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ABSTRACT 

Mean transverse flow can affect azimuthal modes in 

annular combustions due to the effect of the mean transverse 

flow on the flame responses. This study measured the flame 

responses of an asymmetric Bunsen flame subjected to 

transverse and axial acoustic waves. An experimental rig was 

set up to provide simultaneous transverse and axial 

perturbations. The experimental results were compared with 

analytical models based on the linearized G-equation. The 

analytical and experimental results both show that the axial 

FTF has a low-pass characteristic and the transverse FTF has 

a band-pass characteristic. The results also show the linear 

superposition of transverse and axial FTFs. Cases with 

different transverse mean flows show that the transverse 

flame response is caused by asymmetric flame surfaces. 

Flame positions and flame surface areas obtained from a 

camera also confirm the flame response mechanism. 

INTRODUCTION 

Lean-premixed combustion technologies are used to 

reduce the emissions of gas turbines. However, the 

techniques frequently cause combustion instabilities in the 

gas turbines which can severely damage the combustion 

chambers (Lieuwen et al., 2005). Azimuthal thermoacoustic 

modes have been widely observed in the combustor because 

the circumference is longer than the length (O'Connor et al., 

2015). Numerical (Staffelbach et al., 2009; Bauerheim et al., 

2015a) and experimental (Worth and Dawson, 2013; Prieur 

et al., 2017) results have shown that the azimuthal 

instabilities shift randomly among standing, spinning and 

mixed modes.  

A linear quasi-one dimensional model (Bauerheim et al., 

2014; Bauerheim et al., 2015b) was developed to predict the 

azimuthal modes, which assumes the acoustic waves are one 

dimensional and uses Flame Transfer Functions (FTF) flame 

models. The model showed (Bauerheim et al., 2015b) that a 

mean azimuthal flow in the chamber can affect the azimuthal 

mode. The flame models used in the linear quasi-one 

dimensional model only show flame responses to the axial 

velocity perturbation. However, some experimental results 

(Bourgouin et al., 2015; Bourgouin, 2014) have shown that 

the flame is affected by both axial and azimuthal modes. The 

flame model should be improved to incorporate the 

transverse perturbation effects. 

Experiments for a lab-scale annular chamber are useful 

to study the acoustic mode characteristics. Flame dynamics 

and heat release rate were studied (Dawson and Worth, 2014) 

for standing and spinning self-excited azimuthal modes. The 

heat release rate of each flame varied according to the 

location, acoustic mode and flame separation distance. Flame 

dynamics for different spinning directions (Nygård et al., 

2019) were studied and a novel averaging method was used 

to decompose the standing mode into ACW and CW 

spinning components. Some results (Worth and Dawson, 

2017) also proved that the equivalence ratio can strongly 

affect the azimuthal modes.  
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Fig. 1. An ‘unwrapped’ annular combustor 
(O'Connor et al., 2015) 

Experiments are very expensive for a whole lab-scale 

annular chamber. Therefore, some experiments ‘unwrapped’ 

the annular chamber to a one-dimensional configuration as 

shown in Fig. 1. This configuration can be used to study the 

flame responses to axial and transverse perturbations. Several 

experiments (O’Connor and Lieuwen, 2012; Malanoski et al., 

2014) found that the transverse acoustic wave can affect the 

vortex shedding. Another experiment (Hauser et al., 2010) 

applied simultaneous transverse and axial perturbations to a 

single swirl burner. The displacement of the heat release 

centre and rotational motion of flame are both affected by 

two-dimensional excitations. 

In previous literature, most experiments have studied 

symmetric flame characteristics. However, when there is a 

mean transverse flow, the flame becomes asymmetric so that 

the transverse responses appear. An analytical flame model 

(Li et al., 2017) was developed to predict the asymmetry 

effect. The model was developed from a G-equation model 

(Schuller et al., 2003) assuming small velocity perturbations. 

Further experimental studies are needed to confirm the 

asymmetry flame response to transverse and axial 

perturbations. In this paper, an experimental system was set 

up to achieve simultaneous transverse and axial 

perturbations. The flame responses were studied for various 

mean transverse flows and the FTFs were calculated for 

various frequencies. The flame surface motion was captured 

by a high speed camera to study the flame response 

mechanism. This paper will show the flame dynamics for 

two-dimensional perturbations and the flame response 

mechanism of laminar Bunsen flame. 

METHODOLOGY 

An analytical method based on G-equation is used to 

simulate the flame position and FTFs and experiments were 

conducted to verify the analytical model. 

Analytical method 

Analytical model 

An asymmetric Bunsen flame is shown in Fig. 2. The 

axial and transverse flow velocities are written as v⃗ =
(𝑢, 𝑣) = (�̅� + 𝑢′, �̅� + 𝑣′) , which can be divided into 

mean and perturbation parts.   

 

Fig. 2. Schematic of two-dimensional Bunsen flame 

The flame surface position can be obtained by solving 

the G-equation which is  

 
𝜕𝐺

𝜕𝑡
+ 𝑣 𝛻𝐺 = 𝑆𝐿|𝛻𝐺| (1) 

in which 𝑆𝐿 represents the flame speed. The G < 0 means 

the gas is unburnt, G > 0 means the gas is burnt and G = 0 

is the flame position. The flame position is assumed to make 

small perturbations near the mean flame position. Therefore, 

an incline coordinate is established along each flame branch 

to simplify the analysis. In the incline coordinate, the G-

equation is, 

 −
𝜕𝜉

𝜕𝑡
− 𝑈

𝜕𝐺

𝜕𝑋
+ 𝑉 = 𝑆𝐿 [(

𝜕𝜉

𝜕𝑋
)
2

+ 1]

1
2

 (2) 

where the 𝜉 is the flame position in the inclined coordinate. 

Assuming the perturbations and velocities are linear, small 

and harmonic, that is, 

𝜉(𝑋, 𝑡) = 𝜉(𝑋)𝑒−𝑖𝜔𝑡  

𝑉′(𝑋, 𝑡) = �̃�(𝑋)𝑒−𝑖𝜔𝑡 

then the solution of left flame branch is 

 𝜉𝐿(𝑥) =
𝑉𝐿
′𝑅

𝑖𝜔∗
[1 − exp (𝑖𝜔∗

𝑥

𝑅

1

𝐵𝐿
)] 𝑒−𝑖𝜔𝑡 (3) 

where 𝐵𝐿 = (𝑠𝑢 sin 𝛽 + 𝑠𝑣 cos 𝛽) sin 𝛽  and 𝑉𝐿
′ =

𝑠𝑢1 cos 𝛽 − 𝑠𝑣1sin𝛽 . The frequency and velocities are 

normalized as 𝜔∗ = 𝜔𝑅 𝑆𝐿⁄ , 𝑠𝑢1 = �̃� 𝑆𝐿⁄  , 𝑠𝑣1 = �̃� 𝑆𝐿⁄ , 

𝑠𝑢 = �̅� 𝑆𝐿⁄ , 𝑠𝑣 = �̅� 𝑆𝐿⁄ , and 𝑆𝐿 means the flame speed. The 

flame position in the inclined coordinate should be 

transformed into the general coordinate for further 

calculation. The flame position in general coordinate can be 

written as, 

 𝑦𝐿(𝑥, 𝑡) =
𝑥

tan𝛽
+
R[𝜉𝐿(𝑥, 𝑡)]

sin 𝛽
 (4) 

where small perturbation assumption is used to simplify the 

transformation relationship. In the similar way, the solution 

of right flame branch is obtained as 

 𝜉𝑅(𝑥) =
𝑉𝑅
′𝑅

𝑖𝜔∗
[1 − exp (𝑖𝜔∗

2𝑅 − 𝑥

𝑅

1

𝐵𝑅
)] 𝑒−𝑖𝜔𝑡  (5) 
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 𝑦𝑅(𝑥, 𝑡) =
2𝑅 − 𝑥

tan 𝛾
+
R[𝜉𝐿(𝑥, 𝑡)]

sin 𝛾
 (6) 

where, 𝐵𝑅 = (𝑠𝑣 sin 𝛾 − 𝑠𝑢 cos 𝛾) sin 𝛾 and 𝑉𝑅
′ =

−𝑠𝑢1 cos 𝛾 − 𝑠𝑣1sin𝛽. Then, the FTF is integrated from the 

flame surface area as, 

 𝐴𝐿/𝑅 = ∫√1 + (
𝜕𝑦𝐿/𝑅

𝜕𝑥
)

2

𝑑𝑥     

 𝐴(𝑡) = 𝐴𝐿(𝑡) + 𝐴𝑅(𝑡)  

The range of integration is determined by flame tip 

position and the size of burner. The flame tip position can be 

obtained by solving the equation  

𝑦𝐿(𝑥𝑡𝑖𝑝 , 𝑡) = 𝑦𝑅(𝑥𝑡𝑖𝑝, 𝑡) 

which can be simplified as, 

 
𝑥𝑡𝑖𝑝

tan𝛽
+

𝑉𝐿
′ 𝑅

𝜔∗sin𝛽
𝑃𝐿 =

2𝑅 − 𝑥𝑡𝑖𝑝

tan 𝛾
+

𝑉𝑅
′ 𝑅

𝜔∗𝑠𝑖𝑛𝛾
𝑃𝑅 (7) 

where 𝑃𝐿  and 𝑃𝑅 are related to time and flame tip abscissa, 

 𝑃𝐿 = sin(𝜔𝑡) + sin (
𝜔

�̅�𝐿

𝑥𝑡𝑖𝑝

sin𝛽
−𝜔𝑡) 

𝑃𝑅 = sin(𝜔𝑡) + sin (
𝜔

�̅�𝑅

2𝑅 − 𝑥𝑡𝑖𝑝

sin𝛾
− 𝜔𝑡) 

Equation 7 can only be solved by numerical method so 

that the flame surface area is obtained by numerical integral. 

The flame surface area is processed by Fourier transform and 

divided by the velocity perturbation amplitude for FTFs. 

Analytical results and discussion 

The analytical model can show some characteristics of 

the Bunsen flame for various cases.  

For the transverse FTF (Trans FTF ), the results show 

that it has a band-pass characeristic. Trans FTFs with various 

mean transverse flow are shown in the Fig. 3. The amplitudes 

of Trans FTFs increase with the mean transfer flow, which 

means that the transverese mean flow leads to the transverse 

responses. Trans FTFs with various axial flow are shown in 

Fig. 4. The amplitudes decrease with increasing axial flow. 

When axial flow increase, the flame become more 

symmetric. Therefore, the asymmetry of flame is the source 

the transverse flame responses. 

 

Fig. 3.Transverse FTFs for various transverse mean 

flow, parameters: 𝒔𝒖𝟏 = 𝟎. 𝟏, 𝒔𝒗𝟏 = 𝟎, 𝒔𝒗 = 𝟏. 𝟐𝟓 

 

Fig. 4. Transverse FTFs for various axial mean flow, 

parameters: 𝒔𝒖𝟏 = 𝟎. 𝟏, 𝒔𝒗𝟏 = 𝟎, 𝒔𝒖 = 𝟎. 𝟐 

 
Fig. 5. Transverse FTFs for various transverse 

perturbation amplitudes, 

parameters:𝒔𝒗𝟏 = 𝟎, 𝒔𝒖 = 𝟎. 𝟐, 𝒔𝒗 = 𝟏. 𝟐𝟓 
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For axial FTFs, the results show a low-pass 

characteristic. Figure 6 compares the axial FTFs for various 

axial mean flow, and Fig.7 compares the axial FTFs for 

various transverse mean flow. They show that the mean flow 

has little effect on the axial FTFs. The transverse FTFs for 

various axial perturbation amplitudes are shown in the Fig. 5 

and the axial FTFs for various amplitudes are shown in Fig. 

8. The results show that the FTFs are linear when the 

perturbations are small. 

  

Fig. 6. Axial FTFs for various axial mean flow, 

parameters:𝒔𝒖𝟏 = 𝟎 , 𝒔𝒗𝟏 = 𝟎. 𝟎𝟓, 𝒔𝒖 = 𝟎. 𝟐 

 

Fig. 7. Axial FTFs for various transverse mean flow, 

parameters: 𝒔𝒖𝟏 = 𝟎 , 𝒔𝒗𝟏 = 𝟎. 𝟎𝟓, 𝒔𝒗 = 𝟏. 𝟐𝟓 

 

 

 

Fig. 8. Axial FTFs for various axial perturbation 
amplitudes,  

parameters: 𝒔𝒖𝟏 = 𝟎, 𝒔𝒖 = 𝟎. 𝟐, 𝒔𝒗 = 𝟏. 𝟐𝟓 

Experimental method 

An experimental rig was used to measure the axial and 

transverse flame disturbance. The whole experimental rig 

was designed as T shape and divided into a combustion test 

section and an inlet section as shown in Fig. 9. The fuel and 

air were. mixed in the inlet section and went through a 320 

mm square channel used to stabilize the flow rate. The 

burner outlet was 10 mm ◊ 60 mm to form a two-

dimensional Bunsen flame. The combustion test section was 

a 2 m long extended pipe. The cross sectional area was 150 

mm◊90 mm, which satisfies the plane wave condition. The 

upstream of the transverse pipe had a 500 mm long 

aluminium honeycomb pipe to stabilize the mean transverse 

flow. There were holes above the burner outlet for the 

exhaust and a porous honeycomb ceramic was fitted to 

reduce acoustic wave leakage. Quartz glasses were set on 

both sides to measure the heat release rates and dynamic 

processes. Two loudspeakers were set at the inlet section to 

produce axial disturbance while four loudspeakers were set at 

the transverse pipe to adjust the transverse disturbance. 

The heat release rate and pressures were measured using 

Zolix Omni-λ 300 to calculate the axial and transverse FTFs. 

The pressures were measured using four B&K 4938-A-011 

microphones and two G.R.A.S. microphones. The 

microphone sensitivities were 10 mV/Pa with an error of 

±3dB. All the data were collected using a PXI system 

manufactured by the NI Company. The system contained a 

PXIe-082 chassis, a PXIe-8108 controller and a PXIe-4496 

dynamic signal analyser. 
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Fig. 9. Two-dimensional flame experimental rig 

The dynamic processes were captured using a high 

speed camera. The camera was a Phantom-V210 

manufactured by Vision Research Company. The maximum 

resolution of the high speed camera was 1024*800 and 

maximum exposure rate was 2000 frames per second. The 

flame in Fig. 10 was shot at 720 fps. 60 pictures were shot 

from the same phase position of various periods and 

averaged to produce one picture.  

 

Fig. 10. Symmetric and asymmetric Bunsen flame 

RESULTS AND DISCUSSION 

Experiment cases 

The experiment cases contain four parameters, which are 

mean transverse flow, perturbation frequency, transverse 

perturbation amplitude and axial perturbation amplitude.  

The fuel used is natural gas and the mixture is lean 

premixed for all the cases. In the experimental measurement, 

the first step is to measure the axial flame responses for 

various axial perturbation amplitudes. The results confirm 

that the axial flame response is in a linear range. Then the 

flame responses under two-dimensional perturbations are 

measured. The flow velocities at the burner can be obtained 

by using the two microphone method. Therefore, the 

transverse flame responses can be obtained by using the 

equation  
�̂� = 𝐹𝑇𝐹𝑎�̂� + 𝐹𝑇𝐹𝑡�̂� 

in which FTFa  means axial FTF and FTFt  means 

transverse FTF. The results obtained under different 

amplitudes coincided with each other, which showed that the 

flame responses for two-dimensional perturbations have 

superposition effect. 

The experiment figures in the paper are phase averaged 

results from 40-period pictures. And the thickness of flame is 

around 1.5 mm. The medium line of flame is compared with 

the analytical results 

Axial FTFs 

The axial FTFs are shown in the Fig. 11 Figure 11(a) 

shows the axial FTF of a symmetric flame. Figure 11(b) and 

(c) shows the axial FTF of asymmetric flames. 

 

(a) Transverse mean flow: u=0m/s 

 

(b) Transverse mean flow: u=0.04m/s 

 

(c) Transverse mean flow: u=0.06m/s 

Fig. 11. Axial FTFs for various mean transverse 
flows, parameter: v=0.62m/s 

The results show that the axial FTFs have a low-pass 

characteristic. The asymmetry of flame has little effect on the 

①Upstream loudspeakers

②Pressure hole

③Burner

④Downstream loudspeakers

⑤ Inlet section

⑥Axial loudspeakers

1 42 3

5

6

Transverse mean flow
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axial FTF. The results of different amplitude cases show that 

the FTF is located in the linear range, which means the 

perturbation amplitudes will not affect the FTF. 

The analytical model has a good agreement with the 

experimental results. The dynamic processes of flame are 

captured by high speed camera and compared with the 

analytical results. The comparisons are shown in the Fig. 12 

for a symmetric flame, and Fig. 13 for an asymmetric flame. 

 

 

Fig.12 Comparison between experimental and 
analytical results, a symmetry flame, perturbation 

frequency: 60Hz 

 

 

Fig.13 Comparison between experimental and 
analytical results, an asymmetry flame, 

perturbation frequency: 60Hz 

Both figures show the flame positions in a perturbation 

period. The analytical model can accurately track the flame 

positions under the axial perturbations. Stretch rate and heat 

loss affect the flame position at flame tip and flame root 

where there are some distinctions. For asymmetric flame, the 

right branch has more wrinkles than the left branch due to 

larger angle between right branch and the axial flow 

direction. 

Transverse FTFs 

The transverse FTFs are shown in the Fig. 14 Figure 

14(a) shows the transverse FTF of a symmetric flame. Figure 

14(b) shows the transverse FTF of an asymmetric flame. 

 

(a) u=0 m/s 

(b) u=0.04 m/s 

Fig. 14. Transverse FTFs for various mean 
transverse flows parameters: v=0.62m/s 

The transverse FTFs are calculated by subtracting axial 

responses from the two-dimensional responses. The 

coincidence for various perturbation amplitudes shows that 

the superposition effect of axial and transverse FTFs. 

The results show that the transverse FTFs have a band-

pass characteristic. The asymmetry of flame is the source of 

transverse responses. The dynamic processes of flame are 

shown in the Fig. 15 for a symmetric flame, and Fig. 16 and 

17 for an asymmetric flame for different perturbation 

frequencies. All the figures actually capture the flame 

dynamics for two-dimensional perturbations. 

(a) 0 (b)   ⁄ (c) 2  ⁄

(d)  (e)    ⁄ (f)    ⁄

(a) 0 (b)   ⁄ (c) 2  ⁄

(d)  (e)    ⁄ (f)    ⁄
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Fig. 15. Comparison between experimental and 
analytical results, a symmetry flame, perturbation 

frequency: 60Hz

 

 

Fig. 16. Comparison between experimental and 
analytical results, an asymmetry flame, 

perturbation frequency: 60Hz  

 

 

Fig. 17. Comparison between experimental and 
analytical results, an asymmetry flame, 

perturbation frequency: 10Hz 

For a symmetric flame, the positions of the left and right 

branches of the flame are almost symmetrical so that the 

transverse response disappears. For an asymmetric flame at 

60Hz, the position of left and right branches differ so that the 

transverse response appear. The analytical model can capture 

the motion of wrinkles which the left branch has more than 

the right branch. The reason is that for the right branch, the 

effect of transverse perturbations is offset by the induced 

axial perturbation. More wrinkles lead to little change of the 

mean flame surface area so that right branch is the source of 

flame surface area change. The motion of flame is more 

clearly shown in Fig. 18. For an asymmetric flame at 10Hz, 

both left and right branch has little fold because the acoustic 

wavelength is much longer than the flame length. Both 

branches act as straight lines rotate on their attachment 

points. The change of one flame surface area is offset by the 

other. Therefore, the flame at low frequency also has little 

transverse response. 

 

Fig. 18. Motion of flame, an asymmetry flame, 
perturbation frequency: 60Hz 

CONCLUSIONS 

The experimental results show that the axial FTF has a 

low-pass characteristic and the transverse FTF has a band-

pass characteristic The superposition effect is also proved. 

The analytical model is verified by comparison with 

experimental results. The cases with different transverse 

mean flow show that the transverse flame response is caused 

by asymmetric flame surface. The asymmetry between left 

and right branches is the source of transverse responses. The 

fold structure is also important for the two-dimensional 

responses, which is related to acoustic wavelength and mean 

flame positions.  

(a) 0 (b)   ⁄ (c) 2  ⁄

(d)  (e)    ⁄ (f)    ⁄

(a) 0 (b)   ⁄ (c) 2  ⁄

(d)  (e)    ⁄ (f)    ⁄

(a) 0 (b)   ⁄ (c) 2  ⁄

(d)  (e)    ⁄ (f)    ⁄

Time

Inclined flame branch
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NOMENCLATURE 

FTFa/FTFt axial/ transverse flame transfer function 

𝐴𝐿/𝑅 flame surface area of each branch 

𝐵𝐿/𝐵𝑅 
scaled mean velocity of left /right 

branch 

𝑃𝐿/𝑃𝑅 
flame position perturbation composition 

of left/ right branch 

𝑠𝑢 = �̅� 𝑆𝐿⁄  normalized transverse mean flow 

𝑠𝑢1 = �̃� 𝑆𝐿⁄  normalized transverse perturbation 

𝑠𝑣 = �̅� 𝑆𝐿⁄  normalized axial mean flow 

𝑠𝑣1 = �̃� 𝑆𝐿⁄  normalized axial perturbation 

𝑆𝐿 laminar flame speed 

𝑢, 𝑣 velocities in general coordinate 

𝑈, 𝑉 velocities in incline coordinate 

𝑉𝐿
′/𝑉𝑅

′  
scaled forcing amplitude of left/ right 

branch 

𝜉𝐿/𝜉𝑅 
left/ right flame branch position in the 

incline coordinate 

𝜔∗ = 𝜔𝑅 𝑆𝐿⁄  normalized angular frequency 
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