develop more effective cooling technology.

As critical aspects of GTE combustor aerothermal design, the flows and heat transfer
inside a GTE combustor need to be simulated in a realistic environment. Current aircraft
engines use liquid aviation fuels, and these liquid fuels need to be atomized and vaporized
before the combustion process starts. To initiate and sustain combustion, multiple sets
of vanes and flow regulatory components are introduced to generate swirling turbulent
flows for effective atomization and evaporation of the liquid jet fuel as well as recirculation
of flames and hot gas. The resulting swirling velocity and temperature field distort the
near-wall flow field and impact the integrity of air cooling films on the surface of the
combustor liner (Mazzei et al. 2016). Combustor design and analysis must take these
physical mechanisms (fuel atomization/evaporation, chemical reaction, flame and hot gas
recirculation, and liner cooling flows) into account.

The combustor liner is a container for the flowing combustion hot gas and is surrounded
by the combustor casing, with cool air flowing between the liner and the casing. The
liner is heated mainly by hot gas and cooled by conduction through solid material and
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convection of air within the annulus. To assess the effectiveness of a cooling system,
the heat transfer process needs to be analyzed by coupling a high-fidelity unsteady flow
calculation with the heat conduction through the solid body (conjugate heat transfer).

This report summarizes an effort to apply an efficient strategy for tightly coupling con-
jugate heat transfer (CHT) effects with a wall-modeled large-eddy simulation (WMLES)
approach in order to analyze CHT process and evaluate the combustor liner cooling ef-
fectiveness. The technology is demonstrated in an integrated fashion for a realistic GTE
combustor and validated with available test data. The methodology developed and data
obtained can be readily applied to GTE combustor cooling system design and analysis.

2. Formulation and computational setup

2.1. Filtered LES equations for gas phase

Large-eddy simulations (LES) of GTE combustion and heat transfer processes are con-
ducted using the technique developed by Moin & Apte (2006). For completeness, the
gas-phase continuity, scalar mixture fraction, progressive variable, and momentum equa-
tions are
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∫
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In these equations, ρg is the gas phase density, uj is the velocity vector, p is the pressure,
µ is the dynamic viscosity, δij is the Kronecker symbol, Z is the mixture fraction, C is the
progress variable, αZ and αC are the scalar diffusivities, and ω̇C is the source term due
to chemical reaction. The filter operation is denoted by an overbar and Favre (density-

weighted) filtering by a tilde. The additional terms (Ṡm, ṠZ , and Ṡi) in the continuity,
mixture-fraction, and momentum equations are the interphase mass and momentum
transport terms. The unclosed transport terms in the momentum and scalar equations
are grouped into the residual stress qij and scalar fluxes qZj and qCj . The joint subscale

probability density function (PDF) is modeled by writing P̃ (Z,C) = P̃ (Z|C)P̃ (Z). P̃ (Z)
is modeled by the presumed beta subgrid PDF, and the conditional PDF P̃ (Z|C) is
modeled as a delta function according to Pierce & Moin (2004).

The subgrid terms are closed using the dynamic Smagorinsky model (Moin et al. 1991).
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The eddy viscosity, eddy diffusivities, and subfilter variance of the mixture fraction are
evaluated as

µt = ρgCµ∆2|S̃|, (2.7)

ρgαt = ρgCα∆2|S̃|, and (2.8)

ρgZ̃
”2 = ρgCα∆2|∇Z̃|2, (2.9)

where |S̃| =
√
S̃ijS̃ij , Cµ, Cα, and CZ̃ are evaluated dynamically (Pierce & Moin 1998).

2.2. Liquid-phase equations

If the density of the liquid fuel droplets is much larger than that of the air, the sizes of
the liquid fuel droplets are small compared to the turbulence integral length scale, and
the effect of the shear on the droplets’ motion is negligible. The Lagrangian equations
governing the motion of droplets can be expressed as (Crowe et al. 1998)

dxp

dt
= up and (2.10)

dup

dt
= Dpdrop(ug − up) + (1− ρg

ρp
)g, (2.11)

where xp is the position of the droplet centroid, up is the droplet velocity, ug is the
gas velocities interpolated to the droplet location. ρg and ρp are the droplet and gas
densities, and g is gravitational acceleration. The drag on a droplet is modeled by the
drag coefficient Cd as

Dpsolid =
3

4
Cd(

ρg
ρp

)(|ug − up|/dp), (2.12)

where Cd is obtained from the nonlinear correlation correction (Crowe et al. 1998)

Cd = 24/Re(1 + aRbp), (2.13)

where a = 0.15,b = 0.687, and Rep ≤ 800.
The ellipticity, E, is introduced to model droplet deformation as

E = 1− 0.11We0.82 + 0.013

√
ρp
ρg

(
µg
µl

)Oh0.55We1.1. (2.14)

The nondimensional Weber and Ohnesorge numbers are defined as We = ρgU
2dpσ and

Oh = µl/
√
ρpσdp, where U is the relative velocity between gas and liquid, dp is the di-

ameter of the droplet, and σ is the surface tension. The impact of droplet deformation on
drag and drag coefficient is calculated through effective droplet diameter, d∗p = dpE

−1/3,

and particle Reynold number, Re∗p = RepE
−1/3.

The Lagrangian equation of particle mass and heat transfer processes are applied to
liquid evaporation as

dmp

dt
= −ṁp and (2.15)
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mpCpl
dTp
dt

= hpπd
2
p(Tg − Tp)− ṁp∆hv, (2.16)

where ∆hv is the latent heat of vaporization, mp is the mass of the droplet, Tp is the
temperature of the droplet, and Cpl is the specific heat of liquid. The diameter of the
droplet is linked to its mass, dp = (6mp)/(πρp)

(1/3). The effective heat transfer coefficient,
hp, is defined as

hp = ks(
dTp
dr

)sg/(Tg − Ts), (2.17)

where ks is the effective conductivity of the surrounding gas at the droplet surface. The
subscript s stands for the surface of the droplet.

2.3. Interface exchange terms

The source terms in the gas continuity, mixture-fraction, and momentum equations are
obtained from the equations governing droplet dynamics (Moin & Apte 2006). The
interpolation from the particle position, xp, to the centroid of the grid control volume is
conducted using an interpolation operator. The expressions for source terms are
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d

dt
(mp) and (2.18)
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where summation is over all droplets (k) and the function Gσ is the interpolation operator
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1
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√
2π)3

exp[−
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2
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where σ is proportional to the grid size in which the droplet lies. For each droplet, the
conservation constraint

∫

Vcv

Gσ(x,xp)dV = 1 (2.21)

is imposed by normalizing the interpolation operator. Vcv is the volume of the grid cell
in which the droplet lies.

2.4. Wall models for turbulent heat fluxes in LES

CHT analyses require fine near-wall grids to resolve flow and heat transfer physics through
boundary layers to viscous sublayer and adjacent solid surfaces. Since the Reynolds num-
ber is high in GTE combustors, it becomes prohibitively expensive to use LES to resolve
the relevant viscous sublayer (lν = ν/uτ , where ν is the kinetic viscosity and uτ is the
wall friction velocity). To improve the LES efficiency of CHT predictions in GTE com-
bustors, the heat flux at the solid wall is modeled (Bose & Park 1990). The wall models
used in CHT analyses assume the absence of pressure gradient and unsteadiness and
make equilibrium approximations about the boundary layer on the solid surfaces as

d

dy
((µ+ µt)

du

dy
) = 0, µt = κyµτD(y+), τw = µ

du

dy
|w, (2.22)
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subject to

u(y = 0) = 0, u(y1) = uLES , (2.23)

where µ and µt denote the dynamic viscosity and turbulent eddy viscosity, respectively;
u denotes the locally streamwise velocity; κ is the von Karman constant; τw is the wall
stress; and y denotes the locally wall normal direction. These equations are coupled to
boundary conditions: no-slip at the wall and continuity with the LES velocity field at
some distance in the interior.

The turbulent heat flux is modeled under similar approximations as

d

dy
((µ+ µt)u

du

dy
+ (k + kt)

dT

dy
) = 0, kt =

µtcp
Prt

, qw = k
dT

dy
|w, (2.24)

subject to

T (y = 0) = 0, T (y1) = TLES , (2.25)

where k and kt denote the thermal conductivity and the turbulent thermal conductivity,
respectively; T is the temperature; Prt is the turbulent Prandtl number; and qw is the
wall heat flux. Similarly, these equations are coupled to thermal boundary conditions at
the wall and to the interior LES thermal field.

2.5. Time integration strategies for LES with CHT

For GTE thermal system development, it usually take significant time for engines to
reach thermal equilibrium. Therefore, there is a need to efficiently integrate the dis-
parate time scales between the near-wall turbulent eddies (that are the leading order
transport mechanism of heat/enthalpy to the wall) and heat conduction in the solid
structure. Allowing the solid metal components to heat to near equilibrium temperature
would potentially require integrating flow solutions for thousands of flow-through times,
rendering a high-fidelity LES with CHT infeasible. The approach adapted in the present
LES/CHT effort accelerates the thermal soaking of the material while maintaining a con-
stant Biot number. The unsteady heat conduction equation governing the temperature
of the solid components and its corresponding boundary conditions are

∂(ρCpT )

∂t
+

∂

∂xj
(k
∂T

∂xj
) = 0, (2.26)

subject to

k
∂T

∂n
= qw,LES , (2.27)

where ρ denotes the solid density, Cp is the heat capacity, T is the solid temperature, k
denotes the thermal conductivity, and qw is the wall heat flux (obtained from the fluid
LES). As the system reaches a quasi-stationary state (the metal temperatures change
slowly with respect to the fluid timescales), the solid temperature boundary conditions
can be written in a non-dimensional form as

∂(T/∆T )

∂(n/L)
=

qwL

k∆T
= (

hL

k
) = Bi, (2.28)

where ∆T denotes a relevant temperature change, L is a characteristic length scale of
the body, h is a heat transfer coefficient, and Bi denotes the Biot number. In order to
prevent the quasi-steady solution from being artificially contaminated, the physical Biot
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Figure 1. A cross section of EEE combustor.

number is maintained. This condition leads to the constraint that wall heat flux, thermal
conductivity, and solid geometry be kept constant during thermal soaking.

2.6. NASA EEE combustor

The NASA energy efficient engine (EEE) combustor is the chosen combustor for our
investigation. The EEE combustor is a realistic annular GTE combustor, for which, the
full design and geometry can be found in publicly available literature. A cross section of
the NASA EEE combustor is shown in Figure 1. Previous work by Burrus et al. (1984)
produced detailed EEE geometric and operational information as well as data from exper-
imental measurements performed on the GTE combustor. The current work reports the
integrated WMLES/CHT simulations on the entire EEE combustor. These simulations
include the modeling of all relevant geometry (combustor casing, liner, diffuser, and fuel
injectors). The combustor liner cooling system includes film-cooling and effusion-cooling
holes in the shingled combustor liner.

3. Results and discussion

3.1. Methodology of the investigation

To isolate the effects of upstream and downstream components and physical mechanisms
that are not included in our current effort, the investigation is conducted comparatively.
The first set of WMLES for the EEE combustor is conducted with the assumption that
all walls in the EEE combustor are adiabatic. The second set is conducted with the
assumption that the solid walls of the combustor’s inner and outer liners are conductive
while other walls of the combustor are adiabatic. The differences in the temperature
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Figure 2. The instantaneous distributions of (a) temperature and (b) velocity.

surface.png

Figure 3. Temperature distribution on the surface of the combustor liner.

distributions are calculated to reveal the impact of the CHT process. Figure 2 shows the
representative instantaneous temperature and velocity distributions. WMLES predictions
are performed continuously until the mean field variables are stable. Both mean and
instantaneous values of the field variables are recorded for post processing.

3.2. Validation of WMLES models and results

To ensure that the integrated models and obtained results are capturing the dominant
physical mechanisms, a validation study was performed for the WMLES of the EEE
combustor. The combustor inlet pressure and temperature for the case chosen are 12.2
bar and 640 K, respectively. The aviation fuel used in the case is a Jet-A surrogate, and
the fuel/air ratio is 0.0143. The material for the combustor’s inner and out liners is an
uncoated X-40 alloy. The values of the liner metal wall temperature at the three stations
(A, B, and C), where the temperature measurements were taken (Burrus et al. 1984), are
calculated. The Figure 3 shows the relative positions of the three stations inside the EEE
combustor. The results of the adiabatic WMLES analyses, the integrated WMLES/CHT
analyses, and the temperature measurements are shown in Figure 4. The values listed are
the relative temperature respect to the combustor inlet. The liner wall temperature values
at the three stations for the CHT case show good agreement against the Burrus et al.
(1984) measurements. The adiabatic temperature values at the liner walls are higher than
the values for the CHT case and measurements. It reflects a directional correct results
because the thermal energy transport through the solid liner materials in the CHT case
should reduce the liner wall temperature.
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Figure 4. Comparisons with the measurements in Burrus et al. (1984).

T3,◦K P3,bar F/A

simulation 1 720 2.5 0.0140

simulation 2 640 12.2 0.0143

Table 1. Operating conditions for simulation 1 and simulation 2.

3.3. Liner cooling effectiveness

The results of WMLES for the EEE combustor flow and heat transfer are time series
of pressure, temperature and velocity values for both liquid and gas phases. The ranges
of these instantaneous values also change significantly at different GTE operating con-
ditions. To generalize the simulation results and provide the guidance for the combustor
designers to design and optimize the combustor cooling systems for different engines at
various operating conditions, a non-dimensional quality, liner cooling effectiveness, η, is
introduced.

The non-dimensional liner cooling effectiveness is defined as

η =
Tout,h − Tcht,w
Tout,h − Tin,c

, (3.1)

where η is the liner cooling effectiveness, Tout,h is the combustor outlet temperature,
Tin,c is the combustor inlet temperature, and Tcht,w is the combustor liner surface tem-
perature. Two integrated WMLES/CHT simulations with different inlet pressures and
temperatures were conducted to evaluate the applicability of the liner cooling effective-
ness in the GTE combustor. The objective of the simulations is to examine if the liner
cooling effectiveness can characterize the cooling system performance at representative
GTE operating conditions. The operating conditions for both cases are listed in Table
1, where T3 is the combustor inlet temperature, P3 is the combustor inlet pressure, and
F/A is the fuel/air ratio.

The critical physical features of the EEE combustor flow and heat transfer can be
observed in the liner cooling effectiveness plots in Figure 5. When the film cooling sheets
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Figure 5. Liner cooling effectiveness on EEE combustor for (a) inner liner case 1, (b) inner
liner case 2, (c) outer liner case 1, and (d) outer liner case 2.

come out from the injection gap, the liner cooling effectiveness is high. As the film
cooling sheets are gradually broken by growing turbulence boundary layers, the cooling
effectiveness decreases. The vortex formed around the dilution air jets can be seen on both
sides of the dilution holes. The asymmetric flow field induced by air swirling elements
around the dilution holes also can be identified.

4. Conclusions

Integrated CHT analyses of a realistic GTE combustor using WMLES were performed.
The simulated physical mechanisms and their interactions are consistent with experimen-
tal observations. Quantitative comparisons of the coupled WMLES and CHT simulations
and the experimental measurement data show good agreement. A comparative study of
the CHT and adiabatic cases demonstrates that the accuracy of the temperature predic-
tion is greatly improved on the combustor liner walls. The non-dimensional parameter,
liner cooling effectiveness introduced here, can be applied to general engine aerothermal
design and analysis.
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