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Thermo-acoustic cross-talk between
cans in a can-annular combustor
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Abstract

Thermo-acoustic instabilities in gas turbine engines are studied to avoid engine failure. Compared to the engines with

annular combustors, the can-annular combustor design should be less vulnerable to acoustic burner-to-burner

interaction, since the burners are acoustically coupled only by the turbine stator stage and the plenum. However,

non-negligible cross-talk between neighboring cans has been observed in measurements in such machines. This study

is focused on the analysis of the acoustic interaction between the cans. Simplified two-dimensional (2D) and three-

dimensional (3D) equivalent systems representing the corresponding engine alike turbine design are investigated.

Thermo-acoustic instabilities are reproduced using a forced response approach. Compressible large eddy simulation

based on the open source computational fluid dynamics OpenFOAM framework is used applying accurate boundary

conditions for the flow and the acoustics. A study of the reflection coefficient and of the transfer function between the

cans has been performed. Comparisons between 2D and 3D equivalent configurations have been evaluated.
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1. Introduction

Thermo-acoustic instabilities in gas turbine engines
with the latest lean premixed combustion technology
need to be predicted in order to increase component
life and avoid damage to the engine (see Keller1).

In this latest combustion technology, acoustic
oscillations are in part related to the loss in acoustic
damping connected with the secondary air inlet holes
present in conventional diffusion flame combustors (see
O’Connor et al.2). All modes of the combustor system
(longitudinal or the transverse modes radial and azi-
muthal) are associated with thermo-acoustic instabil-
ities. Longitudinal oscillations are mainly related to
acoustic disturbances that oscillate in the direction of
the mean flow and they have been studied by Lieuwen
et al.,3 McManus et al.,4 Ducruix et al.,5 Huang and
Yang,6 and Candel et al.7

Compared to the annular combustor design, the
can-annular combustion chamber is expected to be
less vulnerable to transversal waves. In this last case
the burners are acoustically coupled only through the
turbine stator stage and the plenum. The expectation

was that this limited coupling of the flow domain would
provide uncoupling of the acoustic behavior in two
neighboring cans in comparison to an annular design.

Measurements in gas turbine engines with the latest
lean premixed combustion technology have been
performed at Siemens and further investigations are
on-going due to the surprising outcomes. These experi-
mental results indicate that the pressure modes in
neighboring burners can synchronize and oscillate in
phase or with opposite phase. Pressure signals have
been measured in adjoining cans of a multi-can gas
turbine engine by Siemens (see paper of Panek
et al.8). The results were surprising and motivated the
present theoretical study. Representative for the mea-
sured data is the phase relation between adjoining cans
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in the frequency–time field as presented in Figure 1.
The phase relation between the neighboring cans
groups naturally into in-phase (0�, blue color) and
anti-phase (180�, red color) regions (the details
concerning the eigenmode analysis performed in a
multi-can system are shown in the work of Panek
et al.8). This enables can–can modes that do not exist
in a single isolated can (see Figure 2 obtained via the
software COMSOL). This fact implies the existence of
non-negligible can cross-talk as shown by Farisco
et al.9 and Panek et al.8

Therefore an accurate numerical analysis needs to be
performed in order to prove numerically the existence
of the cross-talk effect. The analysis of the reflection
coefficient of the combustor and turbine interface and
the transmission coefficient evaluated between two
neighboring cans is the focus area of this work. The
knowledge of the boundary regions influencing the

resonant phenomena is necessary to model acoustic
oscillations in combustors in an accurate way.
Evaluation of the reflection and transmission coeffi-
cients through turbine vane passages has been carried
out starting in the 1970s. Review papers by Lamarque
and Poinsot,10 Mühlbauer et al.,11 Leyko et al.,12 and
Duran et al.13 provide an overview of the experimental
and numerical studies related to the reflection coeffi-
cient analysis. They represent inlets and outlets of
chambers as one-dimensional ducts and evaluate
impedances of subsonic and supersonic choked nozzles
through analytical formulae and numerical methods
using the linearized Euler equations (LEE). Many
models in 1D and 2D have been applied but only few
real three-dimensional (3D) cases have been studied
until now.

In the current paper the reflection coefficient study is
performed in parallel to a transmission coefficient ana-
lysis between two cans in order to observe their acoustic
interaction. Papers by Rasheed et al.,14 Baptista et al.,15

and Caldwell et al.16 show the most recent development
related to experimental studies concerning acoustic
interactions between multi-tube combustor and single-
stage axial turbines. Also the work of Deng et al.17

investigates the interaction of a pulse detonation com-
bustor integrated with a turbine hybrid system. Nicoud
and Poinsot18 show an analytical method and the
numerical approach to predict the thermo-acoustic
modes of industrial combustors. Several authors as
Blimbaum et al.,19 Noiray and Schuermans,20 and
Bauerheim and Poinsot21 focused on the study of
thermo-acoustic modes in annular combustion cham-
bers through experimental, numeric or analytical meth-
ods in their research. In annular combustors the
plenum could also support azimuthal disturbances
(see Bauerheim et al.22) with complex and unstable
flow-field and acoustic flow oscillations that excite
large scale vortical disturbances. For a can-combustion
system the acoustics of the region upstream and down-
stream of the flame are linked generating a mode struc-
ture that cannot be decoupled (see O’Connor et al.2).
As observed in the papers cited, many studies have been
done related to the generation of acoustic oscillations in
annular combustors. In comparison to the previous
studies, this paper focuses on an accurate numerical
analysis of the interaction between combustor and tur-
bine in can-annular combustors.

The limits of using a single combustor can in a test
rig, to test the acoustics and coupling to combustion
dynamics need to be clearly explained. The single can
has different acoustic boundary conditions compared to
a system of coupled cans, and the phenomenon of cross
talk is absent in a single can. There is no flame
interaction between the isolated burners in a single
can combustor test, leading to the necessity to predict

Figure 1. Phase relation between two adjacent cans plotted

over frequency and time.

Figure 2. Pressure contours of a can–can eigen-mode in a

generic system of eight communicating cans.
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this can–can interaction. A detailed study of the
can–can modes shapes has been performed by Panek
et al.8 using a generic geometry with eight cans. large
eddy simulation (LES) simulations on two or more cans
applying massive computational power can be also
done as other approach to evaluate the can–can inter-
action, see the idea of Hines.23 Test rigs with more cans
would result in much high increased costs for the indus-
tries. Typically they try to reproduce experimentally
these can modes adding a geometry at the combustor
outlet that should substitute the neighboring cans.
The industries need to know if the can–can interaction
exists and how strong it is, in order to understand how
much a single can analysis would differ numerically, but
more important experimentally, from the real engine
behavior.

For this reason, the main focus of this work is on the
acoustic relationship between two neighboring cans.
The aim of the study is to perform a numerical inves-
tigation of the cross-talk effect for various 2D config-
urations compared with 3D geometries. The current
paper explores the cross-talk effect evaluating the trans-
mission coefficient between two neighboring cans.
It has been proved that there is a transmission coeffi-
cient between two neighboring cans and acoustic
energy is transmitted from one can to the other in a
quantitative way. This part, related to the evaluation of
the transmission coefficient, distinguishes this work
from the previous papers cited.

Another aspect of the current study that also intro-
duces originality compared to the previous works,
regards the comparisons performed between different
2D configurations presenting respectively straight and
deflecting vanes (SV and DV). These configurations
have been studied taking into account various distances
between the vanes and the wall connecting the two cans.

It has been clarified that the cross-talk has an effect
that can lead to different situations. For example, if the
acoustic energy leaks out, a decrease of amplitude in
one can could cause an increase of amplitude in the
other can. It has not been proved yet if the cross-talk
effect is contributing to stabilize or destabilize the com-
bustion system, but it has been shown that it exists,
surprisingly also for the cases where no cross-talk was
expected. A study focusing on the cross-talk stability
effects could be performed as an outlook of the current
work. Possible methods need to be proposed to verify
stability analysis in modern combustors at the design
level.

2. Investigated configurations

The cases selected for the analysis are shown in Tables 1
and 2. For clarity, a nomenclature with initials has been
defined for the different geometries analyzed in this

work. The first acronym indicates if the geometry is
2D or 3D. Then it is specified how many cans the
case has: one (1C) or two cans (2C). The following ini-
tial concerns the shape of the vanes: straight vanes (SV)
or DV. The last acronym shows which kind of gap has
been chosen between the cans and the vanes: reference
gap (RG), no gap (NG), or big gap (BG). The geometry
in Figure 3(a) has been taken as reference (RG) and it
consists of two neighboring cans (2C) connected by the
stator turbine section modeled with SV. It is defined as
2D-2C-SV-RG. Since the width of the can is H � 0:5
m, the ratio between the gap g (space between the vanes
and the thin wall connecting the two cans) and H can
be calculated as g=H � 0:05=0:5 ¼ 0:1. The other two
different 2D configurations that have been studied with
different vane locations are presented in Figure 3(b)
and (c). The case in Figure 3(b) shows NG between
the vanes and the cans (g=H � 0=0:5 ¼ 0), compared
with the reference case, and the other one in
Figure 3(c) (BG) presents the vanes shifted towards
the outlet (g=H � 0:4=0:5 ¼ 0:8). In Figure 4 the
reference geometry 2D-2C-SV-RG has been presented
in order to show the positions of the probes used for
analysis in the post-processing and to clarify the direc-
tions of the amplitude waves taken into account in
the current analysis. The amplitude wave p̂þ represents
the pressure excitation imposed at the inlet of the first
can through the forced response approach applied in
the numerical simulations. The amplitude wave p̂� indi-
cates the wave moving back upstream towards the can
inlet, Cþ shows the wave transferred to the second
cannot excite, and Tþ represents the wave transmitted
beyond the vanes towards the outlet section.

Table 1. Investigated configurations—different vane locations.

Configurations studied RG NG BG

2D-2C-SV
p p p

25D-2C-SV
p

No No

2D-2C-DV
p p p

3D-2C-DV
p

No No

BG: big gap; C: can; D: dimension; DV: deflecting vanes; NG: no gap;

RG: reference gap; SV: straight vanes.

Table 2. Investigated configurations—mach conditions.

Configurations studied Low mach High mach

2D-2C-SV
p p

25D-2C-SV
p

No

2D-2C-DV
p p

3D-2C-DV No
p

C: can; D: dimension; DV: deflecting vanes; SV: straight vanes.
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The amplitude waves C� and T� indicate possible
reflection that might be attributed to the quality of
the computational fluid dynamics (CFD) solution espe-
cially in the low-frequency range. This is connected to
the choice of the relaxation factor in the settings of non-
reflecting boundary conditions (NRBC). In parallel to
these 2D configurations with SV, the complexity has
been increased by changing the SV into DV (2D-2C-
DV) shown in Figure 5, arriving finally to investigate a
3D case (3D-2C-DV) with two cans and turbine vane
section in Figure 6. The 2D-2C-DV geometry has been
analyzed with three different vane locations such as
RG, NG, and BG as performed for the 2D-2C-SV
case. Before arriving to analyze the 3D-2C-DV geom-
etry, a pseudo-3D test (25D-2C-SV) in Figure 7 has
been performed with SV as intermediate step between

the 2D-2C geometries and the 3D-2C-DV configur-
ations. The case 25D-2C-SV has been presented as
pseudo-3D because it has a resolution in the depth
but is just estimated in this direction (Z-axis).
The 25D-2C-SV has been studied with SV and one typ-
ology of gap RG. The results of the 3D cases have been
obtained with DV and RG (3D-2C-DV-RG).

3. Numerical method

3.1. LES compressible solver

For all simulations compressible LES has been applied
based on the open source CFD code OpenFOAM.
A compressible solver (sonicFoam) with second order
of accuracy in space and time has been used in order to

Figure 3. Two-dimensional configurations with SV and different

vane locations. (a) 2D-2C-SV-RG; (b) 2D-2C-SV-NG; (c) 2D-2C-

SV-BG.

BG: big gap; C: can; D: dimension; NG: no gap; RG: reference

gap; SV: straight vanes.

Figure 6. 3D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.

Figure 7. 25D-2C-SV-RG.

C: can; D: dimension; RG: reference gap; SV: straight vanes.

Figure 4. A 2D-2C-SV-RG overview with probe positions and

waves’ directions.

C: can; D: dimension; RG: reference gap; SV: straight vanes.

Figure 5. 2D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.
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simulate the cases. At first, the LES One Equation
Eddy Viscosity Model for compressible flows has
been used. The Eddy viscosity Subgrid-Scale (SGS)
model is based on a modeled balance equation to simu-
late the behavior of the kinetic energy k. The applied
relations are presented in equations (1) and (2)

d

dt
ð�kÞ þ divð�UkÞ � divð�effdivkÞ ¼ ��D : B�

ce�k
3
2

�

ð1Þ

and

B ¼
2

3
kI� 2�sgsdevD ð2Þ

where D ¼ symmrU with ‘‘symm’’ that denotes the
symmetric part of the tensor and velocity vector U,
devD indicates the deviatoric part of the tensor, density
�, kinematic viscosity �sgs ¼ ck

ffiffiffi
k
p

� with � as filter
width, effective viscosity �eff ¼ �sgs þ � with �sgs as
turbulence eddy viscosity caused by the Reynolds stres-
ses and � as dynamic viscosity, model coefficients
ce¼ 1.048 and ck¼ 0.094. In parallel we decided to
run simulations with laminar flow, since the main
aspect of the work is related to the acoustic behavior
of the systems. No turbulence was modeled implying a
simplification of the flow. The results obtained with
both approaches did not show any significant differ-
ence. The real time duration of the numerical calcula-
tions is up to 2 s for the 2D tests. For the 3D
configurations a maximum Courant number of Co< 1
has been maintained with time step �t ¼ 1e� 06 s run-
ning the simulation for about 200 ms real time.

3.2. NRBC and periodicity

NRBC have been used at the inlet and outlet of the
geometries. The role of the NRBC is to ensure the
flow conditions set removing unphysical effects of
wave reflection. Local one-dimensional inviscid
(LODI) relations have been implemented into the
OpenFOAM environment. In Figure 8 an overview of
the boundaries used for all 2D and 3D geometries is
shown. As presented in Figure 8 the periodicity has
been taken into account and it has been applied down-
stream the point where the cans end. The walls of the
cans have been set as rigid. The viscous effects at the
walls have been not taken into account since the main
focus of the study was related to acoustic. The deriv-
ation of the NRBC is based on the LODI relations to
obtain approximate values for the wave-amplitude vari-
ations in terms of the primitive flow variables as shown
in the papers of Polifke and Wall24 and Widenhorn
et al.25 A relaxation factor has been introduced for

the wave coming from outside of the domain, with
the aim to define fixed mean pressure at the outlet or
fixed mean velocity at the inlet. This factor is related to
the time scale � that must be as small as possible to
avoid large deviations of the boundary conditions
from the determined mean value. On the other hand,
for small time scales the boundary conditions become
fully reflective. Therefore there is the need to find a
compromise between reflection and allowed pressure
drift. This fact led to the choice of � ¼ 0:01 s for all
simulations and NRBCs of this study.

3.3. Flow

As explained in the previous section, the 2D geometries
DV and SV have been investigated choosing different
positions of the vanes along the duct. Two different
Mach numbers M � 0:4 and M � 0:7 in the vane sec-
tion have been investigated. The inlet temperature of
Tin¼ 1700 K has been set as fixed value at the inlet of
each geometry and outlet pressure of pout¼ 1,050,000
Pa has been fixed at the outlet of the configurations.
For the 3D geometries only a Mach number ofM � 0:7
has been evaluated (see Table 2).

3.4. Meshing

The computational meshes of the 2D configurations
analyzed consist of about 128,000 cells. The meshes
have been generated using the tool blockMesh followed
by the mesher snappyHexMesh. Refinements have been
used around the vanes in order to resolve the gradients
with more accuracy. The mesh for the 3D-2C-DV-RG
case shows about four million cells and also in this case
the tools blockMesh and snappyHexMesh have been
applied.

3.5. Forced response approach

A forced response approach has been used during the
simulations imposing a velocity wave excitation at the
inlet of the combustion chamber. Multi-harmonic exci-
tation with a wide frequency range and with small amp-
litudes (less than 1% of the mean values) is applied to
stay in the linear range.

Figure 8. Boundary conditions applied.
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3.5.1. Single side excitation. For 2D-2C-SV-RG NG BG
the first can (see Figure 8) has been excited with fre-
quencies within the range f ¼ 20� 2000 Hz (single side
excitation). Concerning the 2D-2C-DV-RG and 3D-
2C-DV-RG simulations, two different excitations have
been applied. In the first test only one can has been
excited with f ¼ 20� 2000 Hz.

3.5.2. Symmetric excitation. The 2D-2C-DV-RG and 3D-
2C-DV-RG configurations have been also analyzed
exciting both cans in phase and with the same
frequency in the range f ¼ 20� 2000 Hz (symmetric
excitation). For this type of excitation no cross-talk is
expected since there is no pressure gradient at the can
connection.

4. Post-processing—methods applied

Different methods have been used next to each other for
the post-processing. Time series of sampling data along
the sound path have been registered during the numer-
ical calculations. The post-processing is performed using
the multi-microphone method (MMM) in order to cal-
culate the transmission and reflection coefficients taking
into account the effects of the mean flow. The two-
microphone method (TMM) has been applied as a first
evaluation of the numerical results. In this last method
the quality of the results can deteriorate but it is faster to
compute compared to the MMM. For this reason it has
been used just for a first result check. The MMM has
been used in order to confirm and analyze the results
with higher accuracy. A short overview of the methods
applied in this study is given below.

4.1. Two-microphone method

Different methods are available to analyze recorded sig-
nals at two microphones in order to calculate the reflec-
tion coefficient, see papers by Kemp et al.,26 Dalmont,27

and Dickens et al.28 In the previous cited papers differ-
ent methods are described and used to separate the for-
ward and backward traveling waves. Many authors
follow the approach that concerns the decomposition
of the wave pressures into wave components, see also
Seybert and Ross.29 The TMM used in the current
paper follows the transfer function approach of
Munjal and Doige30 and Chung and Blaser.31,32 In
this study a cross power spectral density function
(cpsd) is computed and estimated in the frequency
domain via Welch’s method that calculates an average
from overlapped windowed signal segments in order to
smooth the spectrum. The Hann window function is
used corrected by multiplication with

ffiffi
8
3

q
, due to the

introduction of losses to the magnitude of the signal.
Through the window function more averages are taken,

attenuating the signal at the beginning and end of each
segment, see Lahiri.33 The overlapping allows the aver-
age process to use again the data attenuated by the
window function, maintaining the same length of the
signal. The formula of the reflection coefficient used in
the method is given by equation (3)

R ¼
H12e

��Ms � e��s

e�s �H12e��s
e2�L ð3Þ

where H12 is the transfer function given by the ratio
between the wave pressures at the two microphones, M
is the Mach number, s is the distance between the two
microphones, L is the distance from the farthest micro-
phone chosen to the boundary, � ¼ ik=ð1�M2Þwith the
wave number k ¼ 2�f=cð1�M2Þ, c speed of sound, and
f the frequency. The phase of R depends on the param-
eter L. Therefore L needs to be set consistently. For the
2D case and the 3D geometry, the leading edge of the
vanes has been taken as a reference. The advantage of
the method is based on the averaging and the modest
frequency resolution of the result, leading usually to
smooth curves. On the other hand, the TMM is sensitive
to the microphone distance. Many papers focus on dif-
ferent experimental applications and error analysis of
the TMM, see Boden and Abom,34 Abom and
Boden,35 and Seybert and Soenarko.36 The validation
study of the method by Farisco et al.37 shows the same
trend of the previous studies. For microphone distances
s4 �=2 with wave length �, singularities can occur
because half-wave lengths fit between the microphones.
Additionally the quality of the results can degrade
quickly for contaminated signals due to the lack of
redundancy. Multiple intermicrophone distances need
to be used to get accurate results, see Walstijn et al.38

and Sharp and Campbell.39

4.2. Multi-microphone method

The MMM can be considered as an extension of the
TMM and it has been described by several authors. The
method presented in this work refers to the works of
Schuermans,40 Polifke et al.,41 and Paschereit et al.42,43

The Riemann invariantes p̂þ and p̂� are considered as
the forward and backward traveling waves and their
complex amplitudes p̂ðxmÞ are derived from the mea-
sured values of three (or more) microphones. Multiple
axial pressure measurements are used in the current
method in order to obtain an accurate approximation
to the Riemann invariants in the frequency domain. In
this case, the system of equations is overestimated
because the number of equations (3 or more) is larger
than the number of unknowns (2) and cannot be solved
by the application of conventional methods. From the
one-dimensional wave equation, the plane wave
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acoustic field is decomposed into the upstream and
downstream propagating part p̂þ and p̂�. Each micro-
phone amplitude is composed by traveling waves p̂� by

p̂ðxmÞ ¼ p̂þe�ik
þxm þ p̂�eik

�xm ð4Þ

where k� ¼ !
ðc� �uÞ. Equation (4) can be extended to a

matrix that consists of all microphone probes

e�ik
þx1 eik

�x1

e�ik
þx2 eik

�x2

..

. ..
.

e�ik
þxm eik

�xm

2
66664

3
77775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

�
p̂þ

p̂�

� �
|fflffl{zfflffl}

a

¼

p̂ðx1Þ

p̂ðx2Þ

..

.

p̂ðxmÞ

2
66664

3
77775

|fflfflfflfflfflffl{zfflfflfflfflfflffl}
b

ð5Þ

The system can be solved by

a ¼ Aþb ð6Þ

where Aþ is the Moore-Penrose pseudo-inverse (function
available in Matlab) of A. The solution for a (the for-
ward and backward traveling waves) is the best fit in the
least square sense. The values of the Riemann invariants
have to be calculated using an optimization technique
that searches for the best fit of the input data. Since this
method performs an average over several microphones,
the flow noise is reduced (see Yang et al.44) and it over-
comes the sensitivity to microphone spacing. Studies
have been performed by Jones45 and Jang and Ih46 con-
cerning the effect of the number and spacing of the
microphones. Chu47 and Jang and Ih46 investigate the
least square method with multiple measurement points
and broadband excitation. They show how the best
results come from an equidistant microphone spacing.
The usage of more than two microphones reduces the
influence of a singular solution to a smaller frequency
range. Different wave separation techniques exist, as
described by Pinero and Vergara48 and Seybert49 that
also base their analysis on frequency domain and accur-
ately chosen microphone distances.

The range of validity for the two post-processing
methods applied in this study has been evaluated. In
the current work only plane waves are taken into
account, so that only frequencies below the cut-on fre-
quency for the first non-planar mode can be evaluated
with accuracy. A calculation of the cut-off frequency
has been performed for each relevant mode of the geo-
metries analyzed. The results are presented in a diagram
in Figure 9.

A first evaluation has been performed considering
the width of the can before the vanes (dots correspond-
ing to the width of one can H � 0:5 m). It can be
observed in the plot in Figure 9 that just the dots
related to the first and second modes are present in
the frequency rage considered in this study up to

f¼ 2000Hz, so the modes that can propagate along
the can are of first and second order. In this case the
range of validity of the two processing methods is lim-
ited to frequencies below f¼ 1300 Hz where just modes
of first order are included. A second evaluation has
been done considering the width of the channel after
the vanes (width of the channel after the vanesHtot � 1
m). In this case the modes that can propagate until our
maximal frequency of interest f¼ 2000 Hz are of fifth
order. For this case with bigger width of the can the
plot shows the presence of modes beyond first order for
frequencies higher than f¼ 600 Hz. The formulae used
for the calculation of the two methods are based on the
assumption of planar waves, so the results beyond
f¼ 600Hz for the wider channel and beyond
f¼ 1300Hz for the can before the vanes need to be
treated as unreliable because they are outside the
range of validity of the two post-processing methods.

5. Results

As discussed in the previous sections, the reflection
p̂�=p̂þ ¼ R and transmission Cþ=p̂þ ¼ Rtr coefficients
obtained from the numerical simulations have been
analyzed for all configurations. Comparisons have
been carried out between the 2D and 3D configurations
shown before.

5.1. NRBC analysis

The NRBC applied have been verified at the inlet and
outlet evaluating the amplitude waves T� and C�, see
Figure 4. The reflection coefficient at the outlet of the
geometries Rout has been evaluated using sampling data
registered during the numerical simulations at fixed
positions near the outlet. In the ideal case, the result
is not influenced by unphysical waves reflected by the
NRBC. In the current cases, the results obtained

mode [-] 
0 1 2 3 4 5

f [
H

z]

0

200

400

600

800

1000

1200

1400

1600

1800

2000
Cut-Off Frequency over Modes

H=0.5
Htot=1.036

Figure 9. Cut-off frequency plotted over modes.
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present an averaged reflection of about 0.2 that do not
affect the simulations significantly. As an example,
Figure 10 points out the reflection coefficient magnitude
at the outlet Rout for the 2D-2C-DV case with different
gaps and Mach number M¼ 0.45. All cases show
Rout< 0.2 at f ¼ 100� 1400 Hz. The case with
2D-2C-DV-BG presents peaks for f> 1500Hz. The
NRBC studied in this analysis damp the longitudinal
modes, so the peaks shown for f> 1500Hz are related
to the presence of azimuthal modes. The reflection coef-
ficient values grow for low frequencies and this results
in inaccurate data in this range. The growth is attrib-
uted to the boundary condition formulation where a
relaxation factor is used to set a compromise between
high reflection and simulations prone to pressure drift
(see section ‘‘NRBC and periodicity’’).

5.2. Configuration 2D-2C-SV

In the plots in Figure 11 the ratio between the two wave
amplitudes Cþ=p̂þ ¼ Rtr is plot. The transmission coef-
ficient Rtr represents the percentage of the wave p̂þ

transferred from the first can to the second one for
the 2D-2C-SV configurations with different gaps stu-
died, at Mach numbers of M � 0:4 and M � 0:7.
In the plot in Figure 11(a) for the cases with lower
Mach, the curve representing the geometry without
gap (NG) presents the lowest values of transmission
coefficient Rtr � 0:1 in the range f ¼ 100� 650 Hz.
In the same frequency range, the configuration with
the vanes moved towards the outlet BG reaches the
highest transmission coefficient values of Rtr � 0:75.
The percentage of the waves that are transferred to
the second can is higher in the case with BG compared
to the other configurations. The configuration with RG
shows values of transmission coefficient up to Rtr¼ 0.6.
In the range beyond f¼ 1000Hz the lowest values of
transmission coefficient around Rtr¼ 0.05 are reached

by the case without gap NG. In the same range of
frequencies beyond f¼ 1000 Hz, the geometry with
bigger gap presents overall the highest transmission
coefficient. In the range between approximately
f¼ 650Hz and f¼ 1100Hz all geometries show a
peak. The configuration with RG presents the highest
peak at circa f¼ 750Hz, followed by the geometry
without gap with a peak at about f¼ 700Hz. The
case with bigger gap shows a lower peak compared
with the other geometries at f¼ 1100Hz. The diagram
in Figure 11(b) presents the results for the higher Mach
number with a quite similar trend compared to the plot
shown for lower Mach number. Here the peak for the
geometries without gap and RG is visible at about
f¼ 650Hz and is less pronounced compared with the
case of low Mach. The geometry with BG reaches the
highest values of transmission coefficient arriving to
Rtr¼ 0.9 in the range of f ¼ 100� 450 Hz. In the
same range the curve representing the NG configur-
ation shows a visible can–can communication with
average value of about Rtr¼ 0.25. For f> 1100Hz the

Figure 11. Transmission coefficient evaluation for 2D-2C-SV

configurations with different gaps and Mach numbers. (a)

Transmission coefficient Rtr for 2D-2C-SV with M � 0:4; (b)

Transmission coefficient Rtr for 2D-2C-SV with M � 0:7.

C: can; D: dimension; SV: straight vanes.
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geometry without gap presents the lowest values of
transmission coefficient Rtr¼ 0.1 compared with the
other configurations. A reconstruction of the acoustic
pressure field has been performed for the 2D-SC-SV-
RG case with M � 0:4 for low and higher frequencies
(see Figure 12 and Figure 13). The idea is to find a
common trend between the curve shown in the plot in
Figure 11(a) and the reconstruction of the acoustic
pressure field done on the surfaces. The script used
for the field reconstruction reads a time series of
Visualization ToolKit (VTK) surfaces and performs a
fast Fourier transform (FFT) for each spacial point on
the surface. This allows a reconstruction of the acoustic
pressure perturbation field for selected frequencies. The
script generates diagrams with the Fourier coefficient
magnitude on the surfaces and a wave reconstruction
image for a fixed time. VTK surfaces can be generated
by OpenFOAM during run time. It is essential to
sample enough time (defined tsampled) to cover the
lowest desired analysis frequency fmin ¼ 1=tsampled.
The sampling frequency must be high enough to
cover the highest frequency (Nyquist Sampling
Theorem). Figure 12(a) shows the propagation along
the first can of first and second order modes. In

Figure 13(b) transversal modes are visible along the
channel after the vanes. The plane waves excited at
the inlet of the first are observed and their shape
starts to change when they hit the vanes. Right before
the vanes a part of the waves is directed into the gap
leading to the second can. This can is excited from both
sides since the boundaries are set as periodic. A conver-
sion of plane waves in the excited can into transversal
modes in the passive can takes place.

In Figure 14 the transmission coefficient has been
presented for the 25D-2C-SV-RG geometry with SV
compared with the corresponding 2D-2C-SV-RG case
with SV and RG. The 25D-2C-SV-RG configuration
presents similar behavior compared to the case 2D-
2C-SV-RG showing the peak at about f¼ 750Hz.

5.3. Configuration 2D-2C-DV

In parallel to the plots presented for the configuration
with straight vanes 2D-2C-SV-RG, the acoustic pres-
sure field has been computed for the reference geometry
with deflecting vanes 2D-2C-DV-RG in Figures 15 and
16 for different frequencies within a similar range to the
previous case with SV.

Figure 12. Acoustic pressure (Pa) field reconstruction for low

frequencies and M � 0:4. (a) Acoustic pressure field recon-

struction at f¼ 443 Hz for 2D-2C-SV-RG; (b) Acoustic pressure

field reconstruction at f¼ 634 Hz for 2D-2C-SV-RG.

C: can; D: dimension; RG: reference gap; SV: straight vanes.

Figure 13. Acoustic pressure (Pa) field reconstruction for high

frequencies and M � 0:4. (a) Acoustic pressure field recon-

struction at f¼ 1031 Hz for 2D-2C-SV-RG; (b) Acoustic pressure

field reconstruction at f¼ 1537 Hz for 2D-2C-SV-RG. C: can; D:

dimension; RG: reference gap; SV: straight vanes.
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In Figure 17 the transmission coefficient has been
presented for the 2D-2C-DV comparing the results
obtained for different vane locations. Figure 17
shows how the peak disappears in the range

f ¼ 650� 1100Hz for these configurations with DV.
The transmission coefficient for the geometry NG pre-
sents the lowest values of about Rtr¼ 0.1 in the range
f ¼ 100� 2000Hz. In the low-frequency range of

Figure 15. Acoustic pressure (Pa) field reconstruction for low

frequencies and M � 0:45. (a) Acoustic pressure field recon-

struction at f¼ 435 Hz for 2D-2C-DV-RG; (b) Acoustic pressure

field reconstruction at f¼ 664 Hz for 2D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap;

SV: straight vanes.

Figure 16. Acoustic pressure (Pa) field reconstruction for high

frequencies and M � 0:45. (a) Acoustic pressure field recon-

struction at f¼ 1079 Hz for 2D-2C-DV-RG; (b) Acoustic pres-

sure field reconstruction at f¼ 1908 Hz for 2D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.

Figure 14. Transmission coefficient Rtr for 25D-2C-SV-RG

compared with the corresponding 2D-2C-SV-RG with M � 0:4.

Figure 17. Transmission coefficient Rtr for 2D-2C-DV with

different gaps and M¼ 0.45.
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f ¼ 100� 450 the case with bigger gap BG reaches the
highest values of about Rtr¼ 0.7 compared to the other
configurations.

5.4. Configuration 3D-2C-DV with single side
excitation

Concerning the transmission coefficient analysis, numer-
ical results obtained for 3D-2C-DV-RG with single side
excitation are presented in Figure 18. The numerical
results for the 3D geometry have been compared with
the 2D-2C-DV-RG correspondent configuration. The
results present an accurate agreement between the 2D
and 3D cases showing a similar behavior of transmission
coefficient magnitude and phase. The phase has been
calculated choosing the boundary along the section
where the cans connect with the vanes. The transmission
coefficient magnitude shows the highest values in the
range of low frequencies and starts to decay fast

beyond f¼ 600Hz. Due to the presence of transversal
higher modes for higher frequencies beyond f¼ 600
Hz, the post-processing method applied becomes less
accurate. The acoustic pressure field has been calculated
for the configuration 3D-2C-DV-RG for different fre-
quencies (see Figures 19 and 20). In the plot presenting
the pressure field for the highest frequency in Figure
20(b) the planar waves along the first excited can start

Figure 19. Acoustic pressure (Pa) field reconstruction at low

frequencies for 3D-2C-DV-RG configuration with single side

excitation and M¼ 0.7. (a) Acoustic pressure field reconstruction

at f¼ 143 Hz for 3D-2C-DV-RG; (b) Acoustic pressure field

reconstruction at f¼ 838 Hz for 3D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.
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Figure 18. Transmission coefficient at the inlet estimated for

3D and 2D configurations with single side excitation and M¼ 0.7.

(a) Transmission coefficient magnitude comparisons—M¼ 0.7 for

3D-2C-DV-RG and M¼ 0.65 for 2D-2C-DV-RG; (b) Transmission

coefficient phase comparisons—M¼ 0.7 for 3D-2C-DV-RG and

M¼ 0.65 for 2D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.
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to modify their shape in the region right before the vanes
showing the propagation of higher modes along the
second can.

5.5. Configuration 3D-DV with symmetric excitation

In this section the numerical results obtained for the
case in Figure 21(a) (3D-1C-DV-RG with excitation

at inlet of f ¼ 20� 2000 Hz) are compared with the
geometry 3D-2C-DV-RG with same symmetric
excitation in Figure 21(b). Both geometries should
theoretically present similar behavior of reflection
coefficient (see Figure 22). Figure 22 confirms what
has been expected. The reflection coefficient magni-
tude presents a similar trend for both geometries
maintaining a constant value of about R¼ 0.6 up to
f¼ 1000Hz. Above f¼ 1500Hz the values decrease
fast. In Figure 23 the reflection coefficient behavior
obtained for the configuration with one can 3D-1C-
DV-RG has been compared with the geometry 3D-
2C-DV-RG for case of no flow. Both geometries
follow the same trend with reflection coefficient
values that are increasing for frequencies beyond
f¼ 1000 Hz, showing how the flow can influence
the acoustics. The acoustic pressure field has been
presented for different frequencies (see Figure 24
and Figure 25). The symmetric excitation with same
phase applied to both cans is shown in the images for
all frequencies analyzed.

Figure 20. Acoustic pressure (Pa) field reconstruction at high

frequencies for 3D-2C-DV-RG configuration with single side

excitation and M¼ 0.7. (a) Acoustic pressure field reconstruction

at f¼ 1240 Hz for 3D-DV-RG; (b) Acoustic pressure field

reconstruction at f¼ 1864 Hz for 3D-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.

Figure 21. Overview of comparable configurations. (a) 3D-1C-

DV-RG with single excitation; (b) 3D-2C-DV-RG with symmetric

excitation.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.
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5.6. Investigation of the peak

Several studies have been performed in order to deter-
mine the reason of the presence of the peak shown in
Figure 11(a) for the different gaps analyzed in the con-
figurations with SV in Figure 3. Calculations with the
same flow but without excitation at the inlet have been
done in order to verify the validity of the numerical
results without external excitation applied. Also in
that case the same peak occurred giving the necessity
to investigate it more accurately. A simulation with
same flow and external excitation applied at a fre-
quency of f¼ 650 Hz within the range where the peak
occurs has been performed next. The wavelength cor-
responding to the analyzed frequency f¼ 650 Hz has
been calculated as � ¼ c=f ¼ 825=650 � 1:3 m, with
the value of speed of sound c¼ 825m/s obtained from

the simulation. Through this result it has been observed
that each wave at that frequency fits in one can.
The wavelength corresponding to the highest excited
frequency within the range where the peak appears
has been also evaluated as � ¼ 825=1100 � 0:8 m.
This last value has been also considered as interesting
due to the fact that half wave length of �=2 � 0:4 m
corresponds to the length of the SV. This causes the
presence of the peak within the range f ¼ 650� 1100
Hz. In order to demonstrate this assumption, the same
simulation has been performed with shorter SV with
the length of l¼ 0.18 m. This value has been chosen
since it represents the chord length of the DV studied
in this work. The results obtained for the case with DV
did not show any peak. The data obtained from the
simulation with shorter SV do not present any peak.

Figure 23. Reflection coefficient at the inlet estimated for 3D-

1C-DV-RG and 3D-2C-DV-RG configurations with symmetric

excitation with M¼ 0. (a) Reflection coefficient magnitude

comparisons—3D-1C-DV-RG and 3D-2C-DV-RG

comparisons—M¼ 0. (b) Reflection coefficient phase

comparisons—3D-1C-DV-RG and 3D-2C-DV-RG

comparisons—M¼ 0. 1C: one can;

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.

Figure 22. Reflection coefficient at the inlet estimated for 3D-

1C-DV-RG and 3D-2C-DV-RG configurations with symmetric

excitation with M � 0:7. (a) Reflection coefficient

magnitude—3D-1C-DV-RG and 3D-2C-DV-RG compari-

sons—M � 0:7; (b) Reflection coefficient phase

comparisons—3D-1C-DV-RG and 3D-2C-DV-RG compari-

sons—M � 0:7.

1C: one can; C: can; D: dimension; DV: deflecting vanes; RG:

reference gap.
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Figure 26 shows the lack of the peak in the case with
shorter SV.

Figure 27 presents an interesting behavior of the
pressure in the vane region for the reference configur-
ation with SV in Figure 3(a). The pprime parameter
represents the pressure field after subtracting the pres-
sure mean values. In the vanes area periodic oscillations
with alternating phase occur. Every second vane

oscillates in phase. The plot presented in Figure 28
shows a first approximate method to check the validity
of the simulations. The sum of the amplitude waves p̂�

(wave moving back upstream), Cþ(wave transferred to
the second can), and Tþ (wave transmitted beyond the
vanes) needs to be equal to the amplitude wave p̂þ that
represents the pressure excitation set at the inlet of the

Figure 25. Acoustic pressure (Pa) field reconstruction at high

frequencies for 3D-2C-DV-RG configuration with symmetric

excitation with M¼ 0.7. (a) Acoustic pressure field reconstruc-

tion at f ¼ 1279 Hz for 3D-2C-DV-RG. (b) Acoustic pressure

field reconstruction at f ¼ 1673 Hz for 3D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.

Figure 24. Acoustic pressure (Pa) field reconstruction at low

frequencies for 3D-DV-RG configuration with symmetric exci-

tation with M¼ 0.7. (a) Acoustic pressure field reconstruction at

f ¼ 157 Hz for 3D-2C-DV-RG; (b) Acoustic pressure field

reconstruction at f ¼ 837 Hz for 3D-2C-DV-RG.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap.
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first can through the force response approach applied.
The results satisfy the expectations for the case with DV
in Figure 28(b). Figure 28(a) shows the curves obtained
for the geometry with SV. The curve representing p̂þ

reaches lower values compared to the other curve in the
range up to f¼ 1000Hz. The curves in Figure 28 have
been obtained through pressure measurements along
two lines in the transversal direction, one line per can.
More pressure probes on other transversal lines can be
added for a more accurate analysis in further
investigations.

6. Conclusion

The objective of this work was to analyze numerically
the acoustic interaction between combustor cans,
proving the existence of the cross-talk in neighboring
cans. Cases of increasing complexity have been pre-
sented. The CFD open source code OpenFOAM has
been used for the numerical analysis. A forced
response approach has been applied imposing a
single side wave excitation (only one can be excited
with f ¼ 20� 2000 Hz) and symmetric excitation
(both cans excited with same frequency range
f ¼ 20� 2000 Hz).

The 2D cases with SV (2D-2C-SV) and DV (2D-2C-
DV) have been analyzed with different vane locations,
comparing them with 3D corresponding configurations.
This study was performed in preparation of a new full
engine design.

The first test called RG presented the ratio between
the gap g (space between the vanes and the small wall
connecting the two cans) and H � 0:5 m (width of the
can) of g=H � 0:05=0:5 ¼ 0:1. The second case had NG
between the vanes and the cans (g=H � 0=0:5 ¼ 0) and
the last one presented BG with the vanes shifted
towards the outlet (g=H � 0:4=0:5 ¼ 0:8). All param-
eters and values chosen of temperature, velocity, and
pressure were related to realistic data. Different mass
flows at the inlet have been set resulting in two different
Mach number values of M � 0:4 and M � 0:7 in the
vane section.

The 2D configurations studied with DV and with the
vanes moved towards the outlet (BG) presented the
highest values of transmission coefficient of about
Rtr¼ 0.75 for low frequencies of f< 500 Hz. For
higher frequencies up to f¼ 2000 Hz the transmission
coefficient values were decreasing reaching 0.1 at about
f¼ 1600Hz. The case with RG reached values of
Rtr � 0:5 for f< 500Hz, arriving to 0.1 at f¼ 1600Hz.
The case without gap (NG) was expected to show no
cross-talk effect but anyway it reached values of trans-
mission coefficient of Rtr � 0:1.

The different gaps evaluated with the configuration
with SV presented a similar trend observed before in

Figure 28. Wave amplitudes evaluation. (a) Wave amplitude

sum for the 2D-2C-SV-RG straight vanes; (b) Wave amplitude

sum for the 2D-2C-DV-RG deflecting vanes.

C: can; D: dimension; DV: deflecting vanes; RG: reference gap;

SV: straight vanes.

Figure 26. Transmission coefficient comparisons between 2D-

2C-SV-RG and 2D-2C-SV-RG with shorter vanes.

C: can; D: dimension; RG: reference gap; SV: straight vanes.

Figure 27. Acoustic pressure (Pa) field behavior.
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the case with DV and various gaps for low frequen-
cies up to f¼ 600 Hz. In the range between about
f ¼ 650 and 1100 Hz they were all showing a peak
contrary to the case with DV. It has been observed
that the presence of the peak is related to the length
of the SV. It has also been shown that higher Mach
reduced the presence of the peak in the cases studied
with SV. A reconstruction of the acoustic pressure
field has been performed for the configurations
2D-2C-SV-RG and 2D-2C-DV-RG at different fre-
quencies. The results obtained beyond the range of
validity of the post-processing methods could not be
evaluated with accuracy. The pressure field obtained
for the highest frequencies pointed out the presence
of high modes in both cans and in the channel after
the vanes, as expected from the evaluation of the
cut-off frequency. A modal analysis needs to be per-
formed to understand the influence of higher modes
in a more accurate way.

Comparisons have been performed and estimated
between 2D and 3D equivalent configurations with
both single side and symmetric excitations. The
match between 2D and 3D equivalent geometries
has been proved. The transmission and reflection
coefficient behaviors presented an accurate agreement
between the 2D and 3D cases showing a similar trend
within the frequency range analyzed. For the results
obtained for frequencies beyond f¼ 600 Hz, it was
necessary to take into account that the post-proces-
sing method applied becomes less accurate. This fact
is due to the presence of transversal higher modes for
higher frequencies beyond f¼ 1300 Hz for the two
cans and beyond f¼ 600Hz for the channel after
the vanes. The results obtained beyond the validity
range of the two post-processing methods here
applied have been shown as information with the
aim to perform further investigations with different
methods.

It has been proved in this computational study that
the cross-talk effect exists and it cannot be neglected for
all kind of gaps analyzed here. The future work will
investigate if the cross-talk is contributing to stabilize
or destabilize the combustion system.

As final outlook of this work, it is recommended to
have more cans in the test rig in order to obtain
the proper acoustic boundary conditions. During the
experiments, it would be necessary to position the
microphones in the test rig in the same locations used
in the CFD simulations in order to validate the numer-
ical study performed.
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