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a b s t r a c t 

The response of a laminar lean premixed flame to excitations based on its position in the combustion 

chamber and the stability of a burner are numerically investigated. A finite-volume large-eddy simulation 

method is used to solve the compressible Navier-Stokes equations and a combined G-equation progress 

variable approach is used to model the flame. Various injector positions in the combustion chamber are 

investigated in a computational setup with an acoustically non-reflecting outflow boundary condition to 

analyze the impact on the response of the flame to an external excitation. Due to the changes in the 

flow field the shape of the flames depends on the displacement offset of the injector. Consequently, the 

instantaneous, local distribution of the heat release rate fluctuations which is caused by wrinkles on the 

flame surface is determined by the position of the injector. The heat release rate fluctuations are the 

dominant source of sound in the investigated configurations. Due to the discrepancies in the local heat 

release rate fluctuations the flame response to an excitation depends on the lateral offset of the injector. 

The overall trend of the integrated heat release is the same in most configurations, however, the phase is 

significantly altered. Since the phase angle of the response of the flame to an excitation determines the 

stability of a burner, self-excited instabilities can be avoided by adjusting the position of the injector. This 

is demonstrated using a modified computational domain with an acoustically reflecting outflow boundary 

condition, which causes the burner to have an acoustic quarter-wave eigenmode. Based on the results 

of the previous analysis of the flame responses, two injector positions in the combustion chamber are 

chosen such that the response of the flames is mutually phase-shifted by approximately π . Therefore, 

it is expected that one of the configurations will lead to a stable burner while the other one exhibits a 

self-excited instability. The results show that the injector position determines the stability of the burner 

configuration for the investigated flames. 

© 2023 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

To reduce pollutant emissions, modern combustion facilities 

re operated at lean premixed combustion. However, the lean 

remixed combustion regime is prone to combustion instabilities 

hich can cause an inefficient operation or in the worst case lead 

o the structural failure of the burner assembly [1] . Combustion 

nstabilities can origin from a resonant coupling of the acoustic 

mission of the flame with the acoustic modes of the combustion 

hamber. That is, when the pressure oscillations in the combustion 

hamber and the acoustic emission of the flame are in phase self- 

xcited instabilities occur in the burner configuration. 
∗ Corresponding author. 

E-mail address: s.herff@fz-juelich.de (S. Herff) . 
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To determine the stability of a burner during the design stage 

he response of the flame to excitations is of major interest. The 

inear flame response to acoustic disturbances is often expressed 

s the flame transfer function (FTF) which describes the heat re- 

ease fluctuations of the flame being caused by velocity fluctua- 

ions of the upstream flow. Low-order models to predict or con- 

rol combustion instabilities are often based on FTFs. They can be 

etermined experimentally [2,3] , numerically [4] , or by modeling 

pproaches [5–7] . The details of the investigated configuration can 

ave a significant impact on the FTF which was shown, e.g., in the 

tudy of Duchaine et al. [8] which focused on the susceptibility of 

he FTF to various parameters. However, the FTF is usually deter- 

ined for single flames which are located either in an open envi- 

onment or in a symmetric position in a combustion chamber. In 

uquel et al. [2] the effect of the confinement ratio of the com- 
stitute. This is an open access article under the CC BY license 
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ustion chamber on the FTF of a symmetric confined flame was 

hown. The results showed that a transposition of the FTF of an 

pen or confined flame is required when the ratio of confinement 

f the symmetric confined flame changes. 

In recent studies, a significant impact of non-symmetries in the 

onfiguration on the flame dynamics was shown. In Æsøy et al. [9] , 

he effect of non-symmetry was investigated using a multi-flame 

ombustor by changing the convection speed of adjacent flames. 

hey found that the non-symmetry could be used to modify the 

esponse of the interacting flames. In Herff et al. [10] an un- 

onfined, a symmetric confined, and a non-symmetric confined 

wirl flame were investigated to analyze the impact of confine- 

ent on the flow field and the dynamics of the flame. It was 

hown that the limit-cycle amplitude of a self-excited instability in 

he confined configurations was significantly reduced in the non- 

ymmetric configuration. This result indicates that the position of 

he injector in the combustion chamber can determine the stabil- 

ty of a burner configuration. However, due to the complexity of 

he burner configuration a definite conclusion of the responsible 

echanism could not be provided. 

To analyze the effect of non-symmetric confinement on the 

ame response to acoustic excitations in detail, the current study 

ocuses on a simpler configuration, i.e., a single laminar jet flame, 

hich can be investigated much more efficiently. Since the flame 

esponse to acoustic disturbances, e.g., in the form of FTFs, is used 

o predict combustion instabilities, the results of the analysis of 

he generic configuration of this study are of significant relevance 

or engineering applications. In Pausch et al. [11] a similar config- 

ration was used to investigate the acoustic source mechanisms 

f a symmetric confined flame. To be able to vary the position of 

he injector in the combustion chamber, the width of the combus- 

ion chamber of the configuration is increased in this study. Due 

o the confinement variation, the acoustic wave converts to a vor- 

icity mode which can cause wrinkles of the flame surface. One 

ymmetric configuration and three non-symmetric configurations 

re investigated. The comparison of the results of the four config- 

rations shows the impact of the position of the injector on the 

esponse of the flame to acoustic excitations. Based on the find- 

ngs two injector positions are considered in a modified setup to 

emonstrate that the stability of a burner depends on the position 

f the flame in the combustion chamber. 

The numerical approach is based on the G -equation, which has 

een extensively used to model and analyze flame dynamics in 

arious investigations. A comprehensive overview of these stud- 

es is beyond the scope of this discussion, however, a few studies 

hich are relevant for the present investigation are given in the 

ollowing. In Schuller et al. [5] , it was shown that the flame motion

nd, noteworthy, the phase of the flame response can be captured 

y combining an accurate computation of the velocity field with a 

on-linear treatment of the flame motion based on the G -equation. 

he effect of stretch on the wrinkle amplitudes of acoustically ex- 

ited premixed flames was analyzed in Wang et al. [12] . It was 

ound that the wrinkle amplitudes can decay from the flame base 

o the tip due to stretch effects for a certain range of excitation 

requencies. In Kashinath et al. [13] , the impact of the perturbation 

elocity field on the nonlinear limit-cycle instabilities of a sym- 

etrical premixed flame was analyzed. They showed that the con- 

ective speed of velocity perturbations is not generally the mean 

ow velocity which can significantly impact thermoacoustic insta- 

ilities. In Albayrak and Polifke [14] , a G -equation approach was 

sed to analyze the effect of non-uniform equivalence ratio on the 

ame response. They concluded that the phase of the flame re- 

ponse can be modified by non-uniform equivalence ratio pertur- 

ations. In the analytical study by Li et al. [15] the effect of asym-

etry on the response of a two-dimensional flame to disturbances 

as analyzed. They found that the flame acts as a bandpass fil- 
2 
er for transversal acoustic excitations due to cancellation effects 

f the two flame flanks. In contrast to the current study, the asym- 

etry in [15] was achieved by a non-zero transversal mean flow 

elocity and transversal flow perturbations were used to excite the 

ames. Note that these discrepancies in the flame configurations 

f the study by Li et al. with the current study leads to differ- 

nces in the overall flame response and the mechanisms affect- 

ng the flame response. Furthermore, the G -equation approach has 

een used, e.g., in Matalon and Matkowsky [16] , for the modeling 

f turbulent combustion. 

The study is structured as follows. First, the numerical methods 

re introduced before the burner geometry and the numerical con- 

gurations are discussed. Then, the results of the four investigated 

onfigurations are analyzed and the effect of the injector position 

n the stability of a burner is shown for two configurations in a 

odified numerical setup. Finally, conclusions are drawn. 

. Numerical methods 

A conservative finite-volume method for the solution of the 

avier-Stokes equations coupled with a level-set solver for the 

 -equation is presented. Both methods have been introduced 

n [17] and are features of the in-house developed multi-physics 

imulation framework m-AIA (multiphysics Aerodynamisches Insti- 

ut Aachen) [18] . 

The two-dimensional unsteady compressible Navier-Stokes 

quations are solved using the combined G -equation progress vari- 

ble modeling approach by Moureau et al. [19] to compute the 

aminar lean premixed flame. 

The governing equations read 

∂ Q 

∂t 
+ ∇ · H = 

˙ W , (1) 

here ∇ = [ ∂ 
∂x 

, ∂ 
∂y 

] T is the vector of spatial derivatives in the 

artesian coordinate system with directions x and y . The vector 

f conservative variables Q and the flux vector H , which is de- 

omposed into an inviscid H 

i and a viscous part H 

v , read in non- 

imensional form 

 = 

⎛ 

⎜ ⎝ 

ρ
ρv 
ρE 

ρc 

⎞ 

⎟ ⎠ 

, H = H 

i − H 

v = 

⎛ 

⎜ ⎝ 

ρv 
ρvv + p I 

v ( ρE + p ) 
ρv c 

⎞ 

⎟ ⎠ 

+ 

1 

Re 0 

⎛ 

⎜ ⎝ 

0 

τ
τv + q 

J c 

⎞ 

⎟ ⎠ 

. 

(2) 

he quantity I is the unit matrix, ρ denotes the density, v = 

 u x , u y ] 
T the velocity vector, E the total specific energy, c the 

rogress variable, p the pressure, τ the stress tensor, q the vector 

f heat conduction, and J c the diffusive flux of the progress vari- 

ble. The Reynolds number Re 0 = (ρ0 a 0 l) / μ0 is based on the char- 

cteristic length l and the speed of sound a 0 , the density ρ0 , and 

he dynamic viscosity μ0 at rest which is denoted by the subscript 

. The non-dimensionalization of the variables is done by ρ0 a 
2 
0 for 

he pressure, a 0 for the velocity, ρ0 for the density, and t 0 = l/ a 0 
or the time. 

The evolution of the G -field is defined by the G - 

quation [20,21] 

∂G 

∂t 
+ 

(
v + 

ρu 
∞ 

ρ
s t,u n 

)
· ∇G = 0 , (3) 

here the normal vector 

 = − 1 

|∇G | 
(
∂ G/∂ x, ∂ G/∂ y 

)T 
(4) 

oints towards the unburnt fuel-air mixture. The zero-value level- 

et contour G = G = 0 describes the motion of the inner-layer 
0 
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Fig. 2. Not-to-scale schematics of the injector positions in the combustion cham- 

bers of the �0 (a) and the �0 . 9 (b) configurations. 
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emperature contour of the flame and the scalar G is defined to 

e positive in the burnt gas and negative in the unburnt gas. The 

ame speed is modeled by the laminar flame speed s l, 0 corrected 

y the product of the curvature κ = ∇ · n and the Markstein length 

 c 

 t,u = s l, 0 
(
1 − κ l c 

)
. (5) 

ote that hydrodynamic strain effects on the flame speed are ne- 

lected by the combustion model which limits the model to mod- 

rate flame stretch without local flame extinction on the flame 

urface. The combustion model is valid in the thin reaction zone 

nd the corrugated flamelet regime [21] . Further details on the G - 

quation, the combustion model, and the modeling of the flame 

peed are discussed in Pitsch [21] . 

For further details, the reader is referred to the description of 

he numerical methods and the references in [10] . 

. Numerical burner configurations 

In the following, the computational setups are explained. In 

ections 4.1 and 4.2 four configurations are considered which share 

ommon properties of the computational domain. That is, the for- 

ulation of the boundary conditions, the geometric parameters 

f the injector, and the geometric parameters of the combustion 

hamber are alike. The four configurations are characterized by the 

osition of the flame, i.e., the position of the injector with respect 

o the centerline of the combustion chamber. A detailed descrip- 

ion of all configurations is given below. 

A not-to-scale schematic of the computational domain, which 

hows the common properties of the four configurations including 

he boundary conditions, is shown in Fig. 1 . 

The lean mixture of methane and air with an equivalence ratio 

f φ = 0 . 9 enters the domain through an injector with the width

 = 8 mm and the length 4 D . The Reynolds number based on the

njector width and the average inflow velocity is Re D = 569 . The 

oundaries of the injector are formulated as adiabatic no-slip walls 

ntil they reach the boundaries of the combustion chamber. The 

ombustion chamber has a width of 3 D and a length of 14 D lead-

ng to a total domain length of L Domain = 18 D . The boundaries of

he combustion chamber are formulated as adiabatic slip walls to 

xclude effects that could be caused by the boundary layer at the 

ombustion chamber walls. The outflow boundary condition is for- 
ig. 1. Not-to-scale schematic of the geometry of the computational domain. The 

rigin of the coordinate system is located on the centerline at the exit of the injec- 

or. The point denoted as ‘MP’ shows the microphone position, at which the pres- 

ure data is recorded. 
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3 
ulated as a non-reflecting Navier-Stokes characteristic boundary 

ondition (NSCBC) [22] , which reduces the acoustic reflections at 

he boundary. A linear relaxation coefficient as suggested by Rudy 

nd Strikwerda [23] is used to avoid a drift of the imposed mean 

ressure. The microphone position ‘MP’ is used to record the pres- 

ure data. It is located 4 D downstream of the injector exit. Note 

hat a similar configuration was recently used in [11] to investi- 

ate the sound mechanisms of lean premixed flames. In contrast 

o the configurations in [11] , the width of the combustion chamber 

s increased to enable the variation of the position of the injector. 

oteworthy, the acoustic modes in the current investigation tran- 

ition to a vorticity mode due to the resulting confinement jump 

hich can cause wrinkles on the flame surface. Due to the Carte- 

ian formulation, the investigated configurations correspond to slot 

ames. For conical flames, the qualitative results are expected to 

e similar while the quantitative findings will differ. 

To investigate the impact of the flame position in the combus- 

ion chamber, four injector positions are considered. The notation 

f a configuration �d indicates that the position of the injector has 

n offset of d · D from the centerline of the combustion chamber, 

here d ∈ { 0 , 0 . 3 , 0 . 6 , 0 . 9 } . That is, the flame in configuration �0 

s located in the center of the combustion chamber and the flame 

n configuration �0 . 9 is located close to the combustion chamber 

all. Not-to-scale schematics of the injector positions of the �0 

nd the �0 . 9 configurations are shown in Fig. 2 . 

First, the steady-state solutions of the four configurations are 

omputed. Then, the flames are excited by varying the inflow 

elocity using a sine function u x (y, t) = u x (y ) · (1 + a · sin (2 π f t)) ,

here u x (y ) is a parabolic velocity profile, f is the excitation fre- 

uency, and a is the excitation amplitude. To investigate the re- 

ponse of the flames to external excitation the frequencies f ∈ 

 50 Hz , 100 Hz , 200 Hz , 300 Hz , 400 Hz } and the excitation amplitudes

 ∈ { 0 . 1 , 0 . 25 } are considered. Note that these excitation ampli-

udes cause flame responses in the non-linear regime, which is 

ypical for self-excited limit-cycle instabilities. Two excitation am- 

litudes are chosen to show that the results are valid for a wide 

ange in the non-linear regime. To validate that the results of this 

tudy can be used to predict the linear stability behavior of a 

urner, this study should be extended to the linear regime by ad- 

itional simulations. To investigate the effect in the linear regime, 

he excitation amplitude has to be significantly reduced especially 

or higher excitation frequencies. An overview of the configurations 

f the excited flames is given in Table 1 . 
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Fig. 3. Contours of the velocity magnitude of the steady-state solutions of the non-excited flames; �0 configuration (a), �0 . 3 configuration (b), �0 . 6 configuration (c), and 

�0 . 9 configuration (d). Streamlines are shown by the white arrows and the flame front is illustrated by the black contour which corresponds to c = 0 . 5 . 

Table 1 

Overview of the configurations of the excited flames; equivalence ratio φ, Reynolds number based on the injector diameter and the bulk velocity Re D , excitation amplitudes 

a relative to the inflow bulk velocity, excitation frequencies f , and ratio of flame length to convective wave length based on the inflow bulk velocity l f 
λbulk 

. 

Notation Setup Description φ Re D a f [ Hz ] l f 
λbulk 

�0 centered position of the flame 0.9 569 0.1, 0.25 50, 100, 200, 300, 400 0.75, 1.5, 3.0, 4.5, 6.0 

�0 . 3 the flame has a 0 . 3 D offset from the centerline 0.9 569 0.1, 0.25 50, 100, 200, 300, 400 0.75, 1.5, 3.0, 4.5, 6.0 

�0 . 6 the flame has a 0 . 6 D offset from the centerline 0.9 569 0.1, 0.25 50, 100, 200, 300, 400 0.75, 1.5, 3.0, 4.5, 6.0 

�0 . 9 the flame has a 0 . 9 D offset from the centerline 0.9 569 0.1, 0.25 50, 100, 200, 300, 400 0.75, 1.5, 3.0, 4.5, 6.0 
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In Sections 4.1 and 4.2 , the setup is used to analyze the im-

act of the flame position on its response to acoustic excitations. 

o subsequently investigate the effect on the thermoacoustic sta- 

ility a modified numerical setup is used in Section 4.3 . The modi- 

ed configuration uses the computational domain shown in Fig. 1 . 

owever, the outflow boundary is not formulated as an NSCBC. In- 

tead, a Dirichlet boundary condition for the pressure is used. That 

s, the outflow boundary is acoustically reflecting and corresponds 

o the boundary condition of a more realistic burner configuration. 

urthermore, the length of the computational domain is massively 

ncreased to L Domain = 77 D such that this configuration is a burner 

ith a quarter-wave frequency of 400 Hz . 
4 
. Results 

The impact of the position of the injector in the combustion 

hamber on the response of the flame to an external excitation 

s investigated. In Section 4.1 , the flame shapes of steady flames 

nd acoustically excited flames are discussed for four injector po- 

itions before their response to excitations with various excitation 

requencies and excitation amplitudes is analyzed in Section 4.2 . 

hen, the effect of the findings from Section 4.2 on the stability of 

 burner is shown for a burner configuration with more engineer- 

ng boundary conditions by analyzing the stability of the burner 

or specific injector positions in Section 4.3 . 
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Fig. 4. Flame shapes of the steady-state solutions. 
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Fig. 6. Contours of the instantaneous velocity magnitude of the configurations with 

the excitation frequencies 200 Hz (a–d), 300 Hz (e–h), and 400 Hz (i–l) and the ex- 

citation amplitude a = 0 . 25 ; The configurations are ordered from left to right: �0 , 

�0 . 3 , �0 . 6 , and �0 . 9 . The flame front is shown by the black contour which corre- 

sponds to c = 0 . 5 . 

a  

c

w

t

E

s

i

e

i

F

fl

fl

o

r

t

k

T

.1. Flame shapes and wrinkles 

The velocity fields, streamlines, and flame contours of the 

teady-state solutions are shown in Fig. 3 . Note that all figures of 

he velocity magnitude contours use the same scaling. Recircula- 

ion zones are evident near the combustion chamber walls of the 

ymmetric configuration �0 (a). Due to the reduced distance be- 

ween the injector and the combustion chamber wall the left recir- 

ulation zone is smaller in the �0 . 3 configuration and does not ex- 

st in the higher lateral offset configurations �0 . 6 and �0 . 9 . Simul- 

aneously, the size of the right recirculation zone increases with 

he lateral injector offset. A juxtaposition of the flame shapes of 

he four configurations is shown in Fig. 4 . The flame in the sym-

etric configuration �0 has a length of approximately l f = 2 D . The 

esulting ratio of the flame length l f to the convective wave length 

bulk is listed for all configurations in Table 1 . Evidently, in the con- 

gurations with an offset of the injector position with respect to 

he combustion chamber �0 . 3 , �0 . 6 , and �0 . 9 the flame is inclined 

ue to the streamline curvature in the mean flow caused by the 

reviously discussed recirculation zones. The angle between the 

enterline of the injector and the line from the center of the in- 

ector to the tip of the flame increases with the offset of the injec-

or position. Consequently, the lengths of the flanks of the flames 

iffer for each configuration. 

The contours of the instantaneous velocity magnitude and the 

ame front of the excited flames are shown in Figs. 5 and 6 at

arious excitation frequencies. The results for the excitation am- 

litude a = 0 . 25 are shown since the impact on the wrinkles is

ore obvious due to the slightly higher amplitude of the wrinkles. 

he qualitative results are the same for the excitation amplitude 

 = 0 . 1 . The results for the lower excitation frequencies f = 50 Hz
ig. 5. Contours of the instantaneous velocity magnitude of the configurations with 

he excitation frequencies 50 Hz (a–d) and 100 Hz (e–h) and the excitation ampli- 

ude a = 0 . 25 ; The configurations are ordered from left to right: �0 , �0 . 3 , �0 . 6 , and 

0 . 9 . The flame front is shown by the black contour which corresponds to c = 0 . 5 . 

v
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5 
nd f = 100 Hz are shown in Fig. 5 . The high wavelength of the ex-

itation causes a movement of the entire flame. Consequently, no 

rinkles are observed in the surfaces of these flames. Note that 

he flame shape is already deformed for the frequency f = 100 Hz . 

xcept for the deflection of the flame, which was discussed for the 

teady flames, the impact of the injector position on the dynam- 

cs of the flames is low in these configurations. This will become 

ven more apparent in the analysis of the responses of the flames 

n Section 4.2 . 

The results for the higher excitation frequencies are shown in 

ig. 6 . The higher excitation frequencies cause wrinkles on the 

ame surfaces. The wrinkles have their origin at the base of the 

ames and propagate along the flame surface. Since the lengths 

f the flanks of the flames vary in the non-symmetric configu- 

ations �0 . 3 (b), �0 . 6 (c), and �0 . 9 (d) due to the inclination of 

he flames to the center of the combustion chamber, the wrin- 

les of each flank do not reach the flame tip at the same time. 

herefore, the instantaneous wrinkle pattern on the flame surfaces 

aries with the position of the injector in the combustion chamber. 

 juxtaposition of the flame surfaces is shown in Fig. 7 . Clearly, the

mplitude of the wrinkles is significantly smaller on the surface 

f the longer flank of the flame while the amplitude is increased 
ig. 7. Flame shapes of the steady-state solutions (a) and instantaneous solutions 

ith the excitations frequency 400 Hz (b). 
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Fig. 8. Contours of the root-mean square (RMS) values of the fluctuations of the axial velocity component (a–d), the lateral velocity component (e–h), and the heat release 

rate (i–l). 
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or the shorter flank when compared to the flame of the symmet- 

ic configuration �0 . The high wrinkle amplitude for the shorter 

anks is caused by the high excitation due to flow fluctuations, 

ince the position of the shorter flank is close to the shear layer 

f the jet flow. The contours of the root-mean square (RMS) values 

re shown in Fig. 8 for the fluctuations of the axial velocity com- 

onent (a–d), the lateral velocity component (e–h), and the heat 

elease rate (i–l) for the excitation frequency f = 400 Hz . Evidently, 

he highest velocity fluctuations are in the tip region for the sym- 

etrical flame. They shift towards the location of the shorter flanks 

f the flames for the asymmetric configurations. Consequently, the 

ocal distribution of the heat release rate changes significantly due 

o the lateral injector offset. 

It goes without saying that the local distribution of the flame 

rinkles defines the local heat release rate fluctuations which are 

coustic sources of the flames. The impact of the changes of the 

ocal distribution of the flame wrinkles on the integrated heat re- 

ease and the acoustic emission of the flames is discussed in the 

ollowing. 

.2. Flame response to excitation 

Next, the integrated heat release is shown in the figures on the 

eft and the pressure, which defines the acoustic emission, is illus- 
6 
rated on the right. The integrated heat release is determined by 

he sum of all heat release values of the computational domain. 

n all the figures, the blue line corresponds to the �0 configura- 

ion, the yellow line to �0 . 3 , the green line to �0 . 6 , and the red

ine to �0 . 9 . The results of the pressure are determined for each 

onfiguration at the location ”MP” which is shown in Fig. 1 . The 

xact location of ”MP” has no significant impact on the results. Fur- 

hermore, note that the origin of the high frequency fluctuations in 

he pressure signals is not clear. However, since their frequency is 

uch higher than the analyzed frequency range and the amplitude 

s relatively low the impact on the qualitative results is expected to 

e negligible. 

The results of the lower frequency cases f = 50 Hz and f = 

00 Hz with the excitation amplitude a = 0 . 1 are illustrated in 

ig. 9 . The findings for the lowest excitation frequency f = 50 Hz

re depicted in Fig. 9 (a) and (b). The phases and the amplitudes of 

he integrated heat release and the pressure signals have a low de- 

endence on the position of the flame. For the configuration with 

he largest offset �0 . 9 a low phase shift and a low decrease of 

he pressure amplitude is observed while the other pressure sig- 

als show no discrepancies. For the configurations with the excita- 

ion frequency f = 100 Hz in Fig. 9 (c) and (d), the pressure signal

f the �0 . 9 configuration shows a similar discrepancy to the heat 

elease and the pressure signals of the other three configurations. 
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Fig. 9. The integrated heat release h/h 0 is shown on the left and the pressure signal p/p 0 at the microphone position ’MP’ is shown on the right for the excitation amplitude 

a = 0 . 1 at low excitation frequencies; f = 50 Hz (a), (b) and f = 100 Hz (c), (d). 

T  

c

c

a

t

p

s

t

c

3

g

p

n

o

a  

fl

s

l

t  

s

t

t

a

o

o

F

d

r

f

a

a

r

e

l

o

t

o

t

s

q

F

o

a

t

e

l

h

i

a

o

e

i

m

he phase shift to the other signals is higher than for the f = 50 Hz

onfigurations. Furthermore, the amplitudes of the �0 . 9 and �0 . 6 

onfigurations are lower than in �0 . The amplitude decreases with 

n increased injector position offset. Note that there is a peak in 

he results of the �0 . 3 configuration which is caused by a small 

ocket. Overall, an impact for low excitation frequencies on the re- 

ponse of the flame is mainly evident for the largest injector posi- 

ion offset where the flame is positioned close to the combustion 

hamber wall. 

The results of the higher frequency cases f = 200 Hz , f = 

00 Hz , and f = 400 Hz are shown in Fig. 10 from top to bottom. 

Evidently, the phase angle of the pressure signals and the inte- 

rated heat release are shifted for all excitation frequencies. The 

hase shift with respect to the symmetric �0 configuration de- 

oted as 	φd , which is obtained by fast Fourier transformations 

f the pressure signals, is illustrated for the excitation amplitude 

 = 0 . 1 in Fig. 11 (a). It depends on the displacement offset of the

ame and on the frequency of the excitation. Note that the phase 

hift with respect to the �0 configuration increases approximately 

inear by the frequency in the excitation frequency range of 200 Hz 

o 400 Hz . The phase shift for the excitation amplitude a = 0 . 25 is

hown in Fig. 11 (b). The qualitative results are the same, however, 

he phase angle differences depend on the excitation amplitude. 

The spectra of the pressure signals obtained by fast Fourier 

ransformations are shown in Fig. 12 for the 50 Hz configuration (a) 

nd the 400 Hz configuration (b). As discussed above, the response 

f the lowest frequency configuration is linear, i.e., the spectrum 

f the pressure signal has a peak only at the excitation frequency. 

or the higher frequency configurations additional peaks are evi- 
7 
ent at multiples of the excitation frequency due to the non-linear 

esponse of the flame. Note that only the spectrum of one higher 

requency configuration is shown since the qualitative results are 

like for all configurations. The spectra of all configurations are 

vailable in the supplementary material. The dominant peak cor- 

esponds to the excitation frequency in all configurations, how- 

ver, the relative amplitudes of the various peaks depend on the 

ateral offset of the injector. Therefore, in addition to the phase 

f the pressure signals, which was discussed before, the spec- 

ral distribution of the flame responses changes with the injector 

ffset. 

For the integrated heat release and the pressure signals with 

he higher excitation amplitude a = 0 . 25 , the same qualitative re- 

ults are evident which are depicted for the low excitation fre- 

uencies in Fig. 13 and for the high excitation frequencies in 

ig. 14 . The higher excitation amplitude causes a higher response 

f the flame at the low frequencies which results in a higher over- 

ll pressure amplitude. The amplitude of the acoustic emission of 

he higher frequency configurations is less impacted by the higher 

xcitation amplitude. 

In all the configurations, the graphs of the integrated heat re- 

ease and the pressure signals are similar which indicates that the 

eat release is the main contributor to the acoustic emission of the 

nvestigated flames. The phase shift of the integrated heat release 

nd the pressure signals is caused by the different flank lengths 

f the flames. The acoustic waves travel through the injector and 

nter the combustion chamber. Hereby, they convert into vortic- 

ty modes at the confinement jump and are transported by the 

ean flow field. As discussed above, due to the change of the 
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Fig. 10. The integrated heat release h/h 0 is shown on the left and the pressure signal p/p 0 at the microphone position ’MP’ is shown on the right for the excitation amplitude 

a = 0 . 1 at high excitation frequencies; f = 200 Hz (a), (b), f = 300 Hz (c), (d), and f = 400 Hz (e), (f). 
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ank lengths, the resulting wrinkles on the surface of the flame 

ave different travel distances to the flame tip on the two sides of 

he flame. This change of the travel distances causes a change in 

he local distribution of the acoustic sources which results in the 

hift of the response of the flames to the excitation. Since the wave 

umber of the wrinkles on the flame surface is linear to the exci- 

ation frequency the phase shift that is caused due to the discrep- 

ncies in the travel distance of the wrinkles grows approximately 

inear. In the lower frequency cases in Fig. 9 , this phase shift of

he pressure signals is not evident since the excitation frequencies 

re too low to cause wrinkles on the surface of the flame. Instead, 

he flames move as a whole due to the high wavelength of the ex- 
8 
itation such that the impact of the flank lengths of the flame is 

egligible. 

Note that there are distinct peaks in the integrated heat release 

nd the pressure signals. These peaks are caused by the formation 

nd annihilation of flame pockets which can be seen, e.g., in the 

ontours of the instantaneous flame fronts in Fig. 6 (i). In Fig. 14 (a)

nd (b) the integrated heat release and the pressure signals of 

he �0 configuration and the �0 . 3 configuration have one distinct 

eak whereas a second peak is observed in the other configura- 

ions. The second peak in the high-offset configurations is caused 

y the formation of a second flame pocket. Due to the different 

ropagation times of the wrinkles at the two sides of the flame, 
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Fig. 11. Phase angle difference with respect to the symmetric �0 configuration; excitation amplitude a = 0 . 1 (a) and excitation amplitude a = 0 . 25 (b). 

Fig. 12. Fast Fourier transformation of the pressure signals for a = 0 . 1 for the excitation frequencies 50 Hz (a) and 400 Hz (b). The results of all configurations are available 

in the supplementary material. 

Fig. 13. The integrated heat release h/h 0 is shown on the left and the pressure signal p/p 0 at the microphone position ’MP’ is shown on the right for the excitation amplitude 

a = 0 . 25 at low excitation frequencies; f = 50 Hz (a), (b) and f = 100 Hz (c), (d). 

9 
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Fig. 14. The integrated heat release h/h 0 is shown on the left and the pressure signal p/p 0 at the microphone position ’MP’ is shown on the right for the excitation amplitude 

a = 0 . 25 at high excitation frequencies; f = 200 Hz (a), (b), f = 300 Hz (c), (d), and f = 400 Hz (e), (f). 
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he tip of the flame moves from side to side and a pocket forms 

henever the flame tip changes its direction of motion. The for- 

ation and annihilation of the flame pockets is best visualized in 

 video of the flame surfaces which is available in the supplemen- 

ary material of this paper. 

The significant change of the phase angle of the integrated heat 

elease and the acoustic response of the flames due to the flame 

isplacement offset in the combustion chamber is crucial for the 

tability of the burner. The phase angle of the acoustic sources 

f the flame determines whether or not a self-excited instability 

an occur at a certain frequency. Consequently, the stability of the 

urner can be modified by the position of the flame in the com- 

ustion chamber since the displacement offset impacts the phase 
t

10 
ngle of the flame’s response to an excitation. To demonstrate that 

elf-excited instabilities can be avoided in a real burner by chang- 

ng the position of the flame in the combustion chamber, two in- 

ector positions in the combustion chamber in a configuration with 

ore engineering boundary conditions are investigated next. 

.3. Modifying the burner stability 

The stability of a burner is modified by varying the injector po- 

ition offset in the combustion chamber. As explained in Section 3 , 

he outflow boundary condition formulation is a Dirichlet bound- 

ry condition for the pressure and the length of the computa- 

ional domain is increased to achieve a burner with a quarter- 
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Fig. 15. Pressure signal resonance case; beginning of the excitation (a), long time after stopping excitation (b). 
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ave frequency of approximately 400 Hz . It is evident from the 

esults of the integrated heat release and the pressure signal in 

igs. 10 (e) and (f) that the flame response at f = 400 Hz of the �0 

nd the �0 . 6 configurations is phase shifted with respect to each 

ther by approximately 	φ0 . 6 ≈ π . Consequently, a self-excited in- 

tability at 400 Hz can only occur for one of these two configura- 

ions. 

To investigate the stability of the �0 and the �0 . 6 configura- 

ions, first, the steady state solutions of the burners are computed. 

hen, the quarter-wave frequency of the burner is excited by vary- 

ng the inflow velocity with a frequency of 400 Hz . Finally, the ex- 

itation is stopped to analyze the coupling of the acoustic quarter- 

ave mode with the flame. The results are shown in Fig. 15 . Evi-

ently, the initial excitation, which is shown in Fig. 15 (a), causes a 

igh pressure amplitude in the combustion chamber of both con- 

gurations due to the resonance at the quarter-wave frequency 

n the combustor. However, several cycle periods after stopping 

he external excitation the pressure amplitudes differ significantly, 

hich is shown in Fig. 15 (b). That is, in the symmetric �0 configu- 

ation the pressure amplitude decreases over time until the steady 

tate solution is reached, whereas in the non-symmetric �0 . 6 con- 

guration the pressure amplitudes remain high due to the con- 

tructive in-phase coupling of the flame dynamics with the acous- 

ic quarter-wave of the burner leading to a sound pressure level of 

pproximately 143 dB . 

The results show that the stability of a burner can be modified 

y adjusting the position of the flame in the combustion chamber. 

. Conclusions 

The impact of the non-symmetric position of the flame in the 

ombustion chamber on the response of the flame to acoustic ex- 

itations was investigated. In addition to the symmetric position, 

hree non-symmetric flame positions were considered. The results 

f the steady state solutions were discussed before the integrated 

eat release and the pressure in the combustion chamber of the 

xcited configurations at various excitation frequencies and two 

xcitation amplitudes were analyzed. 

Due to the change in the flow field, the flame shape of the 

teady flames changes with its position in the combustion cham- 

er. That is, the tip of the flame points towards the centerline of 

he combustion chamber such that the lengths of the flanks of the 

ames depends on the injector position. 

When the flames are excited wrinkles are evident on the 

nstantaneous flame fronts for the higher frequency excitations. 

hese wrinkles propagate along the flanks towards the flame tip. 

ue to the different flank lengths in the non-symmetric configu- 

ations, the wrinkles reach the flame tip at different times. Fur- 
11
hermore, the amplitude of the wrinkles on the longer flank tends 

o be lower and the amplitude on the shorter flank tends to be 

igher than in the symmetric configuration. Consequently, the spe- 

ific injector position in the combustion chamber determines the 

rinkle pattern on the surface of the flame. This wrinkle pattern 

onstitutes an acoustic source which is underlined by the simi- 

ar trends of heat release and pressure for each configuration. The 

mplitude of the acoustic emission of the flame is hardly affected 

y this. However, the phase angle is significantly altered as the 

ame is positioned closer to the combustion chamber wall which 

auses a difference of the phase angle of the integrated heat re- 

ease with respect to the symmetric position of the flame. Further- 

ore, the phase angle difference increases approximately linearly 

ith the excitation frequency in the frequency range of 100 Hz < 

f < 400 Hz . 

The phase angle of the response of the flame to an acoustic ex- 

itation determines the possibility of the occurrence of self-excited 

ombustion instabilities in a burner. Based on the results of the ex- 

ited flames, two injector positions were chosen in a burner con- 

guration with a quarter-wave frequency of 400 Hz , which are mu- 

ually phase shifted by approximately π at this frequency. There- 

ore, it was expected that one of the configurations could exhibit 

 self-excited limit-cycle instability while the other configuration 

hould be stable. The results of the simulations confirmed this as- 

umption. Since the position of the injector impacts the phase an- 

le of the response of the flame to acoustic excitations it can be 

sed to modify the stability of a burner. 
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