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Abstract

Numerical simulations for gas turbines rely mostly on Reynolds Averaged Navier Stokes
simulations (RANS) but also on more recent techniques such as Large Eddy Simulations which
provide insights into unsteady combustion phenomena such as ignition, flashback, quenching or
combustion instabilities. RANS techniques for combustion constitute now classical tools in the
CFD community and will not be described here. These tools have also reached certain limits
in gas turbines flows. In such configurations, strongly swirling flows constitute difficult cases
for RANS: the existence of very strong hydrodynamic unstable modes such as Precessing Vor-
tex Cores (PVC) requires intrinsically unsteady approaches. Moreover, acoustics and coupled
acoustics / combustion flows are important in gas turbines and can change the nature of the flow
drastically. For these interactions, RANS is not adequate and must be replaced by LES and by
acoustic codes which can predict the acoustic field in the turbine.

This paper describes recent tools developed for LES in gas turbines and shows examples of
applications in two configurations:

e a large scale burner (typical of high power industrial gas turbine) installed on a square
combustion chamber in Karlsruhe and

e a prototype of small aeronautic gas turbine burner developed within the European Prec-
cinsta project.

Both non-reacting and reacting flow cases are discussed. LES results are compared to exper-
imental data in terms of axial and azimuthal velocities (mean and RMS), averaged temperature
and existence of natural instabilities such as PVC (precessing vortex core). For these complex
geometries, results demonstrate the capacity of the LES to predict the mean flow, with and
without combustion as well as its main unstable modes: it is shown for example that the PVC
mode is very strong for the cold flow but is damped with combustion in both configurations.
This paper also shows the necessity of complementing LES results with acoustic analysis to
understand and predict the various combustion modes observed in a combustor.
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Chapter 1

Introduction

The design of modern combustion chambers for gas turbines rely heavily on numerical simu-
lations. The most widely used tool for such simulations is RANS (Reynolds Averaged Navier
Stokes) which predicts the mean values of all parameters in the chamber (velocity field, temper-
ature, density and mass fractions). Even though these mean fields are essential ingredients of a
successful design process, recent research has shown that they had to complemented by other
CFD tools. These tools focus on the prediction of unsteady fields and on the coupling between
the reacting flow and the acoustic field.

The motivation to develop such tools comes from the difficulties encountered in real devices:
when gas turbines burners and chambers are improved, unexpected problems keep appearing in
many cases. These problems include flame flashback, quenching, combustion oscillations. All
these phenomena cannot be studied without specific unsteady tools. The objective of this paper
is to describe two such tools:

e Large Eddy Simulation
e Acoustic codes

Large Eddy Simulations (LES) are powerful tools to study the dynamics of turbulent flames
(see special issue of Flow Turbulence and Combustion (65, 2000) on LES of reacting flows
or recent books on turbulent combustion: Peters 2000, Poinsot and Veynante 2001). Multiple
recent papers have demonstrated the power of these methods (Angelberger et al. 2000, Caraeni
et al. 2000, Colin and Rudgyard 2000 Desjardins and Frankel 1999, Pierce and Moin 1998,
Pitsch and Duchamp de la Geneste 2002). For example, LES appears as one of the key tools to
predict and study combustion instabilities encountered in gas turbines.

An important limitation of LES is its cost: the intrinsic nature of LES (full three-dimensional
resolution of the unsteady Navier Stokes equations) makes it very expensive, even on today’s
computers so that faster tools are needed. Acoustic codes belong to this second category. These
codes try to predict the global stability of a given combustion device by analyzing the amplifi-
cation (or damping) of acoustic waves propagating through the entire combustion device. The
most common versions of such codes describe acoustic propagation as one-dimensional waves
and can describe combustion only through very simplified linear formulations such as the n-tau
model (Crocco 1969, Kaufmann et al. 2002, Poinsot and Veynante 2001) or matrix formula-
tions (Hsiao et al. 1998, Krueger et al. 2000, Paschereit et al. 2001, Polifke et al. 2001). In
these formulations, the flame zone is viewed and modeled as a black box characterized only by
its transfer function (or its matrix for matrix approaches) which essentially relates perturbations



of heat release in the flame to perturbations of inlet velocity. Acoustic codes are usually simple
and fast.

Interestingly, LES and acoustic codes are linked in many recent approaches for gas turbines:
LES is used to provide the mean fields, the unsteady fields and the flame transfer function. This
flame transfer function can then be fed into the acoustic codes to predict the overall stability of
the combustion chamber when it is connected to upstream and downstream ducts.

This paper describes recent progress in the field of LES, the basis of acoustic codes and
examples of joint applications to two combustion chambers: a laboratory burner provided by
Siemens and installed at University of Karlsruhe and another burner developed within the Euro-
pean project PRECCINSTA and equipped with a Turbomeca injection device. For both burners,
cold and reacting flow results will be presented and the analysis of the results will be based on
LES and acoustic data. Results show that:

e Cold flow results are dominated by the existence of a strong Precessing Vortex Core
instability.

e The comparison between LDV and LES results shows that LES is extremely efficient to
predict these swirling flows, not only for mean values but also for RMS values.

e For the two burners, this PVC is damped with combustion.

e The cold flow does not exhibit clear organized acoustic modes but the reacting flow does:
these acoustic modes are a turning mode for the first burner and a quarter wave mode for
the second. The acoustic codes confirm the results provided by the compressible LES
data.

Generally speaking, these results confirm the potential of LES to analyze combustion insta-
bilities but also demonstrate the necessity of coupling LES with simple tools to study acoustic
phenomena in combustion chamber.



Chapter 2

Large Eddy Simulations for gas turbines

2.1 The specificities of LES for gas turbines

Most academic LES are often limited to fairly simple geometries for obvious reasons of cost
and complexity reduction. In many cases, experiments are designed using simple shapes (two-
dimensional (Angelberger et al. 2000, Duchamp de Lageneste and Pitsch 2001, Légier et al.
2000) or axisymmetrical configurations (Kempf et al. 2000, Pitsch and Steiner 2000) and simple
regimes (low speed flows, fully premixed or fully non-premixed flames) to allow research to
focus on the physics of the LES (subgrid scale models, flame / turbulence interaction model)
and more generally to demonstrate the validity of the LES concept in academic cases. This
approach is clearly adequate in terms of model development but it can also be misleading in
various aspects when it comes to deal with complex flames in complex geometries, especially

in real gas turbines for which specific problems arise:

e Real gas turbine geometries can not be meshed easily or rapidly with structured or block-
structured meshes: up to now, most LES of reacting flows have been performed in com-
bustion chambers where structured meshes were sufficient to describe the geometry. This
is no longer the case in gas turbines and this brings additional difficulties. Indeed, on
structured meshes, building high-order spatial schemes (typically 4" to 6/ order in space)
is easy and provides very precise numerical methods (Lele 1992,Ducros et al. 1996,Ga-
met et al. 1999). For complex geometries such structured meshes must be replaced by

unstructured grids on which constructing high-order schemes is a more difficult task.

e Unstructured meshes also raise a variety of new problems in terms of subgrid scale fil-
tering: defining filter sizes on a highly anisotropic irregular grid is another open research
issue (Sagaut 2000, Scotti et al. 1997, Scotti et al. 1993, Vasilyev et al. 1998). Many
LES models, developed and tuned on regular hexahedral grids, perform poorly on the

low-quality unstructured grids required to mesh real combustion chambers.

e LES validations are often performed in laboratory low-speed unconfined flames in which
acoustics do not play a role and the Mach number remains small so that acoustics and
compressibility effects can be omitted from the equations ("low-Mach number approxi-
mation”: Pierce and Moin 1998, Kempf et al. 2000). In most real flames (for example in
gas turbines), the Mach number can reach much higher values and acoustics are impor-
tant so that taking into account compressibility effects becomes mandatory. This leads
to a significantly heavier computational task: since, acoustic waves propagate faster than
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the flow, the time step becomes smaller and the boundary conditions must handle acous-
tic wave reflections (Poinsot and Veynante 2001). Being able to preserve computational
speed on a large number of processors then also becomes an issue simply to obtain a
result in a finite time.

e At the present time, it is impossible to perform a true LES everywhere in the flow and it
will remain so for a long time. For example, the flow between vanes in swirled burners,
inside the ducts feeding dilution jets or through multiperforated plates would require too
many grid points. Compromises must be sought to offer (at least) robustness in places
where the grid is not sufficient to resolve the unsteady flow.

These examples suggest that, for flames in gas turbines, work must concentrate on unstruc-
tured solvers, compressible flows, boundary conditions, robustness in poorly meshed zones,
parallel efficiency. Many modeling aspects which were critical in simple laboratory flames
(subgrid scale LES model for momentum, kinetic energy conservation, accuracy of chemistry
description, etc) must now be combined with other (and sometimes more) critical problems:
efficient unstructured solvers, subgrid scale LES models on “dirty” grids, boundary conditions
adapted to acoustics. ..

Choosing a chemical scheme is another difficulty. For most laboratory flames, describing
chemistry with only one variable is sufficient for LES (Williams 1985,Peters 2000,Poinsot and
Veynante 2001): the progress variable is enough to compute fully premixed flames and the
mixture fraction is adequate for perfectly non-premixed piloted flames such as the Sandia flames
(Combustion Research Facility division at Sandia: http://www.ca.sandia.gov/crf/index.html). In
real gas turbines, however, the combustion regime is much more complex and more “robust”
models are required to handle flames which are typically partially premixed with a full range of
local equivalence ratios and mixing levels.

2.2 An example of LES solver

To illustrate the structure of a LES code, the solver AVBP (see www.cerfacs.fr/cfd/ CFD-
Web.html) is described here, starting with the numerical method, the flame / turbulence subgrid
model and the reduced chemical scheme for methane / air combustion.

2.2.1 Numerical method for compressible reacting LES

The full compressible Navier Stokes equations are solved on hybrid (structured and unstruc-
tured) grids. Subgrid stresses are described by the WALE model (Nicoud and Ducros 1999).
The flame / turbulence interaction is modeled by the Thickened Flame (TF) model (Angel-
berger et al. 2000, Colin et al. 2000). The numerical scheme is explicit in time: various tests
performed with implicit schemes have shown that the gain was not significant. The main cau-
tion to perform correctly with explicit schemes for LES is to ensure that the mesh is as regular
as possible and avoid very small mesh size. The scheme also provides third-order spatial accu-
racy and third-order time accuracy (Colin et al. 2000). Tests performed during this study have
demonstrated that the third-order spatial accuracy of the solver is necessary to obtain precise
LES results on unstructured meshes for the reacting cases. It is less critical for cold flow.



AVBP also handles variable heat capacities: species enthalpies are tabulated and the mean
heat capacity is determined as a function of temperature and species mass fractions Y. There-
fore, local quantities such as the mean molecular weight W or the ratio of heat capacities y are
not constant. This introduces significant additional complexities in the numerical method, es-
pecially near boundaries where classical characteristic methods such as NSCBC (Poinsot and
Lele 1992) must be replaced by a more complex technique (Baum et al. 1994, Lartigue et al.
2003). In the two burners studied here, the walls of the combustion chambers are treated as
adiabatic walls. Both no-slip and law-of-the-wall formulations have been used on walls with
very limited differences on the results.

The code is fully parallel: this condition is necessary to produce the CPU power required
for LES. Typical runs are performed on grids of 2.5 millions elements on 64 processors. For
such runs, the speed up is close to 60.

2.2.2 A model for flame/turbulence interaction: the Thickened Flame

The two burners presented here are burning in only fully premixed modes. Multiple studies
have concentrated on LES of diffusion flames (Forkel and Janicka 2000, Pierce and Moin 1998,
Pitsch and Steiner 2000) while premixed cases have received less attention (Chakravarthy and
Menon 2000, Fureby and Mdéller 1995, Pitsch and Duchamp de la Geneste 2002, Weller et al.
1998). Indeed, infinitely fast chemistry assumptions constitute a useful path for LES of diffu-
sion flames. Such assumptions cannot be used for premixed flames, however: modelling the
interaction between flame and turbulence in premixed combustion systems requires to track the
flame front position, leading to a problem which is more difficult to handle than most diffusion
flames. The natural technique to track the flame would be to solve its inner structure but this
is impossible on typical LES meshes because premixed flame fronts are too thin. Two methods
can then be used to propagate turbulent flame fronts on LES meshes:

e bring the flame thickness to zero and propagate the flame front as a thin interface: this is
the principle of the G-equation method (Peters 2000, Pitsch and Duchamp de la Geneste
2002),

e thicken the flame so that it can be resolved on the LES mesh while still propagating at the
same speed as the unthickened flame: this is the principle of the TF (Thickened Flame)
model (Colin et al. 2000, Poinsot and Veynante 2001).

In the present work, the standard TF model developed by Colin et al. (Colin et al. 2000)
is used: in this model, preexponential constants and transport coefficients are both modified to
offer thicker reaction zones that can be resolved on LES meshes. The fundamental property jus-
tifying this approach has been put forward by Butler and O’Rourke (Butler and O’Rourke 1977)
by considering the balance equation for the k-species mass fraction Y} in a one-dimensional
flame of thermal thickness 89 and speed s9:

aka apqu 0 oYy .
— = — | pDr— Y, T 2.1
ot T ox ax<p ke ) Tk 5T) 1)
Modifying this equation to have:
apYih apuyih 9 ) S N U
— 2 pFD - <Yf. T ) 2.2
o T ax o \PTP e ) T RO (2.2)
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leads to a “thickened” flame equation where F is the thickening factor and exponent /" stands
for thickened quantities. Introducing the variable changes X = x/F; ® =t /F leads to:

apY!  gpuyt™ 9 ayih
il S ol S (PN W + oo <Y;h,Tfh> 2.3)

00 0X 0X 0X

which has the same solution as Eq. (2.1) and propagates the flame front at the same speed
s{. However, Y/"(x,t) = Yi(x/F,t/F) showing that the flame is thickened by a factor F. The
thickened flame thickness is 8] = F 62. Choosing sufficiently large values of F allows to obtain
a thickened flame which can be resolved on the LES mesh. Typically, if # is the number of mesh
points within the flame front (n is of the order of 5 to 10) and Ax the mesh size, the resolved
flame thickness 8} is nAx so that F must be F = nAx/s}. Note that F is not an additional
parameter of the model but is imposed by the previous relation as soon as the mesh is created.
For the computation of most flames using TF model, values of F' ranging from 5 to 50 are
sufficient to resolve the flame front on meshes corresponding to present computer capabilities.
In the framework of LES, this approach has multiple advantages: when the flame is a laminar
premixed front, the TF model propagates it at the laminar flame speed exactly like in a G
equation approach. However, this flame propagation is due to the combination of diffusive and
reactive terms which can also act independently so that quenching (near walls for example) or
ignition may be simulated. Fully compressible equations may also be used as required to study
combustion instabilities.

The thickening modification of the flame front also leads to a modified interaction between
the turbulent flow and the flame: subgrid scale wrinkling must be reintroduced. This effect can
be studied and parametrized using an efficiency function E derived from DNS results (Angel-
berger et al. 1998, Charlette et al. 2002, Colin et al. 2000). This efficiency function measures
the subgrid scale wrinkling as a function of the local subgrid turbulent velocity u'Ae and the filter
width A,. In practice, the diffusion coefficient Dy is replaced by E F D, and the preexponential
constant A by AE /F so that the conservation equation for species k is:

apY™  gpuy™ 9 aYth E
Pl O - 2 prrD S ) 4 (v ) (2.4)

ot ox ox 0x

Such an equation propagates the turbulent flame at a turbulent speed s7 = E sg while keeping
a thickness 8} = F 62. In laminar regions, E goes to unity, and Eq. 2.4 simply propagates the
front at the laminar flame speed 9.

A central ingredient of the TF model is the subgrid scale wrinkling function E. For this
work, the initial model of Colin ef al. (Colin et al. 2000) was used to express E as a function of
the local filter size A, the local subgrid scale turbulent velocity u'Ae, the laminar flame speed sg,

the laminar and the flame thicknesses 89 and 8} :

S

(60) 1—|—OLF<6§, Io> %e
(63 1—|—ch< s > ge 22

1 0
6 SL

S

t
I
[x]| [1]

where the function I" corresponds to the integration of the effective strain rate induced by all
scales affected by the artificial thickening, i.e. between the Kolmogorov ng and the filter A,
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scales. a is a model parameter which scales as o o Re_% (Colin et al. 2000). I' is written as:

2
A U; 1.2 Ac\3
r(-f,%) =0.75exp |~ —— 53 (—f) (2.6)
S, s < > : o,

u'Ae /sY

The subgrid scale turbulent velocity is evaluated as: u), = 2A3|V2(V x u)|, where A, is the grid
size. This formulation provides an estimate of the subgrid scale velocity which is unaffected by
dilatation (Colin et al. 2000). Note that the filter size A, may differ from Ay. It was suggested
by Colin (Colin et al. 2000) to choose A, = 10A,.

The LES studies of Angelberger ef al. (Angelberger et al. 2000) and Colin et al. (Colin et
al. 2000) as well as various other tests have shown that Eq. 2.5 was adequate to predict subgrid
scale wrinkling. In this work, a thickening factor F' = 25 was used. Eq. 2.5 was developed and
tested with single-step chemical schemes. Since the present study uses a two-step mechanism,
additional DNS were performed to study the TF approach combined with a two-step chemi-
cal scheme (Selle et al. 2002) and to check whether the existing efficiency functions proposed
in (Angelberger et al. 1998, Colin et al. 2000) or (Charlette et al. 2002) could be used with-
out modification. Results showed that the two chemical reaction rates follow exactly the same
evolution during these flame vortex interactions. These DNS suggest that, for the investigated
range of parameters, the premixed flame acts as a flamelet distorted by flow motions even for
low values of the length scale ratio r/(F 6?), where r is the length scale on the vortices inter-
acting with the flame front. Moreover, the effective strain rates induced by the vortices on the
flame front and extracted from these DNS are in close agreement with (Angelberger et al. 1998,
Colin et al. 2000) findings. Accordingly, the efficiency functions derived in (Angelberger et al.
1998, Charlette et al. 2002, Colin et al. 2000) were used without any modifications with the
present two-step chemical scheme.

2.2.3 Reduced chemical scheme for LES

Both burners studied here use methane / air flames. The chemical schemes used for these flames
are described here. In a TF model the complexity of chemical schemes must remain limited
because all species are explicitely resolved. Up to now, only simple one-step chemical schemes
have been used in TF models (Angelberger et al. 2000, Colin et al. 2000). In the present study,
a two-step scheme is introduced to capture CO and predict more adequate flame temperatures as
an intermediate step towards more complex schemes (typically four-step schemes such as (Jones
and Lindstedt 1988)).

The chemical scheme (called 2sCM?2) takes into account six species (CH4,0,, CO,, CO,
H>0 and N,) and two reactions:

3

CH4—|—§02 — CO+2H,0 2.7
1

CO‘|‘§02 +—— CO, (2.8)

The first reaction (2.7) is irreversible whereas the second one (2.8) is reversible and leads to an
equilibrium between CO and CO> in the burnt gases. The rates of reaction (2.7) and (2.8) are



Aq l’lfH4 1’1?2 E, Ay ngo ngz ngoz Ep

2E15| 09 | 1.1 | 34500 |2E9 | 1 | 0.5 1 12000

Table 2.1: Rate constants for the 2sCM2 scheme: the activation energies are in cal/moles and the preex-
ponential constants in cgs units.

respectively given by:
Yer \™ ([ p¥o,\" E
1
a o= A (p CH“) (—p 02) exp (—Ll) 2.9)
Wen, Wo, RT
Yeo\'5 (Yo, \"" [ Yo\ E
o = w3 () () e 25)
Weo Wo, Weo, RT
where the parameters are provided in Table 2.1.

Modelling transport by molecular diffusion also requires attention: laminar flame codes
such as PREMIX use polynomial fits for diffusion coefficients Dy. This precise but expensive
technique may be replaced by a simpler approximation based on the observation that the indi-
vidual Schmidt numbers of species S¥ = v/Dy are almost constant in many air / hydrocarbon
flames. Therefore, in AVBP, the diffusion coefficient Dy of species k is obtained as Dy = v/ S’c‘
where v is the viscosity and S¥ the fixed Schmidt number of species k. The Schmidt num-
ber values used in the present simulations are given in Table 2.2. In most cases, these values
correspond to the PREMIX values measured in the burnt gases. The Prandtl number is set to

0.68. With this parameter set, the agreement between flame profiles obtained using AVBP or
PREMIX with the same chemical scheme is excellent (Fig. 2.1).

1800 — 8x10° -
—— AVBP
+ PREMIX
1600 —|
X 1400 @
4] 9
= =
g 8
g 1200 —| £
o @
5 s
D 1000
'_
800 |
600 —
T T T T T
-1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
X (mm) X (mm)

Figure 2.1: Comparison of AVBP and PREMIX for a laminar one-dimensional flame at ¢ = 0.5. The
fresh gas temperature is 673 K.

This scheme is directly implemented into the LES code. Its first advantage compared to
a single-step scheme is to provide more accurate adiabatic flame temperatures. Fig. 2.2 com-
pares the maximum flame temperatures obtained with AVBP and PREMIX using the full GRI
mechanism. For 2sCM2, AVBP and PREMIX predict the same maximum flame temperature,
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CHy |COy | CO | O | HO| M,
0.68 1098 |0.76 | 0.76 | 0.6 | 0.75

Table 2.2: Schmidt numbers.

confirming that the thermodynamical data of AVBP is correct. 2sCM2 overestimates the maxi-
mum flame temperaturecompared to GRImech by 100 K for rich cases but is very accurate for
lean mixtures. The laminar flame speeds are also well predicted on the lean side (Fig. 2.3) but
deviate from the exact results for rich cases. For the present cases, an equivalence ratio of 0.5

was used for configuration 1 and of 0.7 to 0.75 for configuration 2: for such lean cases, the
AVBP predictions are very precise.

+ 2sCM2 AVBP + 2sCM2 AVBP
24004 — 2sCM2 PREMIX o o 1.8 || —— 2sCM2 PREMIX
O GRImech PREMIX O GRImech PREMIX

2300

2200 —

2100

2000

Burnt gas temperature (K)
Flame speed (m/s)

1900 —

1800 —

0.5 0.6 0.7 0.8 0.9 1.0 1.1 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Equivalence ratio Equivalence ratio
Figure 2.2: Burnt gas temperature (K). Figure 2.3: Laminar Flame speed 59 (m.s™!).
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Chapter 3

Acoustic tools for gas turbines

The problem of the coupling between flames and acoustic fields is old and unsolved. The fa-
mous example of the singing flame of Lord Rayleigh (Rayleigh 1878 demonstrated that this
coupling can be very strong: it is sufficient to place a flame in a duct to observe (for certain
conditions) a very intense acoustic field at a discrete frequency. For these conditions, optical
diagnostics or temperature measurements reveal a strong movement of the flame at the same
frequency. Modeling such phenomena has been the target of multiple studies in the past (see
for example Candel et al. 1996, Crighton et al. 1992, Poinsot and Veynante 2001, Williams
1985). In this paper, we will focus on two tools which are becoming almost ‘standard’ tools
in most gas turbine companies and research centers. The first one (one-dimensional, described
in Section 3.1) solves for longitudinal low-frequency waves in networks of ducts representing
the compressor passages, the combustion chamber and the turbine. The second one (three-
dimensional, described in Section 3.2) solves for all modes (longitudinal and transverse) in a
combustion chamber. In both cases, the derivation of the model is too long to be fully detailed
here and the reader is referred to (Poinsot and Veynante 2001) for a more complete descrip-
tion. The common approach in both models is to linearize the compressible reacting equations
around a mean state and to solve for the eigenmodes of these linearized problems with adequate
boundary conditions.

The intrinsic limitations of acoustic codes are significant but they remain essential tools for
the following reasons:

e The linearization is valid only for small amplitude perturbations, a condition which is
obviously not true when limit cycles typical of combustion instabilities are observed in
gas turbines. Such limit cycles can be strong enough to induce flow reversal at the com-
bustor inlet section (Keller et al. 1981): clearly, it is not possible then to view the velocity
perturbation as a small variation around the mean state. However, this assumption is
valid when the instability grows (Poinsot et al. 1988) and helps to determine the unsta-
ble modes: such modes have to appear and grow before they reach a limit cycle and any
analysis able to study them during this early phase is of interest.

e Most acoustic tools work on linear regimes for which each oscillatory mode is indepen-
dent of other modes. Now, many combustion instabilities exhibit non-linear coupling
where high-frequency modes couple with low-frequency oscillations: classical papers
from Rogers and Marble for example (Rogers and Marble 1956) mention such coupling.
They were also observed in the experiment of Poinsot et al. 1987 in which a 530 Hz
mode (often called rumble) was systematically accompanied by a high-frequency mode

12



(called screech) at 3750 Hz. The fact that combustion instabilities involve more than one
mode of oscillation is one of the basis of theories by Culick for example (Yang and Culick
1986). The tools presented below treat each mode individually and cannot simulate such
phenomena.

e The description of the coupling between acoustics and combustion in such models is
extremely crude.

Despite these limitations, such tools are useful because they run fast, can be used for design
and can also be coupled now with LES and become more precise.

3.1 One-dimensional tools

Many gas turbines exhibit low-frequency oscillations (frequency f less than 300 Hz typically)
for which the acoustic wavelength A is of the order of ¢/ f (where c is the sound speed) which
corresponds to a few meters. Since these wavelengths are much longer than the typical trans-
verse size of the burner, it is possible to assume that only longitudinal planar waves propagate
through the entire gas turbine. Assuming one-dimensional waves diminishes the complexity of
the problem considerably and allows a resolution of the linearized problem by a simple matrix
method (Poinsot and Veynante 2001). The geometry of the entire device can be subdivided into
small one-dimensional elements which are connected by jump conditions. The input parameters
of such codes are the section and length of each tube element. The sound speed in each tube is
also needed. The main ideas of Soundtube are summarized in Fig. 3.1.

L 1[! Real g eometry

P

. Flame transfer function

-

— A
<+ Al_

|-

Soundtube discretization *

'

SOUNDTUBE

Outlet and inlet impedances

For each mode:

- frequency f — Longitudinal modes
- mode structure p’(x)

Figure 3.1: Principle of Soundtube, a one-dimensional acoustic network code for gas turbines

These tools are efficient but they have two weak points:

13



e Impedances at the inlet and the outlet of the domain are required and usually unknown.
For example, if only the combustion chamber is solved for, the impedances of the com-
pressor (upstream) and of the turbine (downstream) are needed: these impedances are
difficult to obtain.

e In these modes the flame is viewed as a localized ‘active’ acoustic element (a source of
unsteady volume flow) which is characterized by its transfer function betwen unsteady
velocity and unsteady heat release (or volume source). This transfer function is generally
unknown. It can be measured or computed using LES.

Such tools are one-dimensional but can be extended to networks with connections (called
”one and a half” tools) to account for various one-dimensional ducts connected together. This
is useful to describe the low-frequency modes found in gas turbines (associated to transverse of
turning modes).

Note also that one-dimensional acoustic tools predict all longitudinal modes but also another
acoustic mode which is quite famous in reacting systems: the so-called Helmholtz frequency
(Kinsler et al. 1982) which is actually one of the longitudinal modes too. A Helmholtz resonator
is created when a small duct is connected to a large plenum (certain combustion chambers actu-
ally match this description when they are terminated by a nozzle). Such a device is displayed in
Fig. 3.2: this ‘double-duct’ arrangement consists of a cavity of volume V' (height d and section
So) fitted to a neck of area S and length L. This device acts like a spring (the pressure within
the cavity) - mass (the gas within the neck) - resistance (the acoustic radiation on the opening)
system and has a resonance frequency fy given by:

/S
fH:% v 3.1

where L is the neck length and c is the sound speed in the cavity.

X A ,
NECK: > p'=0
length L, surface S ¢L
VOLUME V=d So d
(any shape)
> u’=0
Real geometry One-dimensional acoustic
discretization

Figure 3.2: Helmholtz resonator (left) and 1D equivalent model (right): the ‘double-duct’.

Viewed in a one-dimensional acoustic manner, the Helmholtz resonator is displayed on
the right side of Fig. 3.2. For this configuration, Poinsot and Veynante 2001 provide a direct
expression of the final equation which would be solved by a one-dimensional acoustic code
(everything here is written in the absence of combustion but the conclusions would be the same
with reaction):

cos(kd)cos(kL) — Usin(kd)sin(kL) = 0. (3.2)
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where T is the section ratio between volume V and neck: T' = S,/S. For low frequencies (as
it is the case for the Helmholtz resonator), the wave number k = 2 f/c is small and Eq. (3.2)
becomes, to first order in k:

S 1
1 - T(kd)(kL) =0. or f:%,/ﬁ:%,/w—r (3.3)

which is exactly the classical expression (3.1) for a Helmholtz resonator. To confirm this ana-
lytic proof, Fig. 3.3 also displays the frequencies of the Helmholtz resonator and of the quarter
wave mode given by Eq. (3.2) and computed with a one-dimensional acoustic tool as a function
of the section ratio I' = S, /S. The geometry corresponds to Fig. 3.2. The values chosen for the
application are: ¢ = 830 m/s (corresponding to sound speed in burnt gases), L = 0.06 m and
d =0.12 m. For large values of T', both curves collapse.

A very interesting conclusion of Fig. 3.3 (illustrating a mistake which is often seen in the
combustion community) is that the ‘real’ frequency of oscillation of the ‘double duct’ device
displayed in Fig. 3.2 and computed either with Eq. (3.1) or with Eq. (3.2) can be significantly
lower than the frequency fp of a constant section duct (dashed line in Fig. 3.3). For example,
in a double duct device like Fig. 3.2, the total length of the device is d + L and this frequency
fo 1s usually evaluated by:

fo=c/(4(d+L)) (3.4)

Therefore, considering the total length of a combustion chamber and evaluating the first
quarter wave frequency fp using the total length of the chamber can be misleading: the first
acoustic mode frequency can be much lower than fp. When the section ratio I' goes to large
values (in other words when the geometry exhibits strong localized section restrictions, like
injectors), the acoustic frequency goes to zero like 1/T 1/2 as shown by Eq. (3.3). As a result,
predicting the first longitudinal mode frequency in a combustor can be a difficult exercice and
it is recommended to use a one-dimensional acoustic solver (and not approximate quarter-wave
formula like Eq. (3.4)).

3.2 Three-dimensional Helmholtz tools

Many combustors exhibit longitudinal oscillations but high-frequency transverse modes can
be even more dangerous. In addition they are more difficult to study. Screech, for example,
is a transverse mode observed in afterburners which can destroy an engine in a few seconds.
The signature of high-frequency transverse modes is that the pressure field exhibits oscillations
which have a structure along the flow axis but also along the normal to the flow axis. The tool
presented in the previous section cannot be used anymore for such flows and more complete
analysis are needed. These methods essentially extend the principle of the one-dimensional
tool: start from the wave equation, linearize around the mean state and solve for its eigenmodes.
In the general case, these eigenmodes are multidimensional. The general form of the Helmholtz
equation in a reacting flow is (Poinsot and Veynante 2001,Crighton et al. 1992):

V- (c*vp/ L pyder Vii : Vii 3.5
(c p)—atzp——(v— )=, —1poVii: Vil 3.5)

where p’ is the pressure perturbation, mr is the unsteady local heat release and p is the average
pressure and c is the local sound speed. ¢ changes considerably in a reacting flow: it depends
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—o— Double duct first mode (exact formula)
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Figure 3.3: The frequencies of the Helmholtz resonator (Eq. (3.1)), the double-duct quarter-wave mode
(Eq. (3.2)) of Fig. 3.2 and the quarter-wave mode assuming constant section as a function of the section
ratio I' = S,/ between the volume V and the neck.

on the local value of y, on the mean molecular weight W and on temperature: ¢ = (YRT /W) 1/2
where R = 8.32uSI).

Table 3.1 compares the wave equation in non-reacting flows and in a reacting flow. For the
non-reacting case, the Vii : Vii term is retained: this term is responsible for turbulent flow noise.
It is usually neglected in combustion applications because the second term (due to combustion)
is larger. A complexity brought by combustion is the variable sound speed which must be kept in
the V operator and the additional source term found on the RHS terms for the pressure equation
with combustion. This source term is responsible for combustion noise and instabilities. The
linearized form of Eq. (3.5) is sufficient to capture the growth of unstable modes but non-linear
extensions are required to describe non-linear effects seen in many limit-cycles.

62 !
Classical acoustics (¢ =constant) V2 — WZ = —ypoVii: Vi
. . . 2 32]9/ a(DT = =
Acoustics in reacting flows V(c*Vp') — =7 = —(y— 1)7 —ypoVii : Vii

Table 3.1: Comparison of wave equations for non-reacting and reacting flows.

The wave equation is usually not solved in the time domain but in the frequency domain by
assuming harmonic pressure variations at frequency f = w/(2n) for pressure and for local heat
release perturbations:

p =P (x,y,z)exp(—iot) and o7 = Qrexp(—iwt) with i*=—1 (3.6)

Introducing Eq. (3.6) into Eq. (3.5) leads to the Helmholtz equation where the unknown
quantity is the pressure oscillation amplitude P’ at frequency f and the heat release perturbation
field Q7
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V- (PVP) + 0P = in(y - 1)Q; (3.7)

This equation is the basis of three-dimensional Helmholtz codes. Knowing the sound speed
(c) distribution, ie knowing the local composition and temperature, this equation provides the
eigen frequencies wy and the associated structure of the mode P[(x,y,z). At this point, two
approaches of increasing complexity are found :

e First, the effects of the unsteady combustion can be neglected by setting Q/. = 0. This is
equivalent to finding the eigenmodes of the burner, taking into account the presence of the
flame through the mean temperature field but neglecting the flame effect as an acoustic
active element.

e In a second step, the active effect of combustion can be taken into account if a model
linking €% and P’ can be derived. This is usually the difficult part of the modeling: here
again, LES is one of the only ways to obtain this information.

Cold

inlet

300 K Combustion chamber
with burnt gases
1000 K

Figure 3.4: Example of application of AVSP: computation of the modes of a simple dump combustor.

The usual numerical techniques for Eq. (3.7) are based on finite element methods. In the
present paper, only computations with inactive flames will be presented. Such computations are
useful to identify complex mode shapes and evaluate their growth rate even in the absence of
an active flame. The solver used for this study if AVSP developed by L. Benoit at CERFACS.

An example of application of AVSP is given in Fig. 3.4: a model combustor with a cold inlet
and a homogeneous temperature combustion chamber is computed using AVSP. The length and
diameter of the inlet pipe are 10 and 6 cm and the length and diameter of the combustion
chamber are respectively 25 and 20 cm. All boundary conditions correspond to hard walls
(imposed velocity). The results are displayed in Fig. 3.5.

The structures of two modes identified by AVSP are displayed in Fig. 3.5: the first mode
(left figure) at 727 Hz is a longitudinal one (which would also be recovered by Soundtube).
The second one (right figure) is a 1T-1L at 2211 Hz (first transverse - first longitudinal). For
this second mode, the sides of the combustor near the dump plane act as pressure antinodes so
that the axis of the combustion chamber is a velocity antinode. The existence of large velocity
oscillations on the chamber axis could be an important source of oscillations in a real combustor
and the example of Section 4 will present such an example.
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First
longitudinal

First longitudinal/
transverse

Figure 3.5: Results of AVSP for the burner of Fig. 3.4. The acoustic pressure amplitude P’ is plotted on
the walls of the chamber. Top: first longitudinal 1L mode (727 Hz). Bottom: first 1T-1L mode (2211
Hz).



Chapter 4

Application to configuration 1

4.1 Geometry and regime in configuration 1

The first example of application of the LES and acoustic tools is an industrial gas turbine burner
(CAD data provided by Siemens PG). The grid contains 2381238 cells. Fig. 4.1 shows the main
features of the burner: a central axial swirler (colored in dark) is used to inject and swirl air and,
for certain regimes (not studied here), non premixed fuel. The main part of the combustion air
as well as fuel (through holes located on both sides of the vanes used for swirling) is injected
by the diagonal swirler. Its external surface is visualized in Fig. 4.1 by a wire type surface. For
the present study, both axial and diagonal swirlers are fed with premixed air.

‘ From compressor ‘

P Diagonal
e swirler

Axial
swirler

Figure 4.1: Burner: the vanes of the diagonal swirler are not computed.

In Karlsruhe University (ITS), this single SIEMENS burner (scale 1:1) is mounted on an
atmospheric test rig. The combustion chamber has a square cross section with a truncated
pyramid shape at the exit. Both the casing and the chamber walls allow optical access for
velocity measurements by LDA. The burner is fired with natural gas (assumed to be mostly
methane), and the air is pre-heated to 673K. The thermal power varies between 420kW (at ® =
0.5) and 810kW (at ® = 0.83). Measurements were performed at I'TS Karlsruhe to characterize:

e the cold flow velocity field in terms of mean and RMS velocities using LDA techniques,
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e the hot flow velocity field in terms of mean and RMS components as well as the mean
temperature field using thermocouple data (The time response of the thermocouple was
not sufficient to provide RMS temperature data).

Exhaust section

Diagonal inlet

Point C1

Point C2

Figure 4.2: Burner mounted on ITS combustion chamber.

Measurements are performed in transverse cuts and at the outlet of the diagonal swirler as
represented in Fig. 4.3. For the cold flow, there are 15 cuts ranging from x/R = 0.37 to x/R =
4.17, where R is the radius of the burner outlet. For the case with combustion, there are 6 cuts
ranging from x/R = 0.7 to x/R = 4.32.

# Cut 1d
Section D /AA AAAAAS

! °R Fﬁ 0 X
0 2 r=
i -

Section A
Transverse cuts

Origin of axis
Point A1

Figure 4.3: Burner mounted on ITS combustion chamber: location of LDV measurements.
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4.2 Inlet conditions in configuration 1

Specifying boundary conditions is a difficult exercice in most LES. For configuration 1, the
conditions to specify raise different difficulties for the axial and the diagonal swirlers.

The computation of the axial swirler begins upstream of the vanes: the flow in Section
A (Fig. 4.3) is introduced along the x axis only without swirl. This clean condition avoids
uncertainties in the specification of the boundary conditions. Of course, it is costly because the
vanes of the axail swirler must be fully meshed and computed.

For the diagonal swirler, the problem is more difficult since computing completely this
part of the burner would require a full computation of all vanes placed in the passage. At the
moment, this is impossible and inlet conditions are specified just downstream of these vanes in
Section D in Fig. 4.3. Velocities could not be measured in Section D; the LES however starts
there and the inlet velocity profiles in this section are adjusted to match the first measurement
section (Cut 1d in Fig. 4.3) in the burner under non-reacting cases.

Velocity measurements have been performed in various sections displayed on Fig. 4.3. The
swirling velocity W and the velocity Uz normal to a plane parallel to the diagonal swirler exit
plane (at an angle of 22 degrees compared to the vertical axis) are measured in the test section
located close to the burner nozzle (cut 1d). Distances and velocities are respectively scaled by
the burner radius R and the bulk velocity Uy, defined by Uy, = V /nR? where V is the total
volume flow rate through the burner.

Average profiles of axial and radial velocities at the exit of the diagonal burner are displayed
in Fig. 4.4 and 4.5 (cut 1d in Fig. 4.3). In figures, symbols (o ) denote experimental data while
LES results are plotted with solid lines ( ). No fluctuating velocity components are added
to the inlet conditions: this incoming turbulence can be neglected compared to the turbulent
activity in the chamber which is mainly due to the very high velocity gradients created by the
swirling motion in the dump plane of the chamber.

r/R
r/R

0.4 — o

0.2
T T T T T T T T T T T T
0.5 0.6 0. 0.8 0.9 1.0 0.5 0.6 0. 0.8 0.9 1.0
022/Ubulk 022/Ubulk

Figure 4.4: Normalized velocity Uy, /Upyy at the  Figure 4.5: Normalized swirl velocity W /U, at
exit of the diagonal swirler (Cut 1d). the exit of the diagonal swirler (Cut 1d).
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Figure 4.6: Cold flow mean axial velocity (U /Up,x): o LDV, ——LES.

4.3 Non reacting flow in configuration 1

4.3.1 Averaged fields

In this section, LDV measurements (o ) are compared to averaged LES results ( ) at differ-
ent downstream locations x in the combustor (Fig. 4.6 to 4.9). In Fig. 4.6 (axial velocity profiles)
and 4.7 (swirling velocities), LES data are averaged over about 36 ms corresponding to two flow
times through the entire combustion chamber at the bulk velocity. Only 6 downstream locations
are displayed for clarity but 15 were investigated.

LES and experimental data predict the size, shape and intensity of the recirculation zone
in very similar ways as well as the overall spreading of the turbulent swirling jet. Results are
displayed for the whole size of the combustion chamber and not only for one half chamber to
evidence symmetry defaults. Since the chamber is square and the injection device axisymmetric,
average velocities are expected to be symmetrical versus the x-axis. However both experimental
data and LES results are not perfectly symmetrical, especially downstream. This finding (which
is quite usual in these flows) may indicate a lack of sampling of LES data but may also be due
to an intrinsic difficulty in such flows to follow the symmetry of the geometry.

To plot the RMS profiles (Fig. 4.8 and 4.9), only the resolved part of the fluctuations is taken
into account here and the agreement is good. This demonstrates that for this flow, most of the
unsteady motion lies in large structures which are very well predicted by LES methods. Cut
x/R = 0.37 in Fig. 4.9 shows that the largest fluctuations of the swirling component are located
on the axis, and reach up to 60% of the bulk velocity. This will be explained in the following
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Figure 4.9: Cold flow swirling velocity fluctuations (W'/Up,x). o LDV; —— LES.

section by the presence of a coherent structure.

An additional quantity which can be extracted directly from this compressible LES is the
RMS pressure P', both in the chamber and on its walls. Fig. 4.10 shows that the largest pressure
oscillations are found in front of the axial swirler outlet. Fairly high pressure levels (2500Pa)
are observed inside the combustor at the swirler outlet but they do not propagate to the walls.
Most of these pressure oscillations are due to the precessing vortex described in the next section.

4.3.2 Unsteady flow analysis

Swirling flows can exhibit a very large range of topologies, mainly depending on the swirl
number (see the review on vortex breakdown in (Lucca-Negro and O’Doherty 2001)). For high
values of the swirl number, the central recirculation zone may oscillate at a given frequency.
This phenomenon is often reffered to as precessing vortex core (PVC). Fig. 4.11 shows the
topology of a precessing vortex core. The vortex aligned with the axis of the chamber (due to
the swirl) breaks down at the stagnation point S in a spiral form. In the present regime, the
flow inside the spiral is recirculated. The entire structure rotates around the axis of the chamber,
causing large perturbations.

The present LES captures this phenomenon: on the burner axis, at point Al (Fig. 4.3), the
velocity component W oscillates with time (Fig. 4.12) at a frequency fLgs = 280 Hz. If the flow
were axisymetric, W would be zero on the axis of the burner. The computed strouhal number
St = (2Rfrgs )/ Upur = 0.63 is typical of swirling flows (Gupta et al. 1984). The value of figs
is also very close to that obtained experimentally at ITS: fex, = 260 Hz.
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Figure 4.10: RMS pressure fluctuations P’ in a longitudinal cut for the cold flow (Pa).

S5
'

Destruction by
turbulence

Rotating PVC

Stagnation point S

Vortex core due to swirl

Burner exit

Figure 4.11: Topology of a precessing vortex core (PVC).
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Note that the LES gives an additional information on the temporal evolution of the spiral: the
sense of winding of the spiral and the sense of rotation of the whole spiral, as a structure, is that
of the surrounding swirling flow. This finding is coherent with other observation (Dellenback
et al. 1988, Guo et al. 2001): at strong levels of swirl, the PVC rotates in the same direction as
the flow. Fig. 4.14 is an instantaneous visualisation of the PVC in the cold flow.

4.4 Reacting flow results in configuration 1

4.4.1 Ignition methodology

Igniting an LES computation raises problems which are very similar to igniting a real experi-
ment: too strong ignition can lead to oscillations or flasback while too weak ignition will fail.
In the present case, fresh premixed gases (equivalence ratio ¢ = 0.5) are injected through the di-
agonal and the axial swirler. Both flows, coming from the compressor in the actual gas turbine,
enter the combustion chamber of the ITS burner after being preheated electrically to a temper-
ature T = 673K. As the actual ignition process (produced by a spark in the real experiment)
is not described here, the chemical reaction is numerically started by filling the combustion
chamber with hot fully burned gases. Note however that the pressure increases by 25 % and the
exit velocity Mach number goes up to 0.4 in the outlet contraction during the transient ignition
phase (Selle et al. 2002).

4.4.2 Unsteady flow analysis

After a few flow-through times in the combustion chamber, the computation stabilizes and mean
values converge. An example of the reacting flow field observed after this initial phase is dis-
played in Fig. 4.15: the temperature isosurface at 7 = 1000K shows the topology of the flame
surface. Pockets of fresh gases are periodically shed from the main flame zone and burn down-
stream. A central core of hot gases is stabilized along the burner axis by the recirculation zone
induced by swirl: this core is attached to the face of the axial swirler (Fig. 4.16). The field of
axial velocity, normalized by Uy, is displayed in Fig. 4.17 with isocontours of heat release.
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Figure 4.14: Visualisation of the PVC structure by a Pressure iso-surface.

Figure 4.15: Axial swirler vanes and isosurface of temperature (7 = 1000K) colored by velocity modu-
lus (see full animation at http://www.cerfacs.fr/cfd/FIGURES/MOVIES/flame-ITS.mov).
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Figure 4.16: Instantaneous temperature field and contours of zero axial velocity in a longitudinal cut of
the burner.

Figure 4.17: Instantaneous axial velocity field and contours of reaction rate in a longitudinal cut of the
burner.
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Figure 4.18: Reacting flow: W velocity signal at point Al (Fig. 4.3) after ignition.

A specific feature of the reacting case is that the PVC structure evidenced in the cold flow
cases disappears when combustion is turned on. Fig. 4.18 is a record of the velocity in the
horizontal central plane (W) at point A1 (Fig. 4.3) after ignition. The velocity signal oscillates
around zero as the core of the recirculation zone moves around the axis of the combustion
chamber. After a few periods, the PVC motion vanishes. This observation obtained from LES
data is confirmed by experimental results.

4.4.3 Averaged fields

Mean LES results ( ) can be directly compared to experimental data ( o ). Fig. 4.19 shows
the measurements conducted only in one half of the combustion chamber. Mean temperature
profiles obtained from LES are compared to experimental data in Fig. 4.19. The thickness of
the turbulent flame brush is slightly underestimated (see x/R = 0.7 in Fig. 4.19). However, the
agreement between LES and experimental data is good, and quantities which are important for
the turbine design, are well reproduced:

o the length of the flame is well predicted,

e the burnt gas temperature is very slightly overpredicted by the LES, mainly due to the
non-adiabaticity of the experiment, while the LES assumes adiabatic walls.

Fig. 4.20 is the iso-surface T = 1000K of the mean solution. The wakes of the six blades of
the axial swirler are clearly visible, showing the necessity of meshing the axial swirler.

4.4.4 Acoustic analysis
The unsteady pressure fields in this configuration can be obtained by two methods:

e (1) the LES fields can be post processed. Since the LES code is compressible, the un-
steady field will reveal any existing acoustic mode. In this aspect, LES could provide all
information and avoid using any acoustic tool: unfortunately, it is much too expensive to
do so.
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Figure 4.19: Reacting flow mean temperature (K).

Figure 4.20: Mean flow. Axial swirler vanes and isosurface of temperature (7' = 1000K) colored by
velocity modulus.
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Figure 4.21: RMS pressure fluctuations P’ in a longitudinal cut for the hot flow (Pa).

e (2) A three-dimensional Helmholtz tool such as AVSP described in Section 3.2 can be
used on the mean temperature fields given by the LES to determine the eigenmodes of the
burner.

Both methods have been used here and are presented below.

Acoustic field revealed by LES

Post processing the LES provides the field of the pressure fluctuations P’. Analyzing this
field in a longitudinal cut reveals a very important difference between cold and reacting flow:
the pressure fluctuations observed in the cold flow (see Fig. 4.10) in front of the axial swirler
disappear when combustion is turned on (Fig. 4.21). This is consistent with the suppression of
the PVC when combustion is started: the cold flow unsteady pressure field is dominated by the
presence of the PVC while the reacting flow inhibits the PVC.

Another very important point revealed by LES is the existence of a coherent acoustic mode
in the chamber induced by combustion: plotting P’ on the walls of the combustion chamber
(Fig. 4.22) shows that an acoustic mode of the chamber is now excited. This mode has a
transverse structure: which seems to be that of a quarter-wave length in the x direction, and
half-wave length in both cross directions. A direct examination of animated unsteady pressure
fields shows that the mode is actually turning around the main chamber axis. This can be
demonstrated by plotting time signals at adequate points: Fig. 4.23 displays pressure versus
time for four points C, C, C3 and C4 located in the corner recirculation zones (see Fig. 4.2).
The phase difference between consecutive pressure tracers is 5t/2: this indicates that the acoustic
mode is rotating aroud the main burner axis. The frequency of this mode is 1200 Hz.

Acoustic field revealed by a Helmholtz code
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Figure 4.22: RMS pressure fluctuations P’ on the walls of the chamber for hot flow (Pa) obtained by
averaging LES data.
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Figure 4.23: Pressure signal versus time in the corner recirculation zones of
the chamber. A rotating acoustic mode is evidenced (see full animation at

http://www.cerfacs.fr/cfd/FIGURES/MOVIES/P traces _trans-ITS.mov).
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Figure 4.24: Structure of the two transverse modes (1,0,1) and (0,1,1).

The mean temperature field and the chamber geometry can be fed into a Helmholtz code to
obtain all acoustic eigenmodes of the cavity. Hard walls (1’ = 0) are assumed for all walls. The
inlet and outlet sections correspond to open boundaries where p’ is set to zero. Table 4.1 shows

the list of the eigenmodes and their structure.

Mode number Mode name Frequency (Hz)
(1,0,0) first longi in x 314
(2,0,0) second longi in x 869
(1,0,1) first transverse in z / first longi in x 1228
(1,1,0) first transverse in y / first longi in x 1228
(3,0,0) third longi in x 1466
(2,0,1) first transverse in z / second longi in x 1493
(2,1,0) first transverse in y / second longi in x 1493
(1,1,1) first transverse in y, first transverse in z, first longi in x 1705

Table 4.1: Helmholtz code (AVSP) results for configuration 1: list of modes and frequencies

The (1,0,1) and the (1,1,0) modes are of special interest: their frequencies are equal because
the chamber section is square. Their structure is displayed in Fig. 4.24 where the arrow indicates
the direction of non homogeneity. The frequency of this degenerated mode (1228 Hz) also
matches the frequency observed in LES: 1200 Hz. But they correspond to transverse modes and
not to a rotating mode: how can this result be compatible with the LES observation ? Actually,
since these two modes have the same frequency, they can be combined. Simply adding them and
shifting the second one by ninety degrees leads to a rotating mode which is extremely similar
to the pattern obtained by LES. Snapshots of pressure at four successive instants are plotted for
this mode in Fig. 4.25.
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top: 0 bottom: 7t top: it/2 bottom: 35w/2

Figure 4.25: Instantaneous pressure signals at four phases (0, 7t/2, 7 and 37/2) separated by a quarter
period of the turning 1228 Hz mode. Dark zones: maximum pressure.
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Averaging these fields over time leads to the RMS pressure field displayed in Fig. 4.26 which
is very similar to Fig. 4.22. The Helmholtz code brings here a precious simple information:
the turning mode evidenced in the LES is nothing else than the combination of the two first
transverse modes of the combustion chamber shifted by ninety degrees. WHY these two modes
combine in such a way remains an open question. It can not be addressed without introducing
an active flame into the Helmholtz solver as discussed in Section 3.2.

Figure 4.26: RMS pressure field on the walls for the 1228 Hz mode obtained by the Helmholtz code. To
compare with the LES result given in Fig. 4.22.
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Chapter 5

Application to configuration 2

5.1 Geometry and regime in configuration 2

The second burner is a swirled injector of smaller size which could fit for example in an he-
licopter turbine. Its geometry is displayed in Fig. 5.1. Swirl is produced here by tangential
injection. A central hub is used to stabilize the swirl and the flame. The swirling section is
fed with air through a plenum chamber. In the experiment, methane is injected through holes
located in the swirler but for the present computations, perfect premixing has been assumed.

Experiments have been performed at DLR and include velocity measurements for the cold
flow as well as a study of various combustion regimes and instabilities.

COMBUSTION CHAMBER

EXHAUST

SWIRLER |
PLENUM SECTION A\~

Figure 5.1: Burner and combustion chamber for configuration 2.

5.2 Inlet conditions in configuration 2

For this burner, the critical question of boundary conditions is avoided by computing every-
thing upstream and downstream of the burner: even a part of the outside atmosphere at the
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FROM

X=25mm
X=35 mm

TO OUTLET

Figure 5.2: Location of cuts for velocity profiles comparisons in configuration 2.

chamber exhaust is meshed to avoid having to specify a boundary condition at the chamber
outlet (Fig. 5.1).

The expected precision of the solver in terms of acoustic waves interacting with the outlet
of the chamber is much better since this section is not a boundary condition but a part of the
computational domain. This is also a very interesting test for LES in which the boundary
conditions cannot be blamed if the comparison with experimental data is not good.

5.3 Non reacting flow in configuration 2

5.3.1 Average fields

Average velocity profiles have been compared at various sections of the combustion chamber
(Fig. 5.2). The averaging time for LES is 100 ms corresponding to 15 flow-through times in the
combustion chamber at the bulk velocity. Data compared for LES and experiments are :

e Average axial (Fig. 5.3) and azimuthal (Fig. 5.5) velocities in 5 sections. These profiles
are averaged over time (no spatial averaging in directions of homogeneity).

e RMS axial (Fig. 5.4) and azimuthal (Fig. 5.6) velocities in the same sections.

The comparison of all profiles shows an excellent agreement for all quantities: the mean
velocity is correctly predicted as well as the length of the central recirculation zone (Fig. 5.3) .
The swirl levels are also very good (Fig. 5.5): considering that this computation has absolutely
no inlet boundary condition which can be tuned to fit the velocity profiles, this confirms the
capacity of LES in such flows. The profiles of RMS velocities obtained experimentally by LDV
and numerically by LES, both for axial (Fig. 5.4) and azimuthal (Fig. 5.6) are also very close.
The level of RMS fluctuations is very high on the axis, close to the mouth of the burner (of the
order of 20 m/s at x = 1.5 mm both for LDV and LES. This is again the sign of the presence of a
strong Precessing Vortex Core in this region as discussed in the next section. This also explains
why RANS codes would have difficulties predicting such a flow which is dominated by a large
structure while LES performs very well in this case.
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Figure 5.7: Spectra inside the chamber for configuration 2. The LES (dotted line) signal is a wall
pressure signal while the experimental data (solid line) is obtained with LDV. Results have been scaled
for comparison.

5.3.2 Unsteady non reacting flow

This strongly swirled flow also exhibits a characteristic vortex core visualized in Fig. 5.8. The
frequency of this PVC is 520 Hz, corresponding to a Strouhal number based and on the burner
mouth R and on the bulk velocity Uj, = i1/ (pnR? of 0.8, slightly larger than values found in the
litterature for simple swirling flows. Both the LES and the measurements performed inside the
chamber reveal peaks which exhibit very close frequencies (520 for the LES and 505 Hz for the
experiment (Fig. 5.7).

This PVC is obviously the source of the RMS velocitites evidenced in Fig. 5.4 and Fig. 5.6.
It also creates a region of unsteady pressure visualized in Fig. 5.9.
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Figure 5.8: Visualization of the PVC mode in configuration 2 using an isosurface of low pressure.

50 150 250 350 450

Figure 5.9: Field of RMS pressure fluctuations in the central plane of the combustor for configuration 2
(non reacting case).
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Figure 5.10: Field of mean temperature in the central plane of the combustor for configuration 2 (LES
data).

5.4 Reacting flow in configuration 2

The reacting case presented here corresponds to an equivalence ratio of 0.75, an air flow rate of
12 g/s and a power of 27 kW. When combustion is activated in configuration 2 for this case, a
steady regime is found but this regime presents self-excited oscillations.

5.4.1 Average fields

The average field of temperature (Fig. 5.10) reveals a very compact flame located close to the
burner mouth. No comparison is possible with experiments because temperatures were not
measured.

The velocity fields, however, were measured and are presented in Fig. 5.11 (mean axial
velocity), 5.12 (RMS axial velocity), 5.13 (mean tangential velocity) and 5.14 (RMS tangential
velocity). Radial velocities were also measured but not presented here although they comapre
very well with LES results. The overall agreement between mean LES results (solid lines) and
experimental data (symbols) is very good. The LES captures both the mean values and the
fluctuations very precisely. Note again that no boundary condition can be tuned to obtain this
result since the computation domain starts in the plenum and ends in the atmosphere.
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Chapter 6

Conclusions

The future tools for gas turbine designs will be based on classical Reynolds Averaged codes
to predict mean flows but will also rely on Large Eddy Simulation tools coupled to acoustic
codes. This paper has presented the basis of LES adapted to gas turbine flows, the development
of acoustic codes and the application to two typical gas turbine burners installed in laboratory
combustion chambers. The analysis of the LES reveals that a strong precessing vortex core
(PVC) is observed for non reacting flows in both cases . This vortex disappears when com-
bustion is activated. Unsteady pressure fields are also very different for cold and reacting flow:
maximum pressure oscillations are observed in the PVC zone for the cold flow; with combus-
tion, the pressure oscillations maxima are located at the chamber walls and have an acoustic
structure corresponding to a coupled transverse-longitudinal mode in the first configuration.
This structure is confirmed by using a three-dimensional Helmholtz code. In the second con-
figuration, a low-frequency quarter-wave mode is found and its structure is confirmed using a
one-dimensional acoustic code.
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