
e

stor

lation
gential,
by LDV.
stream
between
ary con-
while a

er. With
500 Hz.
quency
wer of

bustors.
Combustion and Flame 141 (2005) 40–54
www.elsevier.com/locate/combustflam

Studies of mean and unsteady flow in a swirled combu
using experiments, acoustic analysis, and

large eddy simulations

S. Rouxa,∗, G. Lartiguea, T. Poinsota,b, U. Meierc, C. Bératd

a CERFACS, 31057 Toulouse, France
b IMFT, 31400 Toulouse, France

c DLR, D-70569 Stuttgart, Germany
d Turbomeca, 64511 Bordes, France

Received 14 June 2004; received in revised form 20 September 2004; accepted 22 December 2004

Abstract

The turbulent flow within a complex swirled combustor is studied with compressible large eddy simu
(LES), acoustic analysis, and experiments for both cold and reacting flows. Detailed fields of axial, tan
and radial velocities (average and RMS) given by LES are compared with experimental values measured
The unsteady activity is identified using LES and acoustic tools for the whole geometry from inlet (far up
of the swirler) to the atmosphere (far downstream of the chamber exhaust). Concerning comparisons
experiments and LES, this nose-to-tail procedure removes all ambiguities related to the effects of bound
ditions. Results for the cold flow show that the second acoustic mode at 360 Hz dominates in the plenum
hydrodynamic mode at 540 Hz due to a precessing vortex core (PVC) is found in the combustion chamb
combustion, the PVC mode is damped and the main mode frequency dominating all unsteady activity is
Acoustic analysis shows that this mode is still the second acoustic mode observed in the cold flow: its fre
shifts from 360 to 500 Hz when combustion is activated. More generally, these results illustrate the po
combined numerical tools (LES and acoustic analysis) to predict mean flow as well as instabilities in com
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords:Gas turbines; Acoustics; Large eddy simulation
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1. Introduction

The design of modern combustion chambers
gas turbines relies heavily on Reynolds-avera
Navier–Stokes (RANS), which predicts the mean v
ues of all parameters in the chamber (velocity, temp

* Corresponding author.
E-mail address:roux@cerfacs.fr(S. Roux).
0010-2180/$ – see front matter 2005 The Combustion Institut
doi:10.1016/j.combustflame.2004.12.007
ature, density, species mass fractions, and turbu
quantities). Even though these mean fields are es
tial ingredients of a successful design, recent rese
has shown that they had to be complemented by o
tools. In the continuous development of gas turbi
burners and chambers, unexpected problems suc
flashback, quenching, or combustion oscillations
pear in many cases. Combustion instabilities are
of the most dangerous phenomena: these oscillat
are caused by combustion/acoustics coupling and
e. Published by Elsevier Inc. All rights reserved.
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lead to the complete destruction of the combus
[1–7]. They are difficult to predict at the design lev
using RANS methods. To understand and pre
combustion instabilities, other numerical methods
needed[8,9]:

• Acoustic analysis: using drastic assumptions
the flow and on combustion, the stability of
combustor can be studied using purely acou
tools which predict the frequency and the grow
rates of all modes. Such tools have been u
in research centers but also in industry to
termine longitudinal low-frequency modes[4,10,
11], longitudinal/azimuthal modes[12,13], fully
three-dimensional acoustic modes[12,14], linear
or nonlinear dynamics[15–17]with analytical or
numerical techniques. The weakest part of th
models is the description of the flame respons
acoustic perturbations.

• LES: more recently, the development of LE
has allowed detailed studies of turbulent co
bustion. Even though the cost of such LES
mains very high, the predictive capacities
these tools for turbulent combustion have be
clearly demonstrated[18–21]. Extending LES
to study flame/acoustics coupling is therefore
obvious research path[9,22].

Although they can address the same issue (fla
acoustics coupling), acoustic tools and LES foll
different routes: while LES provides a detailed ana
sis of one reacting case, acoustic tools can be u
to explore a wide range of parameters and geo
tries. Combining these solvers is likely to offer t
best solution to understand and control combus
oscillations but very few studies have tried to u
both approaches together. The objective of this pa
is to explore this path by using simultaneously L
and acoustic analysis for a swirled premixed gase
combustor. These two approaches are compared t
tailed measurements performed at DLR Berlin a
Stuttgart. First, mean LES profiles are compared
all velocity components (mean and RMS) for cold a
reacting flows: this set of data constitutes an exten
validation data base for LES results since it incor
rates profiles of mean and RMS velocity compone
in the axial, tangential, and radial directions. The
steady activity in the combustor is characterized i
second step using LES, acoustic analysis, and ex
mental results: the natural hydrodynamic instabilit
of the swirled flow (especially the precessing v
tex core[23]) are identified and their importance
flow/acoustics coupling is studied for cold and rea
ing cases. Oscillation frequencies revealed by L
and acoustic analysis are compared to experime
measurements using microphones and hot-wire m
surements.

An important aspect of the study is the design o
combustor and the use of numerical tools allowin
‘stand-alone’ computation. LES and acoustic analy
are run from an upstream section to the downstre
end. Boundary conditions are extremely simple:
mass-flow rate is imposed at the inlet of the wh
device while the pressure at infinity is specified
away from the exhaust for the outlet. No bound
condition (like velocity, species, or swirl profiles
the inlet) can be tuned to match results: this allow
more direct evaluation of the two methods’ capab
ties and limitations.

The experimental configuration is described fi
before providing short descriptions of the LES a
acoustic tools. Results for the nonreacting flow
then presented before results for the reacting cas
equivalence ratio 0.75.

2. Configuration: Swirled premixed burner

The burner features a swirled injector (Fig. 1):
swirl is produced by tangential injection downstrea
of a plenum. The chamber has a square cross
tion (86× 86 mm2) to allow optical diagnostics. Th
chamber length is 110 mm and ends into an exh
duct with a 6:1 contraction. The burner operates
atmospheric pressure and the inlet air temperatu
300 K.

In addition to swirl, a central hub is used to sta
lize the flame and control its position. In the expe
ment, methane is injected through holes located in
swirler but mixing is fast so that for the present co
putations, perfect premixing can be assumed. Exp
ments include LDV velocity measurements as wel
a study of combustion regimes. Velocity profiles a
measured for the axial, tangential, and radial com
nents at various sections of the combustor for b
cold and reacting flows. Microphones are used
characterize the unsteady activity in the plenum
in the chamber.

Fig. 1. Global view of the burner and combustion chamb
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Fig. 2. Boundary conditions: the atmospheric region dow
stream of the exhaust (Section 3) is also meshed to a
specifying boundary conditions in this section.

To provide a nonambiguous comparison betw
LES and experiments, it is important to conside
stand-alone configuration, i.e., a situation where
influence of boundary conditions is as small as p
sible: for example, the possibility of tuning the LE
inlet or outlet conditions to match the experime
tal results (a procedure which is often employed
rarely mentioned for obvious reasons) must be s
pressed. For the present study, boundary condit
were pushed as far away as possible from the ch
ber by extending the computational domain upstre
and downstream of the combustion zone (Fig. 2): the
swirlers and the plenum are fully meshed and co
puted and even a part of the outside atmospher
meshed to avoid having to specify a boundary con
tion at the chamber exhaust (Section 3 inFig. 2). At
the inlet of the plenum (Section 1), a flat 27 m s−1

velocity profile is imposed (Re∼ 45,000) and it was
checked that this profile had no influence on the
sults as long as the total mass-flow rate was c
served. The inlet temperature is 300 K. At the ou
of the combustion chamber (Section 3), a part of
exhaust atmosphere is added to the computation.
is an expensive but necessary step: acoustic w
reaching the chamber exhaust (Section 3) are p
erly transmitted or reflected without having to spec
an acoustic impedance for this section since it is
a boundary condition but a part of the computatio
domain.

3. Large eddy simulations for gas turbines

LES are powerful tools to study the dynamics
turbulent flames[9,20,21,24–27]. In the present ar
ticle a parallel LES solver called AVBP (seewww.
cerfacs.fr/cfd/) is used to solve the full compressib
Navier Stokes equations on hybrid (structured and
structured) grids with third-order spatial and tempo
accuracy[28,29].

No-slip adiabatic conditions are imposed at
walls of the chamber. Subgrid stresses are descr
by the WALE model[30]. Even though this model ca
predict wall turbulence as shown in[30], the mesh
size near walls is not sufficient to correctly reso
turbulent boundary layers for all walls of the com
bustors. This obvious limitation is well known whe
dealing with LES in combustion chambers but,
terestingly, it has limited effects on the results. T
comparisons of LES and LDV data show that on
a limited zone near the walls is affected by the la
of resolution in these regions: most of the turbul
activity is generated by the velocity gradients ins
the chamber which are well resolved on the grid
that this approximation is acceptable. Other simu
tions performed with law-of-the-walls for LES (no
shown in this paper) do not exhibit significant diffe
ences with the present no-slip condition.

The flame/turbulence interaction is modeled
the thickened flame/efficiency function model[22,31].
The chemical scheme for methane/air combus
takes into account six species (CH4, O2, CO2, CO,
H2O, and N2) and two reactions[21].

(1)CH4 + 3

2
O2 → CO+ 2H2O,

(2)CO+ 1

2
O2 � CO2.

The first reaction(1) is irreversible whereas the se
ond one(2) is reversible and leads to an equilibriu
between CO and CO2 in the burnt gases and a corre
prediction of product temperatures as well as lami
flame speed[21]. The rates of reaction(1) and (2)are
respectively given by

(3)

q1 = A1

(
ρYCH4

WCH4

)n1F
(

ρYO2

WO2

)n1O

exp

(
−Ea1

RT

)
,

q2 = A2

[(
ρYCO

WCO

)n2CO
(

ρYO2

WO2

)n2O

(4)−
(

ρYCO2

WCO2

)n2CO2
]

exp

(
−Ea2

RT

)
,

where the parameters appearing in these expres
are gathered inTable 1.
Table 1
Rate constants for methane/air two-step scheme

A1 n1F n1O Ea1 A2 n2CO n2O n2CO2 Ea2

2× 1015 0.9 1.1 35,000 2× 109 1 0.5 1 12,000

Note. The activation energies are in cal/mol and the preexponential constants in cgs units.

http://www.cerfacs.fr/cfd/
http://www.cerfacs.fr/cfd/
http://www.cerfacs.fr/cfd/
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Fig. 3. Mesh resolution in the plenum.

Fig. 4. Mesh resolution in the swirler (12 vanes).

Fig. 5. Mesh resolution in the combustion chamber.

The unstructured mesh used for this study c
tains 3 million elements. A specific feature of AVB
is the possibility of using hybrid meshes on massiv
parallel computers: the combustion chamber, the
jection, and the exhaust can be computed simulta
ously. The distribution of the cells in the comput
tional domain is the same for nonreacting and reac
flow: 20% are located in the plenum (Fig. 3) and in the
swirler (Fig. 4), 50% in the upstream half of the com
bustion chamber, 20% in the downstream half of
combustion chamber (Fig. 5) and 10% in the exhaus
pipe and in the atmosphere. Since the solver is f
compressible, acoustic waves are also explicitly c
tured and characteristic methods are used to spe
boundary conditions while controlling acoustic wav
reflection[29,32]. For the burner ofFig. 1, the inlet
(Section 1 inFig. 2) is a fixed velocity section while
the outlet of the atmosphere part (Section 2) co
sponds to a constant pressure surface[9].

In terms of CPU costs, the reduced efficien
(time (µs)/iteration/node) is about 270 for a typicall
nonreacting computation on one processor. The t
step is about 1.5 µs. Computations have been d
with an Origin 3000 SGI 500 MHz at the CINE
(National Computer Centre for Higher Educatio
http://www.cines.fr) in Montpelier, France.

4. Three-dimensional acoustic solver

The problem of the coupling between flames a
acoustics is old and still unsolved except in cert
simple cases. The famous example of the sing
flame of Lord Rayleigh[33] demonstrated that thi
coupling can be very strong: it is sufficient to pla
a flame in a duct to observe (for certain conditio
that the acoustic modes of the duct can be excite
very high levels. Being able to predict the acous
eigenmodes of the combustor is therefore a neces
step to understand and avoid combustion instabilit
It was shown in Ref.[34] that the temperature distr
bution markedly influenced the modal structure a
frequencies and that calculations could be carried
with finite element methods. In the present work
code called AVSP based on the thesis of Nottin[35] is
used to solve the Helmholtz equation in a nonisoth
mal flow [8,9],

(5)∇ · (c2∇p′) − ∂2

∂t2
p′ = 0,

where p′ is the pressure perturbation andc is the
local sound speed. The sound speedc is obtained
by averaging LES results. Equation(5) integrates the
influence of combustion on the local sound spe
but not its effect as an active acoustic generator[9].
This is sufficient to identify modes but not to pred
whether they will actually be amplified or damped
the combustor. The pressure fluctuations equation(5)
is solved in the frequency domain by assuming h
monic pressure variations at frequencyf = ω/(2π),

(6)p′ = P ′(x, y, z)exp(−iωt),

with i2 = −1.
Equation(5) then becomes the Helmholtz equ

tion where the unknown quantity is the pressure
cillation amplitudeP ′ at frequencyf :

(7)∇ · (c2∇P ′) + ω2P ′ = 0.

A finite element method is applied to discreti
this equation and an eigenvalue solver based on
Arnoldi method is used[36]. Solving Eq.(7) with
proper boundary conditions on walls, inlets, and o
lets provides the frequencies of the eigenmodes

http://www.cines.fr
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real part ofω), their growth rate (the imaginary pa
of ω), and the mode structure (the distribution ofP ′).
Like the LES solver, the Helmholtz solver uses hyb
meshes and can be applied to the full geometry of
burner. For the burner considered in the present s
(Fig. 1), the acoustic boundary conditions match tho
used for the LES solver: the inlet (Section 1 inFig. 2)
is treated as a velocity node and the boundary of
atmosphere part meshed for the exhaust (Section
Fig. 2) as a pressure node.

5. Nonreacting flow

The cold flow was characterized for a mass-fl
rate of 12 g s−1. An example of instantaneous a
ial velocity field is presented inFig. 6. As expected
from the large swirling motion induced by the vane
a large backflow zone (identified by lines correspo
ing to zero axial velocity) is found on the chamb
axis. Other recirculated zones exist in the corn
of the chamber. All these zones are highly unste
and their position oscillates rapidly with time. No
the complex flow inside the plenum, upstream of
swirler where other recirculated zones are found. O
side Section 3 (Fig. 2), the external atmospheric pre
sure region is meshed with progressively larger e
ments to damp perturbations.

5.1. Average profiles

LES and experimental average velocity profi
have been compared at various sections of the c
bustion chamber (Fig. 7). The averaging time for LES
is 100 ms corresponding to 15 flowthrough times
the chamber at the bulk velocity. Data compared
LES and experiments are:

• average axial (Fig. 8), azimuthal (Fig. 10), and
radial (Fig. 12) velocities,

• RMS axial (Fig. 9), azimuthal (Fig. 11), and ra-
dial (Fig. 13) velocities1 in the same sections.

A comparison of all profiles shows a good agre
ment for all velocity components: the mean velocity
correctly predicted as well as the length of the cen
backflow zone (Fig. 8). The swirl levels observed i
the tangential velocity profiles are also good (Fig. 10).
Considering that this computation has absolutely
inlet boundary condition which can be tuned to fit t
velocity profiles, this confirms the capacity of LE

1 All RMS quantities are computed with the resolv
LES signal. Subgrid scale turbulence effects are not
cluded.
Fig. 6. Instantaneous field of axial velocity for cold flow. T
black line corresponds to zero velocity locations.

Fig. 7. Section for velocity profiles comparisons.

in such flows. The RMS profiles obtained experime
tally by LDV and numerically by LES, for both axia
(Fig. 9) and azimuthal (Fig. 11) velocities are also
close. The small discrepancies observed close to
chamber axis are due to the experimental difficulty
producing a perfectly symmetric flow: atx = 5 mm,
for example, the experimental mean profile of ta
gential velocity (circles inFig. 10) is not symmetri-
cal and slightly deviates from the LES profiles. Ne
walls (for y = −43 or 43 mm inFigs. 8–13), even
though the mesh is not sufficient to resolve turbul
near-wall structures, the agreement for all profile
good for all available LDV measurements. As me
tioned previously, near-wall turbulence has a limi
effect on the mean and RMS flow field in the chamb
Table 2summarizes the quantitative accuracy of
LES prediction. This relies on a comparison betwe
LES and LDV results for the maximum mean/rm
axial/tangential/radial velocity (in percentage of th
maximum value) and their position (in percentage
the half-width of the combustion chamber).

5.2. Unsteady and acoustic analysis

The RMS fluctuation levels in both LES and e
periments (Figs. 9 and 11) are very intense around th
axis, close to the inlet of the burner (of the order
20 m/s atx = 1.5 mm). Even though this activity ap
pears as ‘turbulence’, it is actually due to a large-sc
hydrodynamic structure, called precessing vortex c
(PVC) which is well known in swirling flows[23,37,
38] and is visualized inFig. 14from LES data. Sim-
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Fig. 8. Average axial velocity profiles for cold flow (!) LDV, (—) LES.

Fig. 9. RMS axial velocity profiles for cold flow. (!) LDV, (—) LES.
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ured
ulations indicate that the spiral structure appearin
Fig. 14rotates around the burner axis at a freque
of 540 Hz. Measurements performed inside the ch
ber reveal a dominant frequency around 510 Hz.

The Helmholtz solver confirms the hydrodynam
nature of the 540 Hz frequency which does not
pear as an acoustic eigenmode: the acoustic mod
the combustor obtained with AVSP are listed inTa-
ble 3and none of them matches the 540 Hz frequen
The first acoustic mode ofTable 3(172 Hz) is not
observed in LES nor in experiments: this mode is s
ble. However, the second mode (363 Hz) is inde
identified in experiments (around 340 Hz) and in L
(around 360 Hz) but only in the plenum and in the
haust pipe. This mode is actually present everywh
in the device but it is dominated by the PVC sign
inside the first part of the chamber.Fig. 15shows ex-
perimental and numerical pressure spectra meas
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Fig. 10. Average azimuthal velocity profiles for cold flow. (!) LDV, (—) LES.

Fig. 11. RMS azimuthal velocity profiles for cold flow. (!) LDV, (—) LES.
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in the plenum and in the chamber and confirms t
these two modes exist simultaneously but not in
same places.

To extend the analysis of these modes and e
cially to look at their spatial structure, it is not ea
to use measurements since they would require m
ple simultaneous pressure probes. It is more con
nient to rely on LES and acoustic calculations:

pressure fluctuations amplitude (measured byp′21/2
)

computed both with LES and with the acoustic sol
are presented inFig. 16. Since the 3/4 wave mode ha
a long wavelength compared to the chamber, this
is obtained in the LES and in the Helmholtz solver
displaying local RMS pressure versusx coordinate.
In Fig. 16, LES shows RMS of the whole pressu
signal whereas the acoustic solver displays only
RMS acoustic structure of the 363 Hz mode. The t
codes give similar pressure amplitudes in the plen
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S (LES)

ped
Fig. 12. Average radial velocity profiles for cold flow. (!) LDV, (—) LES.

Fig. 13. RMS radial velocity profiles for cold flow. (!) LDV, (—) LES.

Table 2
Longitudinal modes frequencies predicted by Helmholtz solver (Helm), measured in the experiment (Exp) and in the LE

Mode number Mode name Cold flow (Hz) Reacting flow (Hz)

Helm Exp LES Helm Exp LES

(1) 1/4 wave 172 damped damped 265 300 290
(2) 3/4 wave 363 340 360 588 570 500
(3) 5/4 wave 1409 damped damped 1440 damped dam
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al
Table 3
Accuracy of the LES/experiment comparison for nonreacting case

Mean velocity RMS velocity

Axial Tangential Radial Axial Tangential Radi

Max. value 10% 8% 30% 4% no isolated max. 8%
Max. value position 1% 2% 2% 3% no isolated max. 5%
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Fig. 14. Visualization of the 540 Hz PVC hydrodynamic i
stability at the exit of the swirler using an isosurface of lo
pressure.

Fig. 15. Pressure fluctuations spectra for cold flow at
locations. Solid line, experiment; dashed line, LES.

(x < −0.05 m) and in the exhaust (x > 0.05 m), indi-
cating the acoustic nature of the pressure fluctuat
in these regions. However, in the swirler and in
first half of the chamber (−0.05 m< x < 0.05 m),
the pressure fluctuations given by LES are larger t
the acoustic predictions of the Helmholtz solver: th
fluctuations are due to the PVC at 540 Hz. The P
Fig. 16. Pressure fluctuations amplitude obtained by L
(circles) and acoustic analysis (solid line) code for c
flow.

acts acoustically like a rotating solid placed in t
flow: this dipole radiates weakly outside of the cha
ber. This explains why the acoustic mode at 360
is visible and unaffected in the plenum and in the
haust.

High levels of RMS velocity are found also in th
swirler (not shown here) confirming the requireme
for an entrance to exhaust computation: there is
section in the swirler or in the chamber inlet whi
could possibly be used to specify inlet boundary c
ditions and reduce the size of the computational
main.

In summary, for cold flow, two modes coexist:
low-amplitude acoustic (3/4 wave) mode at 360 H
everywhere in the device and a strong hydrodyna
mode at 540 Hz due to the PVC, localized near
burner inlet (0< x < 5 cm).

6. Reacting flow

The reacting case corresponds to an equivale
ratio of 0.75, an air flow rate of 12 g/s, and a ther-
mal power of 27 kW. A snapshot of an instan
neous temperature isosurface (Fig. 17) reveals a com
pact flame located close to the burner inlet.Fig. 18
shows the pseudo-streamline pattern on thex–r plane
based on the mean axial and radial velocity co
ponents. A central toroidal recirculation zone is
tablished in the wake of the center body under
effect of the swirling flow. A corner recirculatio
zone is formed downstream of the backward-fac
step.
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Fig. 17. Instantaneous 1250 K isosurface (LES data)

Fig. 18. Meanx–r pseudo-streamline pattern.

6.1. Average profiles

Mean and RMS temperature profiles are displa
in Fig. 19. As expected from the snapshot ofFig. 17,
combustion is nearly finished atx = 35 mm and no
fresh gases are found (in the mean) beyond this
tion. RMS temperature levels are quite high close
the burner inlet (300 K), indicating a strong interm
tency and flame flapping in this zone. No comparis
is possible with experiments here because temp
tures have not been measured yet.

The velocity fields, however, have been measu
and are presented inFigs. 20(mean axial),21 (RMS
axial),22 (mean tangential),23 (RMS tangential),24
(mean radial),25 (RMS radial). The overall agree
ment between mean LES results and experime
data is good.Table 4gives an overview of the quan
titative accuracy of the LES prediction. It is based
a comparison between LES and LDV results in ter
of the maximum mean/rms axial/tangential/radial
locity (in percentage of their maximum value) a
their position (in percentage of the half-width of t
combustion chamber). The rather low accuracy of
RMS maximum values may come from the fact th
the subgrid-scale fluctuations are not included in
RMS values shown in the present paper.

The LES captures both the mean values and
fluctuations precisely, except in a zone close to
burner inlet. This lack of precision could be due to
insufficient mesh resolution in this region but a mo
fundamental issue linked to averaging technique
nonconstant density flows is probably responsible
the discrepancy observed in these regions: LES a
ages are obtained using time averages of the Fa
filtered LES quantities while the averaging proce
(Favre or Reynolds) used for experimental res
(LDV measurements) is often difficult to qualify b
cause of data sampling[9,39]. Most zones where ex
periments and LES do not match inFigs. 21 or 23are
regions where the RMS temperature (Fig. 19) is large,
i.e., zones with strong intermittency. In these regio
Fig. 19. Mean (solid line) and RMS (circles) temperature in the central plane of the combustor (LES data).
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l

Fig. 20. Mean axial velocity in the central plane for reacting flow. (!) LDV, (—) LES.

Fig. 21. RMS axial velocity in the central plane for reacting flow (!) LDV, (—) LES.

Table 4
Accuracy of the LES/experiment comparison for reacting case

Mean velocity RMS velocity

Axial Tangential Radial Axial Tangential Radia

Max. value 6% 5% 11% 33% 16% 19%

Max. value position 1% 3% 5% 7% 8% 0%
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Fig. 22. Mean tangential velocity in central plane for reacting flow. (!) LDV, (—) LES.

Fig. 23. RMS tangential velocity in central plane for reacting flow. (!) LDV, (—) LES.
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Reynolds and Favre averages can be very differen[9]
and this could be the source of the present errors
regions with limited RMS temperatures (for exa
ple, atx = 35 mm), the experimental and LES da
match very well, confirming the possible explanatio
Obviously, these results suggest that more studies
required to clarify this issue and this is left for furth
work.
6.2. Unsteady and acoustic analysis

The first major consequence of combustion is
damp the PVC observed under cold-flow conditio
Even though this mechanism cannot be expecte
exist in all swirled combustors, it has already be
observed in other cases[21]. With combustion, dilata
tion and increased viscosity in the burnt gases see
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Fig. 24. Mean radial velocity in central plane for reacting flow. (!) LDV, (—) LES.

Fig. 25. RMS radial velocity in central plane for reacting flow. (!) LDV, (—) LES.
sure
ode

tic
and
the
era-
tic

rre-

ure-
nd

old
o
the
damp the PVC: its signature on the unsteady pres
field disappears and is replaced by the acoustic m
traces.

For this reacting flow, two self-excited acous
modes appear experimentally around 300 Hz
570 Hz. To identify the nature of these modes,
Helmholtz solver was run using the average temp
ture field given by LES to obtain the list of acous
eigenmodes with combustion.Table 3confirms that
the two frequencies observed in experiments co
spond to the first two modes (1/4 wave and 3/4 wave)
of the combustor. The agreement between meas
ments and the Helmholtz solver is quite good: arou
10% for the 1/4 wave and less than 2% for the 3/4
wave mode. The most amplified mode is still the 3/4
wave mode which was already observed for the c
flow: its frequency shifted from 360 Hz (cold flow) t
570 Hz (reacting flow). The difference between
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Fig. 26. Pressure fluctuations amplitude predicted by
LES code (circles) and the acoustic solver (line) for rea
ing flow.

measured LES frequency (500 Hz) and the exp
mental (570 Hz) or Helmholtz solver (588 Hz) valu
for this mode is probably due to changes in acou
boundary conditions but there is little doubt that LE
experiments, and Helmholtz solver are pointing at
same mode: this can be checked by displaying
field of RMS pressure measured in the LES alo
the chamber axis together with the modal struct
predicted by the Helmholtz solver for the 3/4 wave
mode (Fig. 26). Even though the LES signal contai
the signature of all modes (and not only of the 3/4
wave mode), its shape neatly matches the struc
of the 3/4 wave mode predicted by the Helmho
solver. Unlike the RMS pressure profile for the co
flow (Fig. 16), the match between the LES and t
Helmholtz solver is good everywhere, even in t
combustion chamber, indicating that the whole fl
is locked on the 3/4 wave mode.

In summary, with combustion (for this regime
an equivalence ratio of 0.75), the hydrodynamic mo
(PVC) is damped and the acoustic level is enhanc
The most amplified mode is the 3/4 wave mode for
the whole device (Fig. 26). The mode structure mea
sured in the LES matches the structure predicted
the Helmholtz code.

7. Conclusions

LES and acoustic analysis were used jointly to
alyze a swirled premixed combustor and the res
were compared to experimental data. Both the m
flow and the unsteady activity were studied for co
and reacting regimes. The full geometry was co
puted from plenum inlet to atmosphere to avoid a
possible bias effect or tuning exercises of bound
conditions during LES/experiments comparison.

The mean values of velocity measured in five s
tions in the chamber obtained with LES closely ma
experimental data for both cold flow and for a react
case at an equivalence ratio of 0.75. The RMS va
are also in good agreement for the cold flow with li
ited differences for reacting flows in regions of lar
intermittency, suggesting that these errors might
due to the definition of the averaging procedure
these regions (Favre vs Reynolds). Generally sp
ing, these results confirm the remarkable predic
capacity of LES methods and also highlight the ne
for well-defined boundary conditions: for examp
the computation must include the swirler vanes a
cannot start at the chamber inlet plane.

Regarding the unsteady behavior of the flow
LES results (confirmed by experimental data) sh
that, without combustion, the 3/4 wave acoustic lon
gitudinal mode at 360 Hz coexists with a precess
vortex core at 540 Hz. With combustion, the pre
sure fluctuations in the chamber lock onto the 3/4
wave acoustic mode of the device which shifts fro
360 Hz (cold flow) to 588 Hz (reacting case): t
PVC disappears and the acoustic structure reve
by LES matches exactly the prediction of the acou
solver for this mode. Future studies will concentr
on the unsteady flame motion using PLIF and R
man measurements but the present results dem
strate that the nature of the acoustic/flow coupl
changes when combustion is activated: hydrodyna
structures such as PVC appearing in cold flow can
appear when combustion starts while acoustic mo
are reinforced by combustion. More generally, t
study confirms the potential of LES for such flows a
also highlights the need for Helmholtz solvers an
joint use of both methods.
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