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ABSTRACT

Large eddy simulations (LES) of combustion instabilities are often performed with simplified thermal wall
boundary conditions, typically adiabatic walls. However, wall temperatures directly affect the gas temper-
atures and therefore the sound speed field. They also control the flame itself, its stabilization characteris-
tics and its response to acoustic waves, changing the flame transfer functions (FTFs) of many combustion
chambers. This paper presents an example of LES of turbulent flames fully coupled to a heat conduc-
tion solver providing the temperature in the combustor walls. LES results obtained with the fully coupled
approach are compared to experimental data and to LES performed with adiabatic walls for a swirled
turbulent methane/air burner installed at Engler-Bunte-Institute, Karlsruhe Institute of Technology and
German Aerospace Center (DLR) in Stuttgart. Results show that the fully coupled approach provides rea-
sonable wall temperature estimations and that heat conduction in the combustor walls strongly affects
both the mean state and the unstable modes of the combustor. The unstable thermoacoustic mode ob-
served experimentally at 750 Hz is captured accurately by the coupled simulation but not by the adiabatic
one, suggesting that coupling LES with heat conduction solvers within combustor walls may be necessary
in other configurations in order to capture flame dynamics.

1. Introduction

Heat transfer plays an important role in most power-generating
systems using combustion, e.g., in gas turbines, aero engines and
rocket engines. The presence of one or multiple flames leads to
high temperature gradients in the system. Depending on the ap-
plication, heat transfer is considered as a desired or an undesired
effect. In heating units it is obviously necessary to fulfill the pur-
pose of the machine. On the contrary, it leads to several design
challenges in combustion chambers of gas turbines. Turbine blades
and combustion chamber walls need to be cooled in order to with-
stand hot gases. This does not only raise challenges for the de-
sign of the solid parts inside the gas turbine, but also for com-
putational fluid dynamics (CFD) when simulating the reactive flow
in the combustion chambers. Boundary conditions have to be de-
fined in a way that heat transfer processes between flow and solid
parts and their impact on the temperature field inside the combus-
tor are adequately modeled, since the temperature directly affects
the flow conditions and the chemical reactions inside the combus-
tion chamber. Advanced CFD methods like large eddy simulation
(LES) combined with sophisticated flame models or direct numeri-
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cal simulation (DNS) with detailed chemical mechanisms only pro-
duce accurate results when the wall temperatures in the combus-
tion chamber are known with reasonable precision, which is rarely
the case. The problem also applies to the prediction of combustion
instabilities, as the acoustic behavior of combustor components is
determined by the sound speed field and the geometry; flame dy-
namics are usually heavily influenced by changes in temperature.
There are numerous experimental and numerical studies illus-
trating the significant influence of heat transfer on flame dynam-
ics and combustion instabilities. Duchaine et al. [1]demonstrated in
their sensitivity study of the flame transfer function (FTF) of a lam-
inar premixed flame that the duct wall temperature has a strong
impact on the velocity field and the local flame speed, which leads
to uncertainties in the prediction of the phase of the FTF. Kaess
et al. [2] investigated the influence of the thermal wall boundary
condition on the FTF of a laminar premixed flame with DNS. Their
results showed that the flame anchoring position as well as the
FTF were significantly altered when changing the adiabatic bound-
ary condition to an isothermal boundary condition. The FTF of the
case with the isothermal wall shows a better agreement with the
experimentally obtained FTF. Mejia et al. [3] observed a strong in-
fluence of the burner rim temperature on the combustion dynam-
ics of a laminar premixed flame: an unstable mode could be trig-
gered by switching on the cooling system of the burner rim. They



explained this behavior with altered flame foot dynamics [4,5],
which lead in turn to changes in the FTF. The study of Hong et al.
[6] showed that heat transfer is not only controlled by temperature
gradients, but also by the physical properties of the solid combus-
tor parts. Replacing the stainless steel flame holder with one made
of ceramics inhibited or delayed the onset of a combustion sta-
bility. The authors conclude that the wall thermal conductivity in-
fluences the flame speed near the flame holder, which leads to a
distinct dynamic behavior of the flame for each flame holder ma-
terial. Lohrmann and Biichner [7] investigated the influence of the
preheat temperature on the FTF of a turbulent swirl-stabilized pre-
mixed flame. The delay of the flame response decreased with in-
creasing preheat temperature, which they explained by an increase
in the turbulent flame speed that shifts the main reaction zone to
an upstream location.

Despite the fact that the influence of wall temperatures on
flame dynamics has been observed in many studies, a major hurdle
remains: wall temperatures are very difficult to determine in most
combustors. As a consequence, heat transfer is neglected in many
CFD simulations. Walls are often treated as adiabatic, or at best
isothermal but with a guessed temperature. Nevertheless, numeri-
cal simulations are often able to capture the right thermoacoustic
mode in an unstable laboratory-scale combustor, even when heat
transfer is neglected. Differences in frequency or amplitude may
occur when the temperature field and the FTF in the simulation
only partially match those in the experiment, but the simulation
can usually be used for further investigation of the thermoacous-
tic mode. There are numerous studies of combustion instabilities
that illustrate that LES with adiabatic walls can show a reasonable
agreement with experiments: the study on a lean-premixed swirl
combustor by Huang et al. [8], the LES-studies on the PRECCIN-
STA configuration [9-11], the massively parallel LES of a realistic
helicopter combustion chamber by Wolf et al. [12], LESs of model
rocket combustors (Garby et al. [13], Urbano et al. [14]) or the LES-
studies of bluff-body stabilized flames by Li et al. [15] and Ghani
et al. [16].

However, as illustrated by the simulation of the LIMOUSINE
burner performed by Shahi et al. [17], taking into account the heat
transfer between the flow and the solid parts of the combustion
chamber can significantly increase the accuracy of the results. An-
other example is the study by Kraus et al. [18], who compared an
adiabatic LES and an LES with basic modeling of heat transfer be-
tween fluid and solid material. Both LESs show the same mode
structure, but taking into account heat transfer effects leads to a
higher accuracy in terms of frequency.

To summarize the state of the art in this field, LES of combus-
tors can be classified into four categories, depending on their ther-
mal boundary conditions on walls:

» Type 1: Adiabatic walls: the majority of recent LESs simply con-
sider the walls to be adiabatic [8-16,19-22].

+ Type 2: Imposed wall temperatures [23-27]: when experimen-
tal data on wall temperatures is available, imposing them as
boundary conditions for LES may be a solution. Note that this
can be a dangerous methodology: imposing a high local wall
temperature may for example, force the flame to anchor at this
point, diminishing the predictive quality of the method by forc-
ing the solution artificially. Moreover, limited experimental in-
formation is usually available on wall temperatures, which are
measured only at a few points. The introduction of diagnostics
such as laser induced phosphorescence [27,28] in laboratory-
scale experiments may help in certain cases as it can provide
a full temperature field on combustor walls. However, in most
real engines, detailed wall temperature information is simply
not available, making type 2 LES unpractical in industrial cases.

» Type 3: A simple method to account for wall heat transfer is to
write a Robin condition [29] on walls linking the wall tempera-
ture Ty to the local heat flux ® through a heat resistance R and
a cooling temperature To: ® = (T — T ) /R Where R is roughly
evaluated from the combustor wall characteristics [18,30-32].
This is a cheap method to account for dual heat transfer be-
tween reacting flow and conduction through walls.

Type 4: Fully coupled LES/heat conduction solver in the com-
bustor walls: the whole combustor solid structure is also
meshed and the temperature within the solid structure is com-
puted by a solver coupled with the LES flow solver [17,33-35].

Most LES are of type 1 because the combustion community
does not consider the problem of heat conduction through walls
as an interesting one compared to the other challenges found in
turbulent flames. However, the benefits of going to a type 4 simu-
lation are obvious as shown by Berger et al. [35]: the LES becomes
fully predictive and does not rely on any ad hoc evaluation of wall
temperatures in the solid. For a cooled chamber, the only input
data is the cooling water temperature and the convection coeffi-
cient in the cooling passages between water and combustor walls.
On the long term, it is clear that the high precision of LES will
require a corresponding high precision for wall temperatures and
therefore type 4 simulations. This is true not only for the mean
flow characteristics but also for pollutants and for flame dynamics
or flame stabilization: Miguel-Brebion et al. [33], e.g., show that
flames stabilized behind uncooled or cooled cylinders exhibit to-
tally different shapes, which are well captured when a type 4 sim-
ulation is performed. The results of these studies show that not
only heat losses have to be considered, but also heat transfer inside
the solid parts of combustors, as it can have a strong impact on
the temperature field inside the combustion chamber and there-
fore on combustion. Especially the adequate modeling of internal
heat transfer inside the combustor is almost impossible without
applying fully coupled simulations of type 4, since temperatures
on internal walls in combustors are in most cases unknown.

The present paper shows that a type 4 LES for a full combustion
chamber is possible today even in a complex swirl burner and that
it allows significant improvements in the description of the flame
dynamics, especially to capture self-excited modes: taking into ac-
count internal heat transfer from the combustion chamber to other
combustor parts can strongly affect thermoacoustics and flame dy-
namics.

The coupled LES is performed with a fully compressible solver
for reacting flows [30,36-38] and a heat conduction solver in the
combustor walls coupled to the LES solver with the OpenPalm tool
[39] (www.cerfacs.fr/globc/PALM-WEB/). The results of the coupled
LES are compared to the results of an adiabatic LES, which is per-
formed with the same numerical setup but with adiabatic walls.

The experiment is briefly presented in Section 2, followed by
the description of the numerical setup in Section 3. The impact of
accounting for heat transfer in the coupled simulation on the tem-
perature field is depicted in Section 4. Mean velocities and acoustic
spectra obtained in the experiment are compared to the LES data.
Possible reasons for the differences in combustion dynamics ob-
served between adiabatic and coupled LES are discussed. The paper
is concluded by a summary of the main observations and results.

2. Experimental setup

The KIT-Burner is described in detail in [40] and [41], therefore
only a brief presentation of its main features is given here.

Identical versions of the burner are installed at two locations:
one at Engler-Bunte-Institute, Combustion Technology at Karlsruhe
Institute of Technology and the other at DLR (German Aerospace
Center) in Stuttgart. It is operated under atmospheric conditions
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Fig. 1. KIT-Burner with two separated air inlets for the double-concentric swirl noz-
zle. During operation the hot gases in the combustion chamber heat up the com-
bustion chamber. Due to heat conduction inside the solid parts heat is transferred
to the plenum and heats up the fresh gases.

with no preheating of the fresh gases. A sketch of the combustor is
shown in Fig. 1. It is approximately 1 m long and the cross section
of the combustion chamber is of rectangular shape, with a width
of 89 mm and a height of 114 mm. The first section of the outlet
is of conical shape and the second section has a constant diameter
of 50 mm. For optical access, the combustion chamber is equipped
with quartz windows. Microphones measure pressure oscillations
inside the combustion chamber and the plenums.

The combustor has two air inlets, one for each swirler, and the
mass flow in each swirler can be controlled individually. There-
fore the nozzle can be operated with different air split ratios
L = mgrs/mys (OTS = outer swirler, IS = inner swirler). Perforated
plates are installed inside both the inner and the outer plenum to
homogenize the flow before it enters the swirlers.

The fuel is either methane (DLR) or natural gas (>90% CHy4, KIT)
and is injected through 60 circumferentially distributed holes (hole
diameter 0.5 mm) into the air flow of the inner swirler, which re-

sults in partially premixed flames. The influence of the fuel com-
position on the amplitudes and frequencies of the unstable com-
bustor modes is very limited, typically 1.5% for the frequency.

No additional cooling is applied to the combustor, neither to
the combustion chamber nor the plenum. Air and fuel are injected
at ambient temperature, i.e. around 300 K. At the given operating
conditions (thermal power Py, = 30 kW, global equivalence ratio ¢
= 0.85, L = 1.6), the heating-up of the combustion chamber and
the heat transferred into the plenum by heat conduction in the
solid material lead to flow temperatures (measured in the experi-
ment) of around 450 K in the outer plenum and 350 K in the inner
plenum.

3. Numerical setup
3.1. Fluid solver—AVBP

The flow simulations are performed with the solver AVBP,
which is developed by CERFACS and IFPEN. AVBP is a finite vol-
ume solver with a cell-vertex approach [30,37]. It solves the fully
compressible Navier-Stokes equations on unstructured grids. The
Lax-Wendroff scheme is used as numerical method, which is of
second order in time and space; the CFL-Number is set to 0.9. The
unresolved turbulent scales are modeled with a filtered Smagorin-
sky subgrid scale model [42].

Reaction kinetics are described with the BFER two-step mecha-
nism for methane [10], which is valid over a wide range of equiv-
alence ratios:

CH4 + 1.50; — CO + 2H,0,

CO + 0.50; « CO,.

The dynamic thickened flame model (DTF) [43-47] is used to
model turbulence/flame interaction. The DTF model allows to
thicken the reaction zones of premixed flames by dividing the
chemical pre-exponential constants by a factor F and multiplying
diffusion terms by F. This is done in a limited spatial zone iden-
tified by a flame sensor [44]. The flame thickness being increased
by a factor F, an efficiency function is introduced to account for the
subgrid scale wrinkling [43,48].

The geometry used in the simulations comprises the combus-
tion chamber and the whole plenum. A hybrid mesh was gener-
ated with the commercial software CENTAUR, which has around
13.6 x 106 cells and was used in both adiabatic and coupled LES.
One layer of prism cells is used at the wall (required by the wall
model [49,50]) while all other cells are tetrahedral.

Two different LESs are compared in this work:

- A type 1 approach where heat transfer between the flow and
the combustor parts is completely neglected and all walls are con-
sidered as adiabatic.

- A type 4 approach where heat transfer between the flow and
the solid combustor parts as well as heat conduction inside the
solid parts are taken into account.

3.2. Solid heat conduction solver AVTP and coupling strategy

The simulation of heat transfer in the solid combustor parts is
performed with the AVTP code [51,52], which solves the time de-
pendent energy equation:

aT 94,
psCsW = 37)(,-’

where T is the temperature, ps the density and Cs the heat capac-
ity of the solid material, whereas ¢; denotes conduction heat flux.
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Heat diffusion is modeled with Fourier’s law:

. aT
qi = _)”‘87{

with A being the heat conductivity of the solid material. The dif-
ferences in heat capacity and heat conductivity of the different ma-
terials used for the construction of the combustor as well as the in-
fluence of temperature on heat capacity and conductivity are taken
into account. Heat transfer via radiation is not included in the cur-
rent simulations.

The 3D mesh for the solid domain contains 4.5 x 108 tetrahedral
cells. The geometry comprises the solid material of the combustion
chamber and the plenum as well as parts of the inlets for air and
fuel, as depicted in Fig. 2. For spatial discretization, a second-order
Galerkin diffusion scheme is applied and time integration is per-
formed with an implicit first-order Euler scheme.

AVBP and AVTP are coupled using the OpenPalm software [39].
Thermal equilibrium in the experiment is reached after about
30 min. This is far beyond computational resources for the LES
solver (time step: ~10~7 s). In order to speed up the convergence
of the temperature field inside the solid domain, the fluid and solid
solvers are de-synchronized in time. The solid solver operates with
larger time steps (~10~* s) and during the transient period data
is exchanged between the solvers every 50 iterations of the fluid
solver. This approach is equivalent to decreasing the heat capacity
of the solid material. After the solid has reached thermal equilib-
rium, the time step of the solid solver and exchange rate are syn-
chronized with the time advancement of the fluid solver.

Compared to the computationally expensive fluid solver, the ad-
ditional computational cost due to the solid solver is not signifi-
cant [53]. The increased computational cost of the coupled simu-
lation is merely caused by the additional simulation time needed
to reach thermal equilibrium in the solid domain. This leads to
a computational cost of around 200000 CPU hours compared to
around 100000 CPU hours for the adiabatic simulation on 1056 In-
tel 12-Core E5-2690 V3 processors (supercomputer OCCIGEN) and
1248 Intel(r) 10 core IVYBRIDGE 2.8 Ghz processors (supercom-
puter EOS). It also shows that type 4 LES will become standard
in the future, since they introduce acceptable additional cost.

lIRII
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Fig. 3. Modulus and phase of the reflection coefficient R of the combustion cham-
ber outlet: impedance model of Levine and Schwinger [57], ——__ NSCBC for-
mulation used in the LESs with K = 30000 s~!.

3.3. Boundary conditions—coupled and adiabatic LES

The inlet and outlet boundary conditions in AVBP are handled
with the NSCBC approach (Navier-Stokes-characteristic-boundary-
conditions [54,55]). With the NSCBC approach, the ingoing wave
amplitude £~ at the combustor outlet is written:

L7 =K(P - Poo)

where p is the local pressure, p, the pressure at infinity and K
the relax parameter of the boundary condition. The magnitude ||R||
and the phase ¢ of the NSCBC boundary condition ¢ may be ex-
pressed by [56]:

1

1+ (%)?
with the angular frequency w. The relax parameter K can be tuned
to match the impedance of the combustion chamber outlet: the
acoustic behavior of the outlet of the combustion chamber is that
of an open-end pipe, which can be described by the impedance
model by Levine and Schwinger [57]. The value of K of the NSCBC
boundary condition at the combustion chamber outlet in the LESs
is adapted to match the acoustic impedance given by the model of
Levine and Schwinger. With K = 30000 s~!, the NSCBC impedance
matches the model impedance very well in the relevant frequency
range of f = 0-2000 Hz (Fig. 3).

In order to predict heat transfer between the walls and the fluid
with reasonable accuracy, the thermal boundary layer has to be re-
solved or modeled. On the walls of the outlet section of the com-
bustion chamber, no-slip boundary conditions are imposed and the
grid resolution in the region results in values of y+ of around 2-5.
This also allows to reproduce the acoustic behavior of the outlet
section of the combustion chamber, which has a strong influence
on the frequency of the unstable mode. Wall models [49,50] for
momentum and heat are applied on the other combustion cham-
ber chamber walls as well as on the walls in the swirlers and in
the fuel plenum, as resolving the thermal boundary layer every-
where in the domain would have been computationally too costly.

The flow inside the air plenums is considered as mostly lami-
nar, since the Reynolds numbers are below Re = 2000; therefore

||R|| = and ¢ = —m —arctan (2—w>

K
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no-slip boundary conditions are imposed inside the plenum. The
heat conduction inside the solid material leads to a heating up of
the perforated plates, which in turn results in a temperature in-
crease of the air flow passing through the holes. In order to ac-
count for this effect, the flow inside the holes of the perforated
plates is also computed.

On the coupled boundary surfaces, the heat flux on the wall
calculated by AVBP is imposed as boundary condition for AVTP and
the temperature at the wall calculated by AVTP is imposed as wall
temperature for AVBP. All walls in the fluid domain are coupled.
The heat transfer on the external surface of the walls of the solid
domain is modeled under the assumption of natural convection,
with heat transfer coefficients of h = 5 W m~2 K- for the plenum
walls and h = 25 W m~2 K-! for the combustion chamber walls,
assuming a cooling temperature of the surrounding air of T, =
300 K (Fig. 4).

4. Results

4.1. Preheating of fresh gases due to heat transfer in the coupled
simulation

The preheating of the fresh gases observed during the exper-
iment can also be observed in the coupled simulation. Figure 5
shows the mean temperatures calculated by the coupled simula-
tion in the flow field and the solid material. The hot gases in the
combustion chamber heat the walls of the combustion chamber.
This heat is conducted inside the solid material and heats up the
solid material of the plenum. Near the inlets of the vanes of the
outer swirler the temperature of the solid material rises to tem-
peratures going from T = 500 to 700 K.

The hot plenum walls heat the air flows in the plenum: the
temperatures of the fresh gases reach values around T = 360 K
in the inner swirler and T = 510 K in the outer swirler. Heat is
also transferred to the nozzle and conducted to the inner plenum,
which leads to a significant increase of the fuel flow temperature
to around T = 460 K near the injection holes. Table 1 compares the
mean temperatures predicted by the LES at the locations where the
thermocouples are mounted in the experiment. The temperatures
are very similar to those measured in the experiment, which indi-

Table 1
Air temperatures at measuring points in the plenums in the experiment
and the coupled LES.

Case Outer plenum (K) Inner plenum (K)
Experiment 450 350
Coupled LES 443 344

cates that the heat transfer in the solid material is reasonably well
reproduced.

Figure 6(a) quantifies the heat losses to the surrounding air
and the internal heat transfer inside the combustor in the coupled
LES in reference to heat added by the combustion process. Around
10.5% of the combustion heat is lost at the external walls. Most of
it is transferred by the combustion chamber walls (10%). Around
7% of the combustion heat is transferred through the solid parts
from the combustion chamber to the plenum. A small percentage
is lost at the external plenum walls (0.5%), but most of it is ab-
sorbed by the fresh gases (6.5%), mostly in the outer plenum (5%).

Heat losses and especially internal heat transfer from the
combustion chamber lead to a temperature field in the cou-
pled LES which differs significantly from the one in the adia-
batic LES. Figure 6(b) shows the relative temperature difference
(Tep — Tap)/Tap on the middle plane of the domain. The highest
temperatures differences are located in the outer plenum near the
inlets of the swirl vanes of the outer swirler (up to 140%), whereas
the heat losses in the combustion chamber result in temperature
decreases of around —18% at the combustion chamber walls.

When the fluid and the solid solvers are synchronized in time,
the temperatures in the solid remain almost constant. This is
caused by the disparity of the heat transfer time scale and the
characteristic fluid time scale. Given the high heat conductivity of
the solid material, the corresponding Biot Numbers Bi can be con-
sidered small (Bi <0.01). Assuming a constant fluid temperature, a
characteristic time scale for the heat transfer in the solid material
can be estimated with [58]:

msCs

to = ;

hS

with the surface area S and the mass of the solid ms. Depending on
the region considered (stainless steel walls or quartz glass walls),
to varies between values of the order of ~1 s to ~10 s. Compar-
ing ty to the characteristic time scale of the instability, the time
period T (tg ~ 1073 s), it can be stated that transient wall heating
does not play an important role in the current case. Therefore it
can be assumed that a similar temperature field of the flow field
could have been achieved by using isothermal boundary conditions
and imposing the right wall temperatures. However, estimating the
right wall temperatures and imposing a similar, complex 2D tem-
perature distribution, as it is achieved by the coupled simulation,
is very complicated, if not impossible in the current case.

The impact of the differences in temperature between coupled
and adiabatic LES on the mean flow fields, the thermoacoustic be-
havior and the flames shapes in both LESs are discussed in the fol-
lowing sections.

4.2. Mean flow fields—PIV vs. LES

The PIV measurements were performed by DLR Stuttgart [18].
Figure 7 shows the mean velocity profiles and Fig. 8 the RMS
velocities for the axial, radial and azimuthal components at dif-
ferent axial coordinates in the combustion chamber. Velocities
are normalized by the bulk velocities measured or calculated at
the outlets of the swirlers. To calculate the bulk velocity in the
experiment, the profile for the axial velocity is considered to be ax-
isymmetric. Table 2 lists the bulk velocity for each case. The bulk
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Table 2
Mean bulk velocities in the PIV, the adiabatic and the coupled
LES at the nozzle outlet.

Case Bulk velocity (m s—1)
Experiment 314
Adiabatic LES 231
Coupled LES 335

velocity in the adiabatic LES is lower than in the experiment,
whereas the coupled LES shows only a slight overestimation. This
is clearly due to the preheating of the fresh gases found in the
experiment and the coupled LES. The increased fresh gas temper-
ature leads to a density decrease and therefore to an increase of
the bulk velocity.

Both LESs show a reasonable agreement with PIV because ve-
locities are only marginally sensitive to temperature changes. On

the other hand, when comparing the overall shape of the profiles,
discrepancies can be observed between the adiabatic LES and the
PIV for x/d = 0.2 (Fig. 7, left images). PIV and coupled LES ex-
hibit maximum mean axial velocities near the outlet of the outer
swirler, whereas they are located closer to the burner axis in the
adiabatic LES. In general, the adiabatic LES overestimates the nor-
malized velocity components close to the burner axis for x/d = 0.2
and x/d = 0.4. This can be explained by the preheating of the fresh
gases in the experiment and the coupled LES, which causes higher
temperatures of the air flow in the outer swirler than in the in-
ner swirler, which in turn leads to higher velocities in the outer
swirler. Since the adiabatic LES does not account for heat transfer
processes, it cannot reproduce this behavior.

Further downstream, the mean flow fields of the LESs are more
similar and show both an overestimation of the angle of the
swirl flow. The differences in swirl angle can be caused by the
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Fig. 7. Mean normalized velocities in the PIV (e), the adiabatic LES (—#—) and the coupled LES (— ).

significantly higher velocity fluctuations in the LESs (Fig. 8), as
amplitude and frequency of velocity oscillations can influence the
mean flow field in a swirl flow [59-61]. The increased RMS ve-
locities in both LES are related to the pressure spectra, which are
further discussed in Section 4.3.

4.3. Pressure spectra

As discussed in Section 4.2, both LESs show reasonable agree-
ment with the experiment regarding the mean flow fields. How-

ever, this is not the case for the acoustics and the unstable mode
(Fig. 9). The pressure spectra in the combustion chamber illustrate
that both LESs show a combustion instability, but the frequency
of the unstable mode in the adiabatic LES (f = 864 Hz) is signifi-
cantly higher than in the experiment (f = 750 Hz) and the mode
amplitude is significantly lower. The frequency in the coupled LES
agrees perfectly with the experiment (f = 750 Hz) and the mode
amplitude in the combustion chamber is comparable to the one in
the experiment. The frequency resolution of the pressure spectra
of the LES is about Af = 8 Hz.
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Differences between the spectra of both LESs and the exper-
iment are found in the low-frequency range, especially the in-
ner plenum at frequencies around f = 500 Hz. This indicates that
the acoustic impedances of the inner plenum are not perfectly
reproduced in the simulations. Possible reasons for this are the
walls, which are perfectly reflective in the LESs, which is not
the case in the experiment; additional sources of uncertainties are
the impedances of the perforated plates in the LESs. Even though
the flow in the holes is calculated, small differences in the hole
geometries between the experiment and the LES, due to e.g., the

manufacturing process of the holes, may affect the hole impedance
[62,63] and lead to discrepancies between simulation and experi-
ment. The mesh resolution in and around the holes may also not
be sufficient to perfectly reproduce the acoustic behavior of the
perforated plates in the LESs.

Although the difference in accuracy regarding the simulation
of the instability between the coupled and the adiabatic LES is
very significant, it should be noted that the results of the LESs
are also influenced by other factors (chemistry model, numerical
accuracy, subgrid models, boundary conditions). It is therefore
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possible that choosing a different chemical mechanism [64],
increasing the mesh resolution, applying a different model for
the turbulent flame [65,66] or using different acoustic boundary
conditions would have an impact on the flow field and the flame
structure and influence acoustic spectra and combustion dynamics.
Accounting for heat radiation could also influence amplitude and
frequency of the unstable mode in the LES. Berger et al. [35] show
that radiative fluxes can be of the same order of magnitude as the
convective fluxes. However, they also observed that accounting
for heat radiation had only a limited impact on the flow. While
investigating the sensitivity of the LESs to different numerical
models represents an significant topic, it is beyond the scope of
this work. In any case, the present results strongly suggest that
taking into account heat transfer within the combustor walls has a
strong impact on the thermoacoustic modes in the combustor. In
order to further investigate why this is the case, the mode shapes
of the unstable modes, the flame shapes and the distributions of
the mean Rayleigh index in both LES cases are discussed in the
following section.

4.4. Unstable mode structures, flame shapes and Rayleigh index

In order to compare the mode shapes of the main unstable
modes in both LES cases, the values of the mean amplitude and
phase of the pressure oscillations in the combustion chamber, the
outer swirler and the outer plenum were extracted following a
predefined path. Figure 10 shows the path where pressure ampli-
tude and phase were extracted and compares the resulting mode
structures in the adiabatic and the coupled LES. The mode shape
in the combustion chamber does not show a significant gradient in
the transverse direction: therefore, for clarity reasons, it was only
extracted on the centerline. The modes shapes are similar; how-
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Fig. 10. Mode structures of the unstable modes in the adiabatic LES (—=—) and the
coupled LES ( ). The mode structures were extracted along the path depicted
in the upper image.
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ever, differences on both amplitude and phase are found inside the
outer swirler and the outer plenum near the inlets of the swirler
vanes. This indicates that the temperature increase in the plenum
induces changes in the acoustic impedance, which in turns leads
to differences in the mode shape compared to the adiabatic LES.

Figure 11 shows mean fields of heat release rate and Rayleigh
indexes in both LESs, normalized by the maximum value found in
both LES. The Rayleigh index (RI) is defined as:

1 —
I Wl
RI_t /qudt,

where p’ and ¢’ are respectively the pressure and heat release rate
fluctuations and t is the time period of the mode. It characterizes
the interaction of the flame with the acoustic field: a positive RI
means that the flame adds energy to the acoustic field, whereas
an RI smaller than zero means that unsteady combustion damps
acoustic oscillations in these regions. The preheating of the fresh
gases and the subsequent increased flame speed in the coupled LES
has several effects: compared to the adiabatic case, the maximum
heat release is increased and the flame is more compact and lo-
cated further upstream. The distributions of the Rayleigh index are
also different: in the coupled case, the regions with positive and
negative Rls are clearly separated and the highest RIs are found in
the region with the highest heat release rate. In the adiabatic case,
the zones of negative and positive Rls are rather distributed.

Consistent observations are made analyzing the axial distribu-
tion of the mean heat release rate and the RI. The main reaction
zone is more compact in the coupled case and the flame is lo-
cated further upstream (Fig. 12). In both LESs the mean heat re-
lease rate continuously grows and diminishes, with a maximum
value at around x/d = 0.9 in the coupled LES and around x/d = 1.0
in the adiabatic LES. In the coupled LES, the axial distribution of
the RI follows the shape of the mean heat release rate with a small
shift in the upstream direction and reaches its maximum value at
around x/d = 0.8. This is not the case in the adiabatic LES, where
the axial distribution of the RI exhibits a different shape than the
heat release distribution and reaches its maximum further down-
stream.

The fields of the RI represent all thermoacoustic modes in the
combustor and not only the main unstable mode. A separate as-
sessment of the RI for each mode is not available with our current
database. However, it is clearly visible that the characteristics and
the locations of the strongest thermoacoustic coupling are differ-

2
x/d
Fig. 12. Mean axial distributions of: the heat release rate in the adiabatic LES

(--m-) and the coupled LES (----), the RI in the adiabatic LES (—m=—) and the
coupled LES ( ).

ent in both cases. Since the distribution of the RI is not available
in the experimental data, it cannot be said to what extent the cou-
pled LES matches the thermoacoustics of the experiment. However,
the fact that the very good agreement in terms of frequency and
amplitude strongly suggests that the coupled LES reproduces well
the combustion instability in the experiment, which illustrates the
advantages of coupled simulations compared to adiabatic simula-
tions when heat transfer has a significant impact on combustion
dynamics.

5. Conclusions

The current paper discusses the potential of fully coupled
LES/heat transfer simulation to improve the accuracy of numer-
ical simulations for the prediction of combustion instabilities.
The combustion instability in a laboratory-scale swirl burner is



computed with an adiabatic and a fully coupled LES, which ac-
counts for heat transfer between flow and burner as well as heat
conduction in the solid burner structure. The results of the LESs
and their comparison with the experimental data show that al-
though the coupled simulation does not significantly improve the
prediction of the mean velocity field, it performs much better re-
garding the prediction of frequency and amplitude of the unsta-
ble mode. The heat conduction inside the solid structure results in
a preheating of the fresh gases in the coupled LES, which influ-
ences the mode shape and alters the characteristics of the flame-
acoustics coupling in comparison of the adiabatic LES.

The results strongly suggest that, in order to obtain an accu-
rate prediction of combustion instabilities, it may be mandatory to
account for heat transfer in the solid structure in combustors of
complex geometry, where heat transfer has a strong impact on the
flow temperature. Coupled simulations provide an excellent possi-
bility to do this, as the full 3D distribution in the solid material can
be computed, and the coupling of the fluid and the solid solver al-
lows to impose a non-uniform, complex 2D temperature field on
the wall boundaries for the fluid solver, which is impossible to ob-
tain with non-coupled simulations.
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