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Abstract—Both computational and experimental results are presented for studying the three-dimensional
flow in an annular gas turbine combustor. The computational approach attempts to strike a reasonable
balance to handle the competing aspects of the complicated physical and chemical interactions of the flow,
and the requirements in resolving the three-dimensional geometrical constraints of the combustor contours,
film cooling slots, and circular dilution holes. The algorithm employs non-orthogonal curvilinear coor-
dinates, second-order accurate discretizations, multigrid iterative solution procedure, the standard k-
turbulence model, and a combustion model comprising of an assumed probability density function and
the conserved scalar variable formulation. To assess the performance of the numerical algorithm, three
different annular combustor flows with in-house experimental measurements are investigated. Overall, it
is found that good theory/data agreement of the characteristic temperature pattern in the exit plane can
be obtained. The influence of changing the dilution hole arrangements on the combustor performance is
well predicted. The complicated mixing process can be better understood with more detailed information
supplied by the numerical simulation. It is concluded that for the normal operating condition where the
physical process is likely to be dominant, the performance of a gas turbine combustor can be predicted by
the present methodology.
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INTRODUCTION

IN A coNTINUOUS combustion device such as a gas-
turbine combustor, there exists a range of complex,
interacting physical and chemical phenomena.
Included are fuel spray atomization and vaporization,
turbulent transport, finite-rate chemistry of com-
bustion and pollutant formation, radiation and par-
ticulate behavior. Rigorous description of these
phenomena are, however, either not available or
require mathematical models which are too complex
for computation, when taken together in the context
of multi-dimensional flows. For these reasons, models
of varying degrees of sophistication have been used
depending on the particular questions being asked.
The level of sophistication in the models is con-
tinuously increasing with improvements in numerical
methods, computer capabilities and physical under-
standing.

An important factor in the selection of sub-models
is ‘computational tractability’, which here is intended
to mean that the differential or other equations needed
to describe a sub-model should not be so com-
putation-intensive as to preclude use in three-dimen-
sional flow calculations. It is a factor in the selection of

methodologies because calculations of complex flows
(multi-component, three-dimensional, turbulent) in
complex geometries (multiple inlet streams, highly-
curved boundaries) are currently limited by computer
capabilities. Previous studies, as reviewed by Jones
and Whitelaw [1], have established that the ‘mixed-is-
burned’ model (equilibrium chemistry) along with the
k—¢ eddy viscosity turbulence model and an assumed
shape probability density function (pdf)/moment
equations for scalar fluctuations, are computationally
tractable in complex flows.

In the present paper, a methodology for computing
steady turbulent combusting flow in combustors of
complex shape, developed in the last several years, is
briefly outlined. The approach taken here attempts to
strike a reasonable balance to handle two competing
aspects of the modeling work, namely, the com-
plicated physical and chemical interactions of the
flow, and the requirements in resolving the three-
dimensional geometrical constraints of the combustor
contours, film cooling slots, and circular dilution
holes. A package of computer programs, called
CONCERT, has been produced based on the algor-
ithm developed. Three combustor flows with different
contours, dilution hole arrangement, as well as aero-
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dynamic characteristics, are selected to assess the pre-
dictive capability of the CONCERT code. By varying
the arrangement of dilution holes with the same com-
bustor wall contours, one can also investigate the
resulting impact on the exit temperature pattern.
Besides demonstrating qualitatively satisfactory
agreement between theoretical predictions and exper-
imental data in terms of the exit temperature profiles,
detailed mixing and flow patterns can be supplied
through the numerical simulations, which are criti-
cally needed by combustor designers.

COMPUTATIONAL ALGORITHM AND
MODELS

The key elements of the numerical algorithm and
turbulent combustion models embodied in the
CONCERT code are listed in the following. The de-
tails can be found in ref. {2] and references cited there.

(1) Conserved scalar (with assumed pdf to account
for variance effect) and fast chemistry approach for
turbulence/chemistry interaction.

(2) Standard k- two-equation model with wall
function treatment for turbulence effects.

(3) Zonal method for three-dimensional non-
orthogonal grid generation which yields good control
on the local geometrical variations (holes, slots) and
produces a grid system with a unified index notation.

(4) Semi-implicit interactive algorithm solving
strong conservation form of transport equations
(mass, momentum, and other scalar fields) in general
non-orthogonal curvilinear coordinates.

(5) Second-order finite difference operator for all
terms, including convection, pressure, and diffusion
effects.

(6) Multi-step predictor—corrector method for the
pressure correction equation.

(7) Multigrid method (with either line or point
method) for solving the system of linear equations
resulting from the discretization procedure.

The contribution of the CONCERT algorithm is
that, for the first time, a single phase gas-turbine com-
bustor flow calculation can be conducted with a
reasonable combustion model on the one hand, and
a satisfactory numerical procedure on the other. Spray
and thermal radiation aspects are neglected for the
time being. This is considered acceptable for analysis
at high power engine operating conditions. There have
been intensive efforts devoted to this direction in the
research community [3-5]. However, most works
suffered from several shortcomings, notably the
employment of inflexible grid distribution and low
numerical accuracy. For example, despite recognizing
that the adoption of the curvilinear coordinate system
is crucial in yielding a successful predictive tool for
combustor flow analysis, Priddin and Coupland [3]
used the ‘orthogonal’ curvilinear coordinate system
which fails either to resolve all of the geometrical
complexities, such as a circular dilution holes or to
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adjust the grid according to the flow characteristics
to reduce the numerical errors. Besides the work of
Priddin and Coupland, other reported studies essen-
tially are all still in the stage of conducting the reacting
flow calculation based on the Cartesian/polar coor-
dinate systems, which is even less adequate.

The details of the CONCERT algorithm cannot be
possibly covered here. However, issues that have been
discussed with some confusion, namely, the choice of
the primary dependent variables and its relation to
the grid arrangement, deserve some special attention.
With the use of the curvilinear coordinates, either the
original Cartesian velocity components or the trans-
formed velocity components (covariant or con-
travariant), can be used as the primary variables.
Here, a combined use of the Cartesian velocity com-
ponents and contravariant velocity components is
devised. In momentum equations, the Cartesian com-
ponents are treated as the primary variables [6], while
in the continuity equation the contravariant velocity
components are first updated directly to satisfy the
continuity equation and then so-called D’yakonov
iteration is used to yield the corresponding values
between the contravariant and Cartesian components
[7]. A staggered grid system [6] is adopted so that the
CONCERT algorithm can maintain the full strength
once uncovered back to the Cartesian coordinate
system. This approach has worked out satisfactorily,
and contrary to the suggestion of Priddin and Coup-
land [3] and Wittig er al. [8], many highly curved flow
problems, such as those in a diffuser with 90° turning
have been computed with no fundamental difficulties
9.

In terms of the sub-models accounting for the tur-
bulence and chemistry effects, measurements of the
flow and turbulent transport characteristics of gas
turbine combustors have been reported by Heitor and
Whitelaw [10], who measured both isothermal and
reacting flow (propane fuel) characteristics of a model
can-type gas-turbine combustor. According to them,
a scalar effective viscosity turbulence model (e.g. the
‘k—e model’) should be adequate for the flow in the
dilution section of the combustor since the production
of turbulent kinetic energy is largely caused by the
iteration of shear stress with shear strain. In the
upstream recirculation zone, however, the flow is
characterized by a large mean radial pressure gradi-
ent; an eddy-viscosity model would underpredict the
turbulent energy levels, and hence, is unlikely to pro-
vide correct trends for turbulent transport of the sca-
lar quantities. Despite its weaknesses, however, for
lack of a better alternative, the two-equation class of
turbulence models remains in widespread use.

There have not been many studies of the relevance
of the combustion models in the context of practical
combustion equipment, either experimentally or theor-
etically. According to the measurements of Heitor
and Whitelaw [10], in a gas turbine combustor under
normal conditions the combustion is controlled more
by physical than chemical processes in the primary
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zone and a partial equilibrium model is likely to pro-
vide realistic predictions. Comprehensive accounts of
the various turbulence models and the conserved sca-
lar with assumed pdf combustion models have been
given by Jones [11] and Bilger [12]. Suffice it to note
here that the f-function was chosen fo represent the
pdf distribution ; once the mean and variance of the
conserved scalar is computed, both the Favre and
Reynolds averaged temperature, as well as the mean
density fields can be obtained from the convolution
of the pdf.

RESULTS AND DISCUSSION

Flows in three different types of annular com-
bustors have been computed. First, the results of flow
in the GE/SNECMA CFM56 engine combustor are
presented. The high pressure core system of this engine
is currently in use on several aircrafts, including the
Boeing 737-300. A similar comparison will be con-
ducted for another production type engine, CF6-
80C2, which powers the Boeing 747. The predicted
exit temperature patterns for two different con-
figurations of a research type combustor are also com-
pared with the in-house experimental measurements.
Together with the results presented earlier for a similar
combustor, but with different flow conditions as well
as dilution hole patterns [13] more broadly based
observations can be made to assess the strength and
limit of the current three-dimensional combustor flow
predictions.

For a CFMS56 combustor, a mesh system com-
prising of 53 x25x 37 (total of 49025) grid points
along the axial, radial, and circumferential directions
are constructed first. Since overall there are 20 swirl
cups evenly placed in the combustor inlet, the com-
plete flow information throughout the whole com-
bustor can be obtained by applying the periodic
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boundary conditions of the single-cup sector of 18°.
With each sector, there are five circular holes on both
the top and bottom walls. There are also seven and
six film cooling slots on the top and bottom surfaces,
respectively. Representative views of the grid system
and the inlet velocity pattern out of the swirl cup and
splash plate are shown in Fig. 1. The combus-
tor operating conditions, including the flow levels
through the various combustor inlet streams, were
determined from available test data. The inlet velocity
data were taken using a five-hole yaw probe. The inlet
gas temperature is 1396°R, and the mean conserved
scalar value out of the swirl cup is 0.1289. The ther-
mochemical data of CH, are used to represent the fuel
property. Figure 2 shows the calculated velocity field
in both the planes in line with the inlet swirl cup
center, as well as midway between consecutive swirl
cups. A blow-up of the dome region in line with
the swirl cup center, reveals the recirculation zones
formed by the interaction of the swirl cup flow and
the primary dilution jets.

Figure 3 presents the calculated velocity and theory/
data comparison of the temperature pattern dis-
tribution in the combustor exit plane. The strong ver-
tical flows induced by the multiple jets are clearly seen
and the predicted temperature pattern is charac-
teristically agreeable to the measurement. The mea-
sured data were obtained from four arrays of seven
thermocouple measurements between the top and
bottom liners, rotated around the entire combustor
exit annulus with a 1.5° interval. To illustrate the
extremely complicated mixing process within the com-
bustor, Fig. 4 depicts some representative streamlines
of the mean velocity field. In Fig. 4(a) the streamlines
are issued from the top and lower region of the inlet
plane. The pattern is obviously extremely compli-
cated. For example, it is evident that a large-scale
mixing process is created by the primary jets which
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FiG. 1. Representative views of the grid system and the inlet velocity pattern of a CFM56 combustor.
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center of the main inlet. (c) Streamlines from dilution holes in the top wall.
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can quickly exchange the fluid particles between the
top and bottom wall regions. It is also evident that
there is fluid exchange between adjacent sectors
through the side boundary planes. Figure 4(b) shows
the streamlines of the mean flow field issued from the
centerline of the main inlet plane, where a recir-
culating zone located in the middle of the main dome
can be clearly observed. Figure 4(c) shows the mean
streamline issued from the primary and secondary
dilution holes on the top wall. The differences between
the incoming momentum of the two primary jets cause
the depth of jet penetration to be considerably differ-
ent. Collectively, Fig. 4 can help understand in a
visually vivid manner the evolution of the key flow
processes, such as fuel-air mixing, jet-main flow
interactions, and the jet signatures in the exit plane.
Next, the theory/data comparison of the exit tem-
perature pattern of the three-dimensional turbulent
reacting flow in a GE CF6-80C turbofan engine com-
bustor is presented. The combustor is annular in
geometry and the calculation was performed for a
single swirl-cup sector of 12° with the periodic bound-
ary conditions being imposed on the two side planes.
Within the computational domain, there are eight
round holes of different sizes on both the top and
bottom surfaces. A schematic of the combustor side
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view, the grid system (with 65 x 21 x 21, or 34 125 grid
points) and a theory/data comparison of the exit tem-
perature profile are shown in Fig. 5, where T, and T,
designate the overall averaged temperature in the exit
and inlet of the combustor, respectively, and T,(r)
designates the circumferentially averaged temperature
at each local radial position. The profiles shown in
Fig. 5 have been averaged along the circumferential
direction. The measured data were obtained from four
arrays of seven thermocouple measurements between
the top and bottom liners, rotated around the entire
combustor exit annulus at 1.5° intervals. Very good
agreement has been obtained for this extremely com-
plicated flow.

The above cases are for production type gas turbine
combustors. The third combustor studied is a research
type where more extensive experimental information
is available. Similar to above, 20 swirl cups are evenly
placed along the annulus. A schematic illustration of
the combustor side view is shown in Fig. 6. Two
different configurations in the primary dilution pat-
tern have been investigated. The first configuration
has single opposed dilution holes in line with the swirl
cup centers in each 18° sector. The second con-
figuration has two opposed dilution holes in each 18°
sector, one in-line and one midway between the swirl

CONCERT-3D MODEL GRID
{658 x 28 x 21)
Ts = 1540°R
P; = 1534 psi
FIA = 0.0218
Te = 2173°R
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FiG. 5. Circumferentially-averaged normalized temperature ((T,(r)— TO/(T—T)) +1.
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Fi1G. 6. Grid system of the research combustor configuration (41 x 25 x 27 points).

cup centers. Flow distributions were generated from
measured data obtained on a calibrated flow stand.
Gas temperature data were obtained from gas samples
extracted at a plane just downstream of the primary
holes. The inlet gas temperature was 1100°R for both
cases modeled. The values of the mean conserved
scalar out of the swirl cup are 0.0702 and 0.0783 for the
two cases. A mesh system comprising of 45x25x27
(total of 41 625) grid points was generated, as shown
in Fig. 6. Theory/data comparison at the measure-
ment plane for both flow configurations is shown in
Fig. 7. The agreement for both cases is good, both in
terms of the hot/cold spot distribution, as well as
the quantitative temperature levels. Figure 7 further
demonstrates that the CONCERT algorithm is cap-
able of correctly predicting the impact of the change of
dilution hole pattern on the exit temperature pattern.
This is the most critical information a designer is
seeking in improving the performance of a combustor.
The change of the temperature patterns in two con-
figurations can be better understood by investigating
the accompanied velocity field computed as a part of
the solution, as shown in Fig. 8. The strong vortical
flow motions caused by the interaction of main inlet
flow and dilution jets can considerably enhance the
mixing process and the chemical reactions. For both

HMT 32:6-L

configurations, the cold spots are located at the pos-
itions outside the vortex cores. The introduction of
the extra row of dilution holes produces a greater
number of vortices in the exit plane creating more
islands of higher temperature, especially in the lower
half of the exit plane. It is noted that predicted tem-
perature patterns generally show a larger degree of
variation than those indicated by the measurements
in all three cases studied here. This phenomenon can
result from a combination of an under-prediction of
the mixing process in the theoretical part and a lack of
adequate spatial resolution in the experimental data.

CONCLUDING REMARKS

The results presented here suggest that for com-
puting the complicated recirculating turbulent react-
ing flows in realistic combustor configurations, while
virtually all of the modeling and computational
aspects can beé improved, the presently developed
pragmatic approach, as embodied in the CONCERT
algorithm, is capable of predicting characteristically
correct temperature patterns. Detailed information
yielded by the numerical solution can be used to help
understand, explain, and parameterize the interactions
among the many variables contained in the combustor
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F1G. 7. Calculated vs measured gas temperatures (°F) at the measurement plane.
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flows. Accordingly, under the normal operating con-
dition where the physical process is likely to be domi-
nant, the major feature of combustor performance
can be predicted, which is the conclusion of the present
assessment.
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ETUDE DES ECOULEMENTS TRIDIMENSIONNELS DANS LES CHAMBRES DE
COMBUSTION DE TURBINE A GAZ

Résumé—On présente les résultats expérimentaux et numériques de ’étude de 'écoulement tridimensionnel
dans une chambre.annulaire de combustion d’une turbine 4 gaz. L’approche numérique tente de dresser
un bilan des aspects compétitifs des interactions complexes physiques et chimiques et de tenir compte dans
la résolution, des contraintes géométriques tridimensionnelles dues au contour de la chambre, des fentes
de refroidissement et des trous circulaires de dilution. L’algorithme emploie des coordonnées curvilignes
non orthogonales, des discrétisations précises de second ordre, une procédure de résolution itérative
multigrille, le modéle de turbulence k¢, et un modéle de combustion renfermant une fonction de densité
de probabilité. Pour vérifier la qualité de I'algorithme numérique, on expérimente sur trois écoulements
annulaires différents. Globalement on constate un bon accord entre théorie et expérience pour la con-
figuration de température dans le plan de sortie. L’influence d’un changement dans I’arrangement des trous
de dilution est bien prédite. Le mécanisme compliqué du mélange peut étre mieux compris a partir de la
simulation numérique qui donne une information plus détaillée. On conclut que dans les conditions
normales ou le mécanisme physique est prédiminant, la performance de la chambre de combustion d’une
turbine & gaz peut étre prédite par la présente méthodologie.

UNTERSUCHUNG DER DREIDIMENSIONALEN STROMUNG IN EINER
GASTURBINEN-BRENNKAMMER

Zusammenfassung—Es werden sowohl Berechnungs- als auch experimentelle Ergebnisse zur Untersuchung
der dreidimensionalen Stromung in der ringformigen Brennkammer einer Gasturbine vorgestellt. Der
rechnerische Ansatz versucht eine brauchbare Bilanz aufzustellen, um die konkurierenden Aspekte einer-
seits der komplizierten physikalischen und chemischen Wechselwirkungen der Stromung zu beriick-
sichtigen, und andererseits die Erfordernisse bei der Beschreibung der dreidimensionalen Kontur der
Brennkammer, der Film-Kiihlungsschlitze und der kreisf6rmig angeordneten Verdiinnungsbohrungen. Der
Algorithmus benutzt nicht-orthogonal gekriimmte Koordinaten, eine Diskretisierung zweiter Ordnung,
einen mehrfach iterativen Losungsweg, das Standard k—¢ Turbulenz-Modell und ein Verbrennungsmodell,
das eine angenommene Wahrscheinlichkeits-Dichtefunktion enthilt. Um die Leistungsfahigkeit des numer-
ischen Verfahrens abzuschitzen, wurden drei verschiedene ringférmige Verbrennungsstrémungen experi-
menteil im Labor untersucht. Generell wurde herausgefunden, daB eine gute Ubereinstimmung zwischen
Theorie und MeBdaten besteht beziiglich des charakteristischen Temperaturfeldes in der AuslaBebene. Der
Einfluf} eines Wechsels der Anordnung der Verdiinnungsbohrungen auf die Brennkammerleistung wird
gut vorhergesagt. Kompliziertere Mischungsvorginge konnen mit mehr detaillierteren Informationen aus
der numerischen Simulation besser verstanden werden. AbschlieSend kann gesagt werden, daB die Leistung
einer Gasturbinen-Brennkammer durch das vorliegende Verfahren fiir normale Betriebsbedingungen, wo
die physikalischen Vorginge ziemlich dominierend sind, bestimmt werden kann.
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HCCNEAOBAHME TPEXMEPHBIX TEYEHHMH B FA30OTYPBHHHOU KAMEPE
CrOPAHHUA

Amporamas—IIpescTapieHsl pacyeTHbIE B IKCTICPHMCHTAJILHBC JaHHbE HCCICAOPAHEA TPEXMEPHOIO
TedeHMd B KONbUEBOH rasoTypOmmHoi xamepe cropanis. I[IpH moMOIIM BLITECHHTENBLHOrO METONA
DPeANpAHATA HOMBITKA HAXOXKACHHS NOCTATOYHOIO PABHOBCCHS I8 H3YYCHHS KOHKYPHDPYIOLIHX ACHEK-
TOB CJIOXKHBIX (PHINUECKHX ¥ XHMHYECKHX B33HMOZNCHCTBHN TeweHHSA, a Taxaxe TpeGoBaHHIt X PCINCHHIO
TPEXMEPHEIX TeOMETPHYECKEX CBasell KOHTYPOB XaMephl CTOpaHHMS, XKaHANOB UM OXMAKISHAR IUICHOK
KAOKOCTH B KpyIix orsepcrmii ans pasbasnesms. B anropHTME ECHOMLIYIOTCS HEOPTOrOHANLHLIE
KpHBOJHHERHbIC KOOPAMHATH, MHCKPETH3AIMH C TOYHOCTHIO OO BTOPOTC NOPANKA, MHOTOCETOMHBUE
METOA HTepauHit, cranaapTHas TypOyNeHTHAs MOXeNb k—& H MOJE)Ih CTOPARHAS, BRINOYAIOMAN IPEINIO-
naraeMyro GopMy QYHKIEH ILIOTHOCTH BEPOSTHOCTH H KOHICHIHIO KOHCEPBATHBHON CKAJIApHON nepe-
Menno#. JII8 OLEHKH XapakKTEPHCTHE YHCACHHOrO AJITOPHTMA HCCICAOBaHH TPH DPAalIHYHBIX BHAA
TedeHMs B KOJBIEBMX KaMEpaX CTOPAHHS ¢ H3MEPEHHSMH TEUeHHsS BHYTDH xopnyca. B uenom maitneso,
9T0 MOXHO NOJYMATH XOPOILES COINACOBAHHE TEOPCTHYCCKEX H OKCHOPDHMCHTANBHEIX MNAHHBIX Ui
XapakTEpHOTO TEMIEPATYPHOTO PEXHMA B BHIXOAHOH IUIOCKOCTE. PacCIATAHO BIHSHAC RIMEHEHHA PAc-
NOJIOXKEHHS OTBEPCTHIi [ pa3basnerns Ha pexnM paboThl xaMephl cropanns. CnoxHel npouece cme-
HIEHHS MOXeT OWThL JNydlle HOHAT Ha ocHoBe Gonee moapobGHol mE(popMamuu, nosydeHHOM npH
YHC/CHHOM MozempoBauud, Clienal BHEBOI, TO NAHHAA METOLOJIOIH I03BOJINET PACCHHTaTh paboume
XapaKTepPACTHKE ra3oTypOunuol kaMephl CropaHaA NPH HOPMATBbHOM PeXEMe paboTh.



