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Numerical Simulations of Gas Turbine Combustor Flows
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A general two-dimensional computer code has been developed for simulating gas turbine combustor flow.
The code employs a nonstaggered body-fitted coordinate system and the SIMPLE algorithm with power law or
second-order upwind scheme for the convective terms. Several turbulence models have been implemented and
compared. For the reacting cases, three combustion models—the laminar combustion model, the fast chemistry
with the assumed probability density function model (pdf), and the eddy breakup (EBU) model—have been
used. The use of the zonal grid and the adaptive grid methods have also been demonstrated in the selected
cases. This code can be conveniently applied to many other internal fluid flow or heat transfer problems.

Nomenclature
A = coefficients in discretized equation
Ci = constants in turbulence models
Ct = coupling factor for the weight function
/ = conserved scalar
G = generation rate of k
g = Jacobian squared or the variance of the /
gjk = metric tensor
k = turbulence kinetic energy
P = probability density function
qj, qk = general coordinate
R = source term before transformation
Re — Reynolds number
S = lumped source term after transformation
U, V = contravariant velocity
u = Heaviside step function
Vj = contravariant velocity
W = weight function
F^ = effective diffusion coefficient for the variable <I>
d = dirac delta
e = dissipation rate
£, 7] = general coordinates
TT .= density
4> = variables
a) = dominant rate in EBU model

Introduction

T HE rapid growth in computing power and storage ca-
pacity of the digital computer has provided a strong mo-

tivation for numerically simulating flows to complement or
even substitute traditionally experimental approaches of gas
turbine combustor flows. There have been a few state-of-the-
art codes in existence in the gas turbine combustor research
and development community. CONCERT of GE,1 PACE
from Rolls Royce,2 and PREACH of Pratt and Whitney3 are
examples among others.
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With the CONCERT code, GE is now able to produce
practically useful results from three-dimensional flow com-
putations. An example is the prediction for the flowfield of
a sector of a three-dimensional gas turbine combustor with
dilution holes and cooling film slots.1 The PACE program of
Rolls Royce has been applied to a number of development
and production gas turbine combustor geometries, both tu-
bular and annular. Examples are the prediction of flow of a
20-deg sector combustor with symmetry conditions applied
on the circumferential end planes and the dump diffuser flow
computations.2 These results have been used to improve com-
bustor pattern factor and cooling device design, as well as in
optimizing the diffuser flow and loss. Although no specific
examples of use were given in Ref. 3, it was stated that the
code used in the gas turbine combustor is currently a useful
design and development tool, and this usefulness is increasing.

Features of the above codes are tabulated in Table 1. All
three programs employ the SIMPLE-type algorithm and the
staggered grid system. As far as the coordinate system is
concerned, only CONCERT utilizes the nonorthogonal body-
fitted coordinate system which has greater flexibility in han-
dling curved boundaries; it is also equipped with the zonal
grid method to resolve the geometrical complexity, such as
the dilution holes and cooling slots. With regard to physical
submodels, the k-s turbulence and fast chemistry combustion
models with assumed pdf are the most widely adopted models.
In Ref. 2, although the combustion model used is not spe-
cifically mentioned, transport equations with formation rate
as source term has been used in predicting the nitric oxide
emission levels. Some numerical aspects such as numerical
schemes, gridding techniques, and convergence rate have been
discussed by Shyy et al.1-4

In this study, a numerical tool suitable for predicting gas
turbine combustor flows has been independently developed
by the authors. As a result, a package of two-dimensional
computer code has been produced. This code is based on the
SIMPLE algorithm with a nonstaggered body-fitted coordi-
nate system. The finite-difference operator is either the power
law scheme or the second-order upwind scheme. Three tur-
bulence models—the k-s model,5 the Reynolds stress model
(RSM),6 and the Algebraic stress model (ASM)7—and the
two derivatives of the k-s model8'9 have been used. The lam-
inar combustion model,10'11 the fast chemistry with assumed
pdf,11'12 as well as the eddy breakup models13'14 are used in
the calculation of reacting combustor flows. For the isother-
mal flow computations, the test problems included are the
backward-facing step flow and the contoured wall combustor
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Table 1 Features of various industrial codes

Code
CONCERT

PACE

PREACH

Algorithm
SIMPLE

SIMPLE

SIMPLE

Finite-difference
operator
SOUS

QUICK

Hybrid
BSUDS

Grid
Staggered
Body-fitted
Zonal
Staggered
Orthogonal curvilinear
Zonal
Staggered
Cartesian
Curvilinear orthogonal
Multiregion

Turbulence
model

k-e Model

k-s Model

k-e Model

Chemistry
model

Fast chemistry with
assumed PDF

Laminar model
Eddy breakup

Other
Multigrid

•

with or without side jets. As for the computation of the re-
acting flows, axisymmetric sudden expansion combustor and
the reacting flow of a two-ring flame stabilizer are used. The
zonal grid method and the adaptive gridding technique have
also been utilized in selected cases. Computational results are
compared to experimental data whenever they are available.
Brief discussions are given for each test case.

Numerical Aspects
The governing equations and the turbulence model equa-

tions can be expressed in the following unified form as

ot
div(pV<f>) - grad (1)

where <i> represents the dependent variable, F^ is the effective
diffusion coefficient of variable <E>, and R® is the source term
for the equation. In order to handle the flowfields in complex
geometries and to incorporate boundary conditions more con-
veniently and accurately, the equations are transformed to
the non-orthogonal body-fitted coordinate system, and this
leads to

f
(2)

For a two-dimensional, steady, incompressible flow, the gov-
erning equation becomes

where

S* = VgR* + C*

Vg =
g22 =

U = (uy^ - VAg/Vg V = (vxt - uye)/Vg
(3)

Eq. (3) can be discretized by using various differencing schemes
and the final form of discretized equation becomes

i = E,W,N,S
pt + 5 (4)

The discretized Eq. (4) along with a pressure correction
equation can be formulated and solved with the SIMPLE
algorithm.15

In the present study, the grid cell structure for the various
physical variables is a nonstaggered system. All the physical
variables are at the same node and share the same control
volume. This may simplify the cell structure when the code
is extended to a three-dimensional version. However, with
this grid cell arrangement, numerical pressure oscillations may
occur. To overcome this difficulty, Rhie and Chow16 used the
upwind scheme to discretize the pressure gradient term as is
briefly described next. In the SIMPLE algorithm, the pressure
correction equation is obtained by substituting the corrected
contravariant velocities which include the pressure gradient
terms into the continuity equation. It should be remembered
that in a nonstaggered grid arrangement the contravariant
velocities on the control surfaces are obtained by interpola-
tions between grid nodes. These interpolations, in fact, rep-
resent the 2 - A£ difference scheme for the pressure gradient
term and cannot sense the 1 - A£ pressure oscillation. As a
remedy, the pressure gradient term in the corrected contra-
variant velocity is substituted by a local 1 - A£ difference
scheme and thus avoid the difficulty. This scheme of Rhie
and Chow is adopted in this study.

A two-dimensional grid generator LT-GRID17 has been
used to create the initial grid system. The grid generator is
based on solving the elliptic equations18 which govern the
distribution of grids. The adaptive grid method and the zonal
grid method have been applied in the present code to improve
the solution accuracy and to further enhance the capability
in handling complex geometries. The adaptive grid method
employed here19"21 is based on the concept of equidistribution
of some weight functions. In this study, weight function as-
sumes the form of

W. = x C,(exp -l'- (5)

where 3>x is the gradient of selected flow property and Ct
(exp-1'-*1) specifies the strength of coupling among neigh-
boring weight functions. For example, if Ct is set to zero, then
there will be no coupling among weight functions. For a non-
zero Ct, the exponential decay of the coupling with respect
to the distance from /th coordinate line is arbitrarily assumed.
It is shown that with this coupling the grid can be smoother
and in most cases can produce a more accurate solution.21

As discussed in Ref. 2, although the general nonorthogonal
mesh does offer complete flexibility, a severely acute angle
of geometry can still lead to difficulties within the solution
algorithm and slow convergence. Therefore, the zonal grid
method is appealing when the combustor geometry is complex
(e.g., dilution holes, slots, gutter rings). With the zonal method,
the physical domain of interest can be divided into several
simple subdomains. With unified index notation and conser-
vation across the boundaries, each subdomain can be solved
separately and consistently by the same solver. At the same
time, each subdomain has greater flexibility in the distributing
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grid. In this study, the zonal grid method with conservative
interpolation technique22 is applied to a flameholder problem.
More details can be found in Refs. 23 and 24.

Turbulence and Chemistry Models
Available turbulence and chemistry models suitable for

computing turbulent reacting flows have been reviewed, e.g.,
by Jones and Whitelaw25 and by Khalil.26 It was concluded
by Jones and Whitelaw that current turbulence and combus-
tion models are able to calculate velocity, temperature, and
major species with accuracy sufficient to guide experimental
development. However, the capacity is basically "postdictive"
rather than predictive.

In the present study the standard k-e model and two of its
derivatives, the algebraic stress model (ASM) and the Rey-
nolds stress model (RSM) have been used and their perfor-
mances have been documented. With regard to chemistry
models, a laminar combustion model, a fast chemistry model
with assumed pdf as well as an eddy breakup (EBU) model
have been adopted. These physical submodels are briefly dis-
cussed in the following.

Turbulence Models

k-e Model
Standard model. In the eddy-viscosity approach for tur-

bulence modeling, the most popular choice is the k-e model,5
which solves the transport equations for the turbulence kinetic
energy k and its dissipation rate e. The transport equations
for k and E can be cast in the same form as Eq. (1). The
diffusion coefficients and source terms are

for the k equation

for the e equation

= G - pe

iG - C?pe)lk

„ —— ;G= -puiUj- (6)

where /teff is the effective viscosity and C19 C2 are constants.
Modified e equation. In the computation of flows with

recirculating zones, it is found that the k-e model underes-
timates the size of the recirculation zone because the predicted
G is too high. To correct this a modification of the e equation
is made by adding one term, C^(G2/pe - G), to the e equation
where C3 is a constant, If G is too high the dissipation rate
will raise accordingly, therefore, a more reasonable devel-
opment of flow can be obtained due to the balance between
k and e.8

Modified CM. In the standard k-e model, the coefficient
C^ embedded in /z,eff is taken as a constant. To consider the
local turbulence strength, Rodi7 suggested that a functional
form of C^ should be used. In our study the following de-
pendence of C^ on the ratio G/pe9 is used

C,, == 2 1 - a 1 - (1/"Q[1 ~ a(G/pe)]
~ 3 w {1 + (l/w)[(G/pe\- I]}2 (7)

where w is around 2.5-2.8, and a is around 0.598-0.549.

RSM
In the RSM the transport equations for the Reynolds stresses

are solved. These transport equations are derived directly
from the Navier-Stokes equation.6-27 The major difficulties in

this model are the modeling of the pressure strain term and
the third-order correlation term.6 In the present study, model
constants are taken from Amano et al.28 Note that for a steady,
two-dimensional case, in addition to the k and e equations,
there are three more equations that have to be solved for the
components of the Reynolds stresses. At the present time
RSM is the most general turbulence model, although the extra
computational effort is a further drawback in addition to the
aforementioned modeling difficulties.

ASM
Simplification of RSM to reduce the computational efforts

is possible under certain conditions. Ljuboja and Rodi7 as-
sumed that the combination of convection and diffusion terms
are either small or approximated by the algebraic form of
UiUj, the resulting transport equations then become algebraic.
Since the derivation of ASM is based on some assumptions,
only in those flow regions where the assumptions are satisfied,
(e.g., where the transport of utUj is not important) can ASM
provide better results.

Chemistry Models

Laminar Combustion Model
In this model,10'11 instantaneous reaction is assumed. The

conserved scalar, i.e., the mixture fraction / is considered,
and a transport equation for / is solved. The temperature
and species can be obtained by using the linear relationship
with/.

Fast Chemistry with Assumed pdf
In computing the turbulent reacting flows, the fluctuations

of the conserved scalar / is taken into account by including
the variance g of /in the formulation.11'29 Once the mean and
the variance of the conserved scalar are computed, the tem-
perature and the other properties can be obtained from the
convolution of the pdf. The mean/and the variance g of the
conserved scalar / are defined as

f = [ f P ( f ) d f

and note that

(8)

(9)

(10)

Two assumed pdf are employed in the current study, the
first is with battlement shape and the second is with triangular
shape.11'12 The mathematical expression for battlement shape
pdf can be expressed as

P(f) = a8 (11)

where /+ = / 4- Vg, f ~ = f ~ Vg. Equation (11) implies
that the probability of/being/+ is a, and the probability of
/~ is 1 — a. Since the values of/+, /~ should be restricted
between 0 and 1, a can be obtained in terms of / and g by
utilizing definitions in Eqs. (8-11). And together with the
definition of the conserved scalar/, mean values of the other
properties can be determined accordingly. In the second pdf,
the expression for triangular shape pdf is

P(f) = C[u(f - /-) - u(f - (12)

where u is the Heaviside step function and C = 1/2V3g, /+

= / + V3g, /" = / — V3g. The procedure of determining
mean property values is similar to that of battlement shape
pdf case.
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EBU
The basic idea behind the EBU model13'14 considers both

the reaction rate Rfu (chemically controlled) and the eddies
breakup rate REBV (diffusionally controlled). The dominant
rate o> will be the minimum of reaction rate Rfu and eddies
breakup rate R^Bu, i.e.

3.0-1

v/H 2.5-

© Experiment
Standard k -

a) = min(Rfu, #EBU)

Rfu = A0pYFY0 exp( -

gF = (YF -

(13)

where the overbar stands for the mean values, YFis the mass
fraction of fuel, Y0 is that of oxidizer and A0 and C are
constants. This dominant rate co is then included in the source
term of the transport equation for YF. With computed values
of YF and its variance, the other properties can be determined
by following a similar procedure to that mentioned in the
previous models. Note that battlement shape pdf is employed
in this model.

Results and Discussions
Calculations of various two-dimensional flows in different

geometries have been performed. Since most of the available
experimental data are published with regular geometries, our
test problems therefore include geometries such as a confined
backward-facing step and a sudden expansion pipe for the
validation of our computer code. The other geometries con-
sidered include a contoured wall combustor, a slinger-shape
combustor, and a channel with triangular block in the stream.
The numerical solutions are compared to those of experi-
mental results whenever they are available.

Backward-Facing Step
This case has been used to demonstrate the performance

of various turbulence models. The step height in the problem
is one-ninth of the total height of the channel, and the com-
putational domain length extends up to 36 times of the step
height. In this test case, the inlet velocity and k profiles were
taken from the measurements.30 The boundary condition for
e is assumed to be a uniform distribution. The calculation is
performed on a VAX 8600 computer with grid of 121 x 51,
and Re = 3.2 x 104. This grid number is believed to be fine
enough to yield grid-independent solution. The mean velocity
profiles are very close to each other, this is seen in Fig. 1. It
is found that the mean velocity profiles are insensitive to the
variation of the models as well as the inlet conditions. This
also implies that good prediction of the mean velocity profile
may be misleading in the sense that at the same time turbu-
lence details can be far from each other. As far as the tur-
bulence kinetic energy is concerned, Fig. 2 shows the per-
formance of each model using the uniform inlet e profile at
three different streamwise locations in the recirculating region
(2H), reattaching region (6H), and the redeveloping region
(8H), respectively. It is seen that the standard k-e, ASM, and
RSM models perform similarly. On the other hand, the k-e
with modified e and k-e with modified C^ perform differently
and the former provides the best results in the recirculation
zone. However, it also tends to overpredict the dissipation
rate in the downstream and results in a longer reattachment
length. It is found that the inlet boundary conditions signif-
icantly altered the detailed structure of the turbulence.31

The fact that the performance of a turbulence model varies
from one region to another may prompt the need for the
zonal method of turbulence model advocated by Ferziger and
his co-workers.32'33 Should this idea be adopted, care should
be taken in choosing the "best" model which is specifically
suitable to each zone. At the present stage, in industrial codes
the k-e models remain in widespread use in spite of their
weakness.

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

U/Uin

Fig. 1 Streamwise mean velocity profiles.
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Fig. 2 Turbulence kinetic energy profiles at x = 2H, 6H, and 8H.

Contoured Wall Combustors
The second problem considered is a planar two-dimensional

contoured chamber flow with grid layout as shown in Fig. 3.
The Reynolds number based on the inlet height and velocity
is 2.6 x 104. Figure 4 shows the streamlines of this flow and
the size of the recirculation zone is found to be about the
same to the experimental data. In Fig. 5, the mean velocity
profiles at five locations are compared with the experimental
data.34 In this calculation, the measured inlet velocity and k
profiles are employed for the inlet boundary conditions. It is
found that the predicted mean velocity profiles of different
turbulence models present no significant difference among
each other. Therefore, only the standard k-e model is used
for the rest of the computations. A very close match between
the predictions and the measurements is achieved near the
outlet of the flow. The deviations from experimental results
in the middle part of the test section may be attributed to the
accuracy of the turbulence model and to the inadequate pre-
scription of the inlet e levels. In Fig. 6, the comparison is
made between the predicted and measured values of the tur-
bulence kinetic energy. The trend is, in general, agreeable
except that the location of the peaks is not correct quanti-
tatively.

In a practical combustor, an excessively high temperature
is detrimental to the turbine blades, therefore, dilution jets
are devised to lower the temperature. A dilution jet is a type
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Fig. 3 Grid for the contoured wall combustor.

Re = 2 6000

Fig. 4 Streamlines of the combustor flows.

® experiment
.......... computation

Y/Din3.<H

Fig. 5 Mean velocity profiles.

of side-jet flows of medium velocity ratios and its influence
on the entire flowfield can be large.35 In the two-dimensional
cases, recirculation zones are formed behind the dilution jets,
and their sizes depend on the momentum flux ratio of the
jets to the main stream, i.e., V^b/U^B, where b is the jet
width and B the inlet height. The dilution jets divide the
original recirculation zones into several parts, the recircula-
tion zones before the jets are largely not affected by the jets
unless the blocking effect of the dilution jets is large. While
the recirculation zones behind the jets become larger as the
jet velocity increases. Momentum flux ratios between 0-2
have been calculated. In Fig. 7, the results with Re = 3.2 x
104 is shown. Recirculation bubbles behind the dilution jets
are clearly seen.

Another test case in this category as shown in Fig. 8 is the
streamlines of a slinger-shape chamber which is a simplified
combustor model for some of the helicopter power plants.
This case is intended to demonstrate the capability of the
current code in handling larger curvature geometry. The case
is computed with Re = 3.2 x 104.

Reacting Flow in a Sudden Expansion Pipe
In the reacting cases, the three combustion models, i.e.,

the laminar combustion model, the fast chemistry with as-

Y/Dln

experiment
computation

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

X/Din

Fig. 6 Comparison of the predicted and measured values of the tur-
bulence kinetic energy.

Fig. 7 Streamlines with dilution jets.

Re =32000

Fig. 8 Grid and streamlines of a slinger-shape combustor.

sumed pdf, and the eddy breakup model, have been incor-
porated into the code. The flowfield of an axisymmetrie, sud-
den expansion can combustor is computed. The combustor
configuration, detailed specifications, and boundary condi-
tions are referred to by Lewis and Smoot.36 The results ob-
tained here are also compared to their experimental data. In
addition to the model testing, the adaptive grid method has
been implemented with the laminar combustion model and
the effectiveness of the method is evaluated. The k-e turbu-
lence model is used in this computation. Figure 9 shows the
variation of mixture fraction /along the axial position, where
model 1 is the laminar combustion model, model 2a is the
fast chemistry with pdf of battlement shape, model 2b is with
pdf of triangular shape, and model 3 is the EBU model. It is
seen that variance of conserved scalar has significant effect
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on the prediction values. Also shown in the next figure is the
adaptive solution of model 1. The adaptive grid in this com-
putation is shown in Fig. lOa. It is interesting to note that the
grid itself shows the trace of flame front. Fig. lOb clearly
demonstrates the effectiveness of the adaptive grid method.
For the uniform grid solution, doubling the grid in each di-
rection does not improve the solution much. On the other
hand with the adaptive grid method, solution mimics the ex-
perimental data more closely. From the results of the above
figure, it can be stated that grid can be an important issue in
predicting the reactive flow.

Flameholding Flows
In this part the reacting flows of flame stabilizer are com-

puted. Two cases are studied, the first is a wedge flow in a
duct and the second is flows of a two-ring flame stabilizer.
The zonal grid method is employed to treat the complex geom-
etries due to the flame stabilizer. The eddy breakup com-
bustion model is used for the calculations. The first case is
intended to validate the code and to provide more comparison
between the predictions and the experimental data for react-
ing cases. The configuration and the flow conditions of the
wedge flow are referred to Fujii and Eguchi37 and Lee and
Yeh.24 Since the details are reported in Ref. 24, only one
result will be given here to demonstrate the usefulness of the
current code. Figure 11 demonstrates the axial velocities along
the symmetry plane in the recirculation zone. The velocity is
normalized by the maximum reverse flow velocity Uref and
the axial distance is normalized by the recirculation bubble
length Lrz. These normalizations yield a good similarity among
the curves. The agreement to the experimental results is fairly
good.

The grid for the two-ring flame stabilizer is shown in Fig.
12, where the blockage ratio is 0.4, 9 angle is 60 deg, and Re
= 32,000. The computational domain is divided along the
base of the flame stabilizer to two subdomains. In Fig. 13,
the temperature distribution obtained by using the EBU com-

bustion model and the equivalence ratio of unity is shown.
The shaded area is the region which attains the highest tem-
perature. Note that this shaded area originates from the re-
circulation zone and covers most of the central part of the
tube.

In this part, we have demonstrated the utilization of the
zonal grid method, physics of the flow is not explored in
details. For a complex geometry flow, the zonal grid method
should prove to be more robust than other grid generation
methods.
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- 61 X 61 UG

—— 31 X 31 AG
- 61 X 61 AG

UG = uniform grid
AG : adaptive grid
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Fig. 10 Grid and adaptive solutions for the mixture fraction/along
the axis, a) Adaptive grid, b) effectiveness of the adaptive grid.
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—---- Model 2 a
—— Model 2 b
—— Model 3
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Fig. 9 Variation of mixture fraction / along the axis.
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Fig. 11 Axial velocity in the recirculation zone of a wedge flow.

Fig. 12 Grid for the two-ring flame stabilizer.
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Fig. 13. Temperature contours of the two-ring flame stabilizer flow.
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Summary
The results presented above demonstrate the capability of

the current two-dimensional code developed for the simula-
tion of gas turbine combustor flows. Emphasis in this study
has been largely put on numerical aspects, such as nonstag-
gered body-fitted coordinate system, grid generation, an
adaptive grid method, and a zonal grid method, etc. Several
turbulence and combustion models have been assessed. Pre-
dictions of the backward-facing step flow, contoured wall
combustor flow, and sudden expansion combustor flow, as
well as flameholding flows have been conducted, the results
are in general agreeable to the available experimental data.
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