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Abstract

In this study we present results from simulations
of a single sector and a fully annular multi-bur-
ner aero engine combustor. The objectives are
to facilitate the understanding of the flow, mix-
ing and combustion to help improve the com-
bustor design and the design process as well as
to demonstrate that it is now feasible to perform
high-fidelity re-acting flow simulations of full
annular gas turbine combustors. The simula-
tions are performed by a combustion Large Ed-
dy Simulation (LES) model in which all flow fe-
atures larger than the grid are resolved whereas
the effects of the small scale flow features on the
large ones are modeled. The LES method used
is validated against a range of non-reacting and
reacting flow configurations a few of which are
reported here. The aero engine combustor of in-
terest is here modeled both using a conventional
single sector configuration and a fully annular
multi-burner configuration and the Jet-A com-
bustion chemistry is modeled by a global three-
step mechanism. The single-sector and fully an-
nular multi-burner predictions are similar but
with the fully annular multi-burner configura-
tion showing a different combustion dynamics
and thus also somewhat different time-averaged
profiles of the dependent variables. For the fully
annular multi-burner configuration azimuthal
pressure fluctuations are observed, resulting in
successive reattachment and detachment of the
flames in the azimuthal direction.

1. Introduction and Background

For civilian and military aeropropulsion, includ-
ing turboshaft engines for helicopters and small
aircrafts, turbofans for large aircraft, and after-
burning turbojets and turbofans for combat air-

craft there is no realistic substitute for gas turbi-
ne engines. Modern aeropropulsion gas turbine
engines usually have an annular combustion
system with multiple burners sharing a common
fuel supply line. Constraints on such gas turbin-
es include velocity and temperature profiles de-
livered to the turbine (affecting turbine life),
pressure drop across the combustor (affecting
e.g. thermal efficiency), the ability to withstand
flame extinction, blow-out and pressure oscilla-
tions, the ability to relight at high altitudes, un-
steady thermal loads and mechanical vibrations
as well as emission regulations on CO, CO,,
NO, unburned hydrocarbons as well as smoke.
Although the current trend in gas turbine design
is towards fuel lean and premixed conditions to
reduce emissions, most aeropropulsion gas tur-
bines makes use of spray flames. The fuel spray
is usually created by passing the liquid fuel
through an air-blast atomizer in which the liquid
fuel film is broken up into small droplets that
are sprayed into the combustor together with air
under swirling conditions. Neighboring spray
flames in an annular configuration interact with
each other, and with the acoustic pressure field
in the combustion chamber, and are further in-
fluenced by the air-flow through the dilution
and film cooling holes in the liner, resulting in
complex flow phenomena.

Accurate observations and quantitative
measurements of these processes in realistic
configurations are difficult and very expensive,
and are thus in short supply. Better understand-
ing of these flows for design modifications and
exploration of the fundamental physics demands
high-fidelity numerical studies in realistic con-
figurations. Specifically, good predictive capa-
bility for swirling, turbulent reacting flows in
complex geometries is necessary.



To meet these challenges in a cost- and
time-effective manner, improved combustor de-
sign tools are needed that can include accurate
models of turbulent flow and mixing, chemical
kinetics, spray physics, thermal radiation etc.
Current steady-state Reynolds Averaged Navier
Stokes (RANS) combustion models, e.g. [1-2],
lack the quantitative accuracy needed for reli-
able predictions of transient phenomena such as
vortex shedding, shear layer mixing, acoustics,
combustion instabilities, blow-out, self-ignition
and emissions. A better approach is to use com-
bustion Large Eddy Simulation (LES), [3-5], in
which the large scales of the flow are explicitly
simulated and only the small (subgrid) scales
are modeled, [6]. It has been previously shown
that LES captures mixing better than RANS,
[2], and turbulent combustion interactions even
better, [5]. Moreover, the combustion dynamics,
and its effect on mixing and reaction is only
captured by combustion LES. Practical combus-
tion LES has now matured, so that single sector
gas turbine combustors are routinely investi-
gated, [7-8], whereas only a few annular gas tur-
bine combustor LES, being able to capture all
acoustic modes of relevance and interactions in
the combustor, have been performed, [9-10]. It
is important to further develop and demonstrate
combustion LES so that these high-fidelity mo-
dels soon can be utilized in the design environ-
ment. Such a design tool will dramatically re-
duce the test costs and produce improved, low
emissions combustor designs. Here we describe
the use of single sector and fully annular, multi-
burner, combustion LES to study the CESAR
aeropropulsion gas turbine combustor system,
[11]. The results of these LES predictions are
here used to examine both single sector and
fully annular multi-burner configurations, and to
elucidate the physical processes taking place in
a fully annular multi-burner configuration.

2. Mathematical and Numerical Modeling

The mathematical model used consists of the
balance equations of mass, species mass frac-
tions, momentum and energy, describing con-
vection, diffusion and reactions, [12]. The reac-
tive gaseous mixture is assumed to be a linear
viscous fluid with Fourier heat conduction and
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Fickian diffusion, [1]. The viscosity is comput-
ed from Sutherland’s law and the thermal con-
ductivity and species diffusivities are computed
using the viscosity and constant Prandtl and spe-
cies Schmidt numbers, respectively. The mix-
ture thermal and caloric equations of state are
obtained under the assumption that each specie
is a thermally perfect gas, with tabulated forma-
tion enthalpies and specific heats, respectively,
[1]. The reaction rates are computed from Guld-
berg-Waage’s law of mass action by summation
over all participating reactions, with rate con-
stants obtained from a modified Arrhenius law,
[13]. The ranges of scales present in turbulent
reacting flows typically covers eight orders of
magnitude, [14], with the smaller scales being
less energetic but important for the chemical ki-
netics, and here a Large Eddy Simulation (LES),
[6], model is used to filter out the small scales
of motion, whilst representing their effects on
the resolved scales of motion by a subgrid flow
model and a subgrid turbulence chemistry inter-
action model, [4-5]. Here, the subgrid stress ten-
sor and flux vectors are modeled using the mix-
ed model, [15], whereas the sub-grid turbulence
chemistry interaction terms are modeled by the
PaSR model, [16], in which the filtered reaction
rates are evaluated as the product of the reaction
rates of the fine structures and their volume
fraction. The LES equations are solved using a
fully compressible semi-implicit finite volume
discretization, based on the C++ library Open-
FOAM, [17], with a monotonicity preserving
flux reconstruction scheme and a Crank-Nichol-
son time integration. Most gas turbines operate
on hydrocarbon fuels and here global three-step
reaction mechanisms for CHy-air, C;Hg-air and
Ci2Hps-air combustion are used. These mecha-
nisms are constructed from detailed reaction
mechanisms using the methodology proposed
by Meredith & Black, [18].

3. Validation and Supersonic Combustion
Characteristics

The computational methodology used, involving
the OpenFOAM library, [17], has been verified
for a range of cases using systematic grid refine-
ment studies, the method of manufactured solu-
tions (MMS) and modified equations analysis
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(MEA) to estimate the truncation errors. The ap-
plication codes are extensively validated against
DNS or experimental data, and many such cases
have been reported earlier, most performed with
LES, but also some with RANS to provide a ref-
erence to current engineering capabilities. Some
of the flows considered includes the Taylor
Green flow, [19], homogeneous isotropic turbu-
lence, [20], fully developed turbulent channel
flow, [21], flow past different blunt or stream-
lined bodies, [22-23], supersonic flows, [24-25],
and reacting flow in different laboratory com-
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bustors. Figure 1 shows some representative re-
sults from the low-swirl burner of Cheng et al.,
[26], studied experimentally by Peterson et al.,
[27], and computationally by Nogenmyr et al.,
[28], and the Triple Annual Research Swirler
(TARS) studied experimentally by Li & Gut-
mark, [29], and computationally by Fureby et
al., [30]. These and other similar verification
and validation studies give us confidence in the
computational models and methods as well as
the procedures used to investigate and evaluate
the numerical results.

(b)

Figure 1. Validation and verification. (a) Perspective view of the low swirl burner together with comparisons
of predicted and measured axial velocity and fuel mass fraction and (b) perspective view of the flow through
the TARS and comparisons of predicted and measured axial velocity.

4. Aeropropulsion Gas Turbine Combustor
Model

The aeropropulsion gas turbine combustor of in-
terest in this study is of the reverse-flow type
and is shown in figure 2a, and is mainly used for
turboprop engines, [11]. The combustor casing
accommodates two igniters for engine start and
twelve fuel-air spray nozzles. Air enters through
a diffuser and is lead through the air channel in-
to the fuel-air spray nozzles, figure 2b, where
the air is mixed with fuel prior to being dischar-
ged into the flame tube. The remaining air fills
the space between the flame tube and the com-
bustor wall, providing cooling of the flame tube
walls and dilution of the primary combustion
zone through a large number of film cooling and
dilution holes. The flame tube consists of curv-
ed elements with built-in film cooling holes at-
tached to the combustor casing using brackets.
Two computational models, of which the first

consists of a single 30° sector with periodic
boundary conditions, and the second of the fully
annular combustor, have been generated with
about 3 and 36 million cells, respectively, cf.
figure 2c. In order to be able to resolve all de-
tails of the fuel-air spray nozzles and film cool-
ing holes, unstructured tetrahedral grids with lo-
cal refinement patches in critical regions have
been employed throughout. Conventional open
inflow/outflow boundary conditions for all de-
pendent variables have been utilized together
with isothermal no-slip wall boundary condi-
tions. The initial conditions for the combustion
LES were obtained from an initial single sector
RANS computation that in the case of the fully
annular configuration was mapped onto the full
annular domain. The nominal Reynolds number,
based on the mass flow through the fuel-air
spray nozzle, is Re~2-10° whereas the nominal
combustor swirl number is S=0.5.
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(b)
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Figure 2. (a) Perspective view of the aeropropulsion gas turbine combustor with the twelve fuel-air spray
nozzles, (b) detailed view of a fuel-air spray nozzle, (c) annular combustor grid and (d) detailed view of the
combustor cross-sectional profile with the unstructured grid following the geometry.

5. Results, Comparison and Discussion

Figure 3a shows a perspective view of the inter-
acting flames in the annular multi-burner confi-
guration in terms of semi-transparent iso-surfac-
es of the temperature, whereas in figures 3b and
3c similar images are shown for sector 12 of the
annular multi-burner configuration and for the
single-sector configuration, respectively. At the
first glance, the temperature distributions of the
annular multi-burner configuration, shown in
figures 3a and 3b, is similar to that of the single
sector configuration in figure 3c, with the high
temperature region lifted away from the fuel-air
spray nozzles as seen in figures 3d and 3e.
However, when studying the individual flames
of the annular multi-burner configuration in fig-
ure 3a it is evident that these twelve flames are
individually different, and that they are interact-
ing with each other. The single sector configura-
tion may be a reasonable representative of the
annular multi-burner configuration in terms of
mean quantities, but will not be able to represent
any of the dynamics caused by the interacting
flames and/or by features caused by azimuthal
pressure waves. Under conditions when flame-
to-flame interactions are strong, e.g. when com-
bustion instabilities occur, the mean quantities
may differ significantly between the single sec-
tor and multi-burner configurations. In single
sector configurations (as well as in can combus-

tors) longitudinal pressure fluctuations typically
prevail, [31], whereas azimuthal pressure fluc-
tuations are most likely to develop in annular
configurations, [32], and thus provide the mech-
anisms for how neighboring flames interact with
each other, [9-10].

The dynamics of the flames are dominated
by the local equivalence ratio, i.e. the local fuel
and oxygen distributions, the local pressure and
the velocity gradients in the shear layers sur-
rounding the flames (potentially responsible for
quenching). The local equivalence ratio is gov-
erned by the fuel air mixture around the flame,
i.e. the amount of air entrained in the fuel dis-
charged through the nozzle, which in turn is af-
fected by the local flow field and the turbulence
in the vicinity of the fuel-air spray nozzle. These
issues are reasonably well understood, being lo-
cal in nature, whereas the influence of the un-
steady pressure fluctuations is more complicat-
ed, having the ability to connect different parts
of the combustor with each other. The velocity
distributions in figures 3d and 3e show conically
expanding high-speed zones developing around
each fuel-air spray nozzle and high-speed jets
discharging into the combustor through the film
and dilution holes. In addition, a multiply-con-
nected central recirculation region, with com-
plex topology, is formed downstream of the air-
fuel spray nozzles whereas semi-connected tor-
oidal shaped recirculation zones are formed be-
tween the rear wall of the inner flame tube, the
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fuel-air spray nozzles and the flames that stabi-
lize around the central recirculation region. The
hot combustion products are diluted by the air
flowing through the dilution and mixing holes in
the inner flame tube wall. As seen in figures 3d
and 3e these air jets also cool the exhaust cases,
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reducing also the formation of post flame NO
downstream of the flame zone. Further down-
stream in the flame tube the velocity increase
due to the volumetric expansion, producing the
desired high-speed flow to the turbine.

high-speed
cone

Jets

(b) (d)

(© (e)

Figure 3. Instantaneous semi-transparent iso-surfaces of the temperature at 2500 K, 2000 K, 1500 K and
1000 K for the (a) annular multi-burner configuration (b) enlargement of burner 12, (c) single sector combus-
tor, and velocity distributions colored by temperature on the centerplane from (d) the single sector configura-

tion and (e) the annular multi-burner configuration.

The pressure fluctuation field, p’, is a glob-
al quantity, the behavior of which is governed
by the inhomogeneous wave equation, 97(p’)-
c2V2(p)~(y-1)3,Q-poyIIV¥I2, in which ¢ is the
speed of sound. The right-hand-side terms are
source terms generating pressure fluctuations
due to the unsteady heat-release, Q, and the tur-
bulent velocity fluctuations, respectively. For
the cold fuel and air, c=380 m/s, whereas for the
hot combustion products ¢<900 m/s, making
pressure waves traversing different parts of the
combustor at different time scales. In figure 4
we present side and rear views, respectively, of
the predicted instantaneous pressure fluctuation
field on the inner flame tube wall of the annular
multi-burner configuration. As observed, the in-
stantaneous pressure fluctuations form a very
complicated pattern that is dominated by a com-
bination of longitudinal, radial and azimuthal
waves. In order to investigate this combination
of pressure modes in greater detail a spectral
analysis of the pressure fluctuations along four

circumferential curves, shown in figure 4b, is
carried out, and presented in figure 4c. Three of
the circumferential curves in figure 4c are with-
in the flame tube, at different distances from the
fuel nozzle, whereas the fourth is from a loca-
tion between the flame tube and the combustor
casing. Based on geometrical considerations, the
acoustic frequency of azimuthal pressure fluctu-
ations should be around f,,~c/(2nR,)=950 Hz,
where Ry is the mean radius of the annular com-
bustor, whereas longitudinal pressure fluctua-
tions typically occur at frequencies on the order
of fi,n=c/L=1600 Hz, where L is the length of a

streamline traversing the combustor. From fig-
ure 4c we find that the spectral content varies
between locations investigated, and that be-
tween the combustor casing and flame tube the
spectral contents is determined by the distance
between the fuel-air spray nozzles, and within
the flame tube the spectral content is determined
by a blend of azimuthal, radial and longitudinal
pressure fluctuations. Close to the fuel-air spray
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nozzles longitudinal modes dominate, whereas
further downstream in the combustor both lon-
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gitudinal and azimuthal modes coexist.

(b) (©

Figure 4. Contours of the pressure fluctuations on the inner flame tube wall on the annular multi-burner con-
figuration as seen from the rear (a) and side (b), whereas (c) shows the spectral composition of the pressure
field close to the fuel nozzle (—), at mid combustor (—), at rear combustor (—) and between flame tube and

combustor casing (—).

Figure 5 shows instantaneous contours of
the velocity magnitude, temperature, C;,Hzs,
CO, CO; and NO mass fractions, respectively,
on a conically shaped plane parallel to centerli-
nes of the fuel-air spray nozzles. This compari-
son is intended for deepening the understanding
of the flow, injection, mixing and combustion
process in the annular multi-burner configura-
tion and to illustrate the effects of the azimuthal
pressure fluctuations. Figure 5a shows that the
central recirculation zones are individually dif-
ferent, being embedded in conically-shaped pat-
ches of high-speed air surrounding the centrally
discharging fuel jets. Downstream, the airflow
discharging through the dilution holes partially
blocks the flow through the flame tube thereby
giving raise to wakes and associated vortex
structures enhancing mixing between the hot
combustion products and the dilution air. The
temperature in figure 5b reveals that the flames
are located within the conically-shaped patches
of high-speed air, with the high temperature re-
gions detached from the fuel-air spray nozzles
and located close to the most downstream parts
of the central recirculation region. Furthermore,
the air discharging through the dilution holes re-
sults in breaking-up the high temperature re-
gions and cooling the exhaust gases that subse-
quently enters the turbine. Higher temperatures
are also observed in the toroidal vortex struc-

tures surrounding the flames due mainly to the
interactions between neighboring vortex struc-
tures. As mentioned, the flames in the annular
multi-burner configuration are different from
those obtained in the single-sector configura-
tion. The reason for this is the global effects of
the pressure fluctuations in figure 4. Moreover,
the flames are observed to oscillate azimuthally,
moving from top to bottom at a frequency close
to 950 Hz. This azimuthal motion is accompa-
nied by a weak longitudinal displacement of the
flames and the central recirculation region. CO
(figure 5d) is produced in the first segment of
the flame-tube by the reaction Cj2Hp3+11.750;
—12CO+11.5H,0 in regions where C;,H»s3 (see
figure 5c) and O, exist simultaneously as in the
stratified regions of the fuel funnel where the
mixing is sufficiently intense to mix C;,H»3 and
O,, and the temperature is high enough to initi-
ate the reaction. This occurs in regions of high
turbulence in the annular air jet surrounding the
fuel nozzle. CO formed in the fuel-air reaction
step is further oxidized to CO, (figure 5e) ac-
cording to CO+0.50,—CO; near the end of the
first stage of the flame tube where additional air
is supplied through the dilution holes. These di-
lution air jets do not only increase the local mix-
ing rates but also the reaction rates of this sec-
ond reaction step by increasing the local turbu-
lence levels. Moreover, the cooling provided by
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the dilution jets aids to reduce the CO, emission
levels. NO (figure 5f) is formed further down-
stream in the combustor by the much slower and
temperature sensitive global reaction N>+O,—
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2NO. In this particular investigation, the global
NO reaction rate is selected to account for both
thermal NO and prompt NO as suggested and
outlined in [33].

(d) (e) ®

Figure 5. Contours of the (a) velocity magnitude, (b) temperature, (c) fuel mass fraction, (d) CO mass frac-
tion, (e) CO, mass fraction and (f) NO mass fraction on a conically shaped plane parallel to centerlines of the
fuel-air spray nozzles in the annular multi-burner configuration.

An important objective of this study is to
improve our understanding of the unsteady
combustion dynamics, in particular for the an-
nular multi-burner configuration. As discussed
earlier, the pressure fluctuation field, p’, is re-
lated to the unsteady heat release, Q, through
the unsteady wave equation, 92(p")—c2V2(p')=
(y-1)9,Q-poyIV¥IR, with the source terms repre-
senting unsteady heat-release and turbulent ve-
locity fluctuations, respectively. By combining
this unsteady wave equation with the linearized
momentum equation, pPyd,(v)=-Vp', an equa-
tion for the total acoustic energy, £=1(p'2/p,c2+
Polv'2), is obtained that takes the general form
A (E+V-F~(y-D(p'Q)/(poc?), in which F=p'v’
is the acoustic energy flux, whereas the source
term is the correlation between the pressure
fluctuations and the unsteady heat release. If the
pressure fluctuation field and the unsteady heat
release are in phase the amplitude of the acous-
tic energy will increase, whereas if the pressure
fluctuation field and the unsteady heat release
are out of phase the acoustic energy will de-
crease. This is the mathematical version of Lord
Rayleigh’s statement, [34], which can be used to

examine the sensitivity to combustion instabili-
ties which will occur if p’ and Q are in phase.
In figure 6a and 6b we show contours of Ta-
keno’s flame index, FI=VY¢,1,VYo,, and the

heat- release, Q, on a conically shaped plane
parallel to centerlines of the fuel-air spray noz-
zles. From the distribution of FI we find that the
flame is primarily a non-premixed flame (with
FI<0 as the gradients of fuel and oxidizer op-
pose one another) but with a premixed core
(with FI>0 as the gradients of fuel and oxidizer
are parallel to each other) situated just outside
of the fuel-air spray nozzles. This premixed core
help stabilizing the flame. The heat-release
field, Q, show a similar topology as FI, essen-
tially made up of a bi-modal structure with each
of these layered structures resulting from the
C12H23-air reaction C12H23+11.7502_>12CO+
11.5H,0 as well as the CO-air reaction CO+
0.50,—CO0,, respectively. The flame tips are
clearly interacting with each other and the flam-
es clearly behave independently of each other
due to the local flow field and the small but im-
portant variations in fuel supply to the individ-
ual fuel-air spray nozzles. In figure 6¢ we com-



pare the temporal evolution of the volumetri-
cally integrated unsteady pressure fluctuations,
pv=v/y(p)dV, and the volumetrically integrated
unsteady heat release, Qv=lv f(Q)dV between

the single sector and annular multi-burner confi-
gurations. The p, traces show similar ampli-

tudes for both cases whereas the Q, trace for the
annular multi-burner configuration shows high-
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er amplitudes than for the single sector case.
The mean heat release for the multi-burner case
is somewhat lower than for the single sector
case whereas the mean pressure is similar for
both configurations. The dynamics of p), and

Q. are also different between the configura-
tions, which also is manifested in the flame tube
pressure variations discussed previously.

(©)

Figure 6. Contours of (a) Takeno’s flame index and (b) the unsteady heat release, and (c) time series of
volumetrically integrated pressure fluctuations (blue) and heat release (red) from the single sector (dashed)

and annular multi-burner (solid) configurations.

6. Summary and Concluding Remarks

In this investigation we examine flow, mixing
and combustion in an aeropropulsion gas tur-
bine combustor. The analysis was performed by
using a Large Eddy Simulation based Partially
Stirrer Reactor (LES-PaSR) simulation model
on a 30° single-sector combustor configuration
with periodic side boundaries, emulating a
multi-burner annular configuration, and a multi-
burner annular configuration containing twelve
30° sectors. The single sector LES predictions
and the multi-burner LES predictions share
some basic features of the flow, mixing and
combustion, but differ significantly in terms of
the overall combustion dynamics. Based on the
multi-burner annular LES predictions we con-
clude that a multiply-connected central recircu-
lation zone is formed just downstream of the
fuel-air spray nozzles, due to vortex breakdown
downstream of each fuel-air spray nozzle. In

addition, multiply-connected toroidal vortices
develop between the rear inner flame tube wall,
the flame and the fuel-air spray nozzles. Behind
each fuel-air spray nozzle a swirling diffusion
flame, stabilized by a swirling premixed flame
core, anchors in the central recirculation region.
These diffusion flames are slightly lifted away
from the fuel-air spray nozzles and oscillate in
the longitudinal direction. Downstream of the
flame zone the hot combustion products are
mixed with cooler air discharging through the
film cooling and dilution holes, resulting in ex-
haust gases significantly cooler and more di-
luted that the adiabatic flame temperature. The
volumetric expansion due to exothermicity re-
sults in a velocity increase that is most pro-
nounced towards the reverse part of the combus-
tor. The individual flames are clearly interacting
with each other and are also feed with fuel-air
mixtures of marginally different equivalence ra-
tios resulting in individually different flame dy-
namics. These features cannot be predicted by a
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single sector model and requires a multi-burner
annular model. The flame interactions are most
significantly manifested through the combustion
dynamics and the variations of global pressure
and heat release with time being different for
the two configurations.
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