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ABSTRACT 

Acoustic liner is one of effective passive control 
methods of combustion instabilities. This paper presents an 
experimental investigation about the suppression of the 
combustion instabilities using acoustic liners. A premixed 
swirling combustor was built and a specially designed 
acoustic liner was set at the downstream of the flame zone. 
Then, experiments of rigid wall, acoustic liner without and 
with tunable bias flow were carried out respectively. 
Furthermore, considering the viscous dissipation of airflow is 
temperature related, the temperature of the bias flow was 
adjusted in order to evaluate its effects on thermoacoustic 
instabilities. The bias flow was heated by electric taps before 
entering the acoustic liner in this rig. Results shows that the 
unstable Helmholtz mode could be triggered, and the 
oscillation amplitude grows with the increase of the bias flow 
Mach number, while the instability of 1/4 wavelength mode 
may be completely suppressed. Within the scope of the 
experiments, the unstable Helmholtz mode triggered by the 
bias flow can be attenuated by raising the bias flow 
temperature, while no substantial changes are observed about 
the quarter wave mode. These results are rarely reported in 
previous studies. Studying the effects of acoustic liner on 
combustion instabilities can provide useful knowledge 
regarding its application in real combustion systems. 
 
 

NOMENCLATURE 
V Volume flow rate (slm) 
Ф Equivalence ratio (-) 
Wc Combustion power (kW) 
T Temperature (K) 
τ Time delay 
Ma Mach number 
y Axis coordinate of the burner (mm) 
P′ Amplitude of acoustic pressure (Pa)  
f Freqency (Hz) 
acpr Acoustic pressure from COMSOL (Pa) 
SNR Signal to noise ratio 
slm Standard litre per minute (L/min) 

 
INTRODUCTION 

Thermoacoustic instabilities has become one of the 
greatest challenges for the development of advanced low-
emission gas turbines/aero-engines to meet the increasingly 
stringent environmental and performance requirements[1, 
2] . This is due to the fact that the lean premixed mode(LPM), 
which is a general operation mode in modern gas turbine 
combustors, is more prone to combustion oscillation[3]. 
Thermoacoustic instabilities give rise to high amplitude 
pressure fluctuations ,which can lead to structure failure[4] 
and excessive noise [5, 6]. Therefore, it is necessary to 
investigate the driving mechanism and the control method of 
such combustion oscillations. 
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In gas turbine combustors, the self-excited 
thermoacoustic oscillations can arise at different eigen-
frequencies[7] as the Rayleigh’s Criterion of positive feedback 
is satisfied: (1) unsteady heat release rate is in phase with 
acoustic pressure waves and (2) energy transfer rate from 
unsteady combustion process to acoustic is larger than the 
dissipation rate of acoustic energy in a confined burner[2, 8]. 
Several driving mechanisms of combustion instabilities have 
been identified in various combustors, (stabilized with bluff 
body or swirl or both), such as equivalence ratio fluctuation 
[3], swirl number oscillation [9-11], flame-area variation and 
vortex shedding[2] and so on. The flame responses to 
fluctuations after a time delay τ, which depends on the 
combustor geometry, operation conditions, combustion mode 
and various detailed processes in the combustion flow. For a 
structurally defined combustion system, the time delay is 
mainly changed with bulk velocity (i.e. combustion power 
rating) and equivalence ratio Φ in a combustion chamber. The 
convective time of perturbation is altered by the flow rate and 
the sound speed is effected by Φ, which determines the gas 
temperature. This indicates that the mixture volume flow rate 
and Φ have remarkably effects on combustion instabilities and 
might lead to flame mode [12] or acoustic mode switching[2]. 
This conventional conclusion has also been verified in this 
experimental study, which will be shown in the fourth section. 

High amplitude combustion instabilities must be 
suppressed due to the tremendous noise emission and 
staggering structure damage. Generally, suppressing 
approaches can be divided into two categories: active control 
and passive control methods. The active solutions introduced 
in various literatures are mainly model-based or measurement-
based categories which require sensors, acoustic actuators and 
controllers and sometimes need fast response fuel valves [13-
19]. However, theoretical models are still not accurate enough 
to predict or control combustion instabilities in real 
combustion systems. Furthermore, the requirements for active 
control will make the auxiliary system more complicate and 
costly. Comprehensive reviews about active control strategies 
had been given by Dowling and Morgans[20] and Docquier 
and Candel[21]. Passive control methods do not involve any 
control algorithms and actuators thus the control system is 
simpler. Passive approaches typically include: (1) modulating 
the fuel supply to make operation states away from the 
instability boundary by artificial means; (2) adjusting the fuel 
injectors positions to change the fuel convective time delay 
thus making a damping effect[22] ; (3)dissipating acoustic 
energy with Helmholtz resonator[23, 24],  or acoustic liner 
[25-27]. The effective damping range (i.e. frequency 
bandwidth) of acoustic liner with bias flow is relatively wider 
than that of Helmholtz resonator. Due to its broadband 
property and effectiveness, acoustic liner has been widely used 
in gas turbine and aero-engine combustors. 

The longitudinal thermoacoustic instability is the result 
of the interaction between the unsteady heat release from the 
flame and the longitudinal acoustic waves in the burner. The 
introduction of an acoustic liner is expected to break or 
weaken this feedback loop. The damping mechanism of the 
acoustic liner could be explained as: high amplitude pressure 
waves in self-excited thermoacoustic system induce a bias 
flow through the apertures. Consequently, vortex sheds at the 

rims of orifices, thus the energy of acoustic is transferred into 
that of vorticity and further dissipated into heat energy. This 
vortex shedding process alters the acoustic impedance of 
boundary, and thus could change the resonant frequency of the 
combustor. In fact, the bias flow can be tunable by introducing 
an external flow on the shell of acoustic liner (e.g. Fig.1), by 
which the damping performance of the acoustic liner can be 
improved. Relevant topics had been comprehensively 
investigated and could review in literatures [28-35].Those 
works were almost focused on the absorption performance of 
perforated dampers in a pure airflow and very few of them 
were carried out under self-excited combustion oscillations 
[26, 27, 36]. It is necessary to study the performance of 
acoustic liner under self-sustained thermoacoustic 
instabilities. Furthermore, the effects of the bias flow 
temperature on combustion instabilities are rarely reported. 
Practically, the temperature of bias flow varies with the 
pressure ratio of compressor, and it is well known that 
temperature affects the viscosity of the fluid and thus may 
have impacts on damping performance of the acoustic liner. 
Accordingly, it is of great practical significance to study the 
influence of bias flow temperature on thermoacoustic 
instabilities. 

 
 

 
FIGURE 1. View of two kinds of acoustic liners: Bias flow is 
unadjustable (Left); the bias flow is tunable (Right). 
 
 

The research status as mentioned above gives an initial 
motivation of present work. In this study: (1) the suppression 
effects of perforated liner with bias flow on thermoacoustic 
instabilities will be explored; (2) the influence of bias flow 
temperature on performance of the acoustic liner will be 
investigated. It will be shown that the acoustic liner with the 
bias flow could have a significant impact on combustion 
dynamics. These effects could be positive to weaken 
instabilities but sometimes may lead to very negative results, 
which means that acoustic liner and bias flow can amplify or 
even trigger some instability modes. For example, as the bias 
flow Mach number increases, the instability of quarter wave 
mode could be significantly attenuated, however, the 
Helmholtz mode may tend to be more unstable. To our 
knowledge, this phenomenon has hardly been reported in 
literatures. Moreover, the Helmholtz resonant mode could be 
effectively weakened by increasing the   bias flow 
temperature; however, the quarter wave mode is insensitive to 
the changes of the bias flow temperature.
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FIGURE 2. Diagram of model swirl combustor. The left is the lower part of the combustor, the middle is the whole view of the 
combustor and the right is combustion chamber of the combustor with an acoustic liner whose bias flow is active controlled. All 
dimensions are in mm. 
 

 
EXPERIMENTAL SETUP  

Experiments were conducted in a typical swirl-bluff body-
stabilized combustor (Figure 2), which is with reference to that 
in [37]. The swirler consists of eight blades with a swirl number 
about 0.60. A conical bluff body with height of 10 mm and end 
diameter of 10mm is installed at the terminal of a rod with 
diameter of 6mm. The rod is inserted into the center hole of the 
swirler and the end face of the bluff body is flush with the bottom 
plane of the combustion chamber. Methane and air are premixed 
before a backfire arrestor and then enter the burner through two 
opposite arranged pipes with inner diameter of 8 mm. A 
loudspeaker is installed at the bottom of the burner, which is 
used for other external forcing experiments. A perforated metal 
plate is set near the downstream of the inlet to eliminate complex 
flow structures. Premixed mixture flows into the combustion 
chamber after a plenum with diameter of 70 mm and a contracted 
passage with diameter of 20 mm. Two types of combustion 
chamber are made in this work: a straight tube and a perforated 
liner, both have the same length and the same inner diameter. 
The acoustic liner with height of 51 mm and inner diameter of 
156 mm is set at the downstream of the flame zone, which is 
249.5 mm from the entrance of the combustion chamber. Four 
rows of holes (24 in each row) with diameter of 2 mm are 
punched at the inner wall of the acoustic liner. As is discussed in 
the first part, the bias flow temperature would have some 
influence on combustion instabilities. Therefore, a K-type 
thermocouple with diameter of 1 mm is set in the acoustic liner 
to measure the bias flow temperature and then to correct the bias 
flow Mach number. Three experiments on bias flow temperature 
(T0<T1<T2) are carried out. The bias flow temperature at the inlet 
of acoustic liner is controlled by a temperature controller with 
electric tapes. However, it should be noted that T0, T1 and T2 are 
not fixed values when the bias flow Mach number is adjusted. 
This is probably because that the change of bias flow velocity 
would affect the heat transfer process between the bias flow and 

the wall of the acoustic liner and thus modulates the bias flow 
temperature. The acoustic pressure is measured at the 130mm 
downstream of the chamber inlet by the semi-infinite tube 
method [38] using the Sinocera-CY-YD-200 transducer. The 
acoustic pressure is acquainted by Sinocera-YE7600 with a 
sample frequency of 105 Hz, and the data length is five seconds 
for each acquisition. The air is supplied by a compressor and the 
fuel is fed by a high-pressure tank. The mass flow of the mixture 
is controlled by two mass flowmeters (Sevenstar-CS230 with a 
range of 0 ~10 slm for fuel and Sevenstar-CS200 with a range of 
0 ~100 slm for air of the burner), and the bias airflow is 
controlled by Sevenstar-D07 controllers with a range of 
20~1000 slm (Standard litre per minute). 

The first part of the experiments is designed to drawing the 
map of combustion instabilities under the acoustic boundary of 
rigid wall (no acoustic liner). The second part is aimed at 
assessing the performance of acoustic liner without tunable bias 
flow on suppressing combustion instabilities. The operation 
conditions of the rigid wall and acoustic liner without tunable 
bias flow are the same, which are shown as Table 1. The 
experiments are conducted under the total volume flow rate of 
40 slm, 50 slm, 60 slm, 70 slm and 80 slm respectively. At each 
volume flow rate, the equivalence ratio changes from 0.60 to 
0.90 with about 0.05 per step, as a result, the combustion heat 
power varies from 1.32 kw to 3.85 kw (calculated with LHVCH4 
=50200 kJ/kg approximately, combustion efficient=100%). The 
third part is to evaluate the effects of bias flow on thermoacoustic 
instabilities. For this purpose, conditions shown in Table 2 are 
chosen. For the bias flow temperature, T0 represents that the 
external heating was off-line, i.e. the bias flow enters into the 
acoustic liner at room temperature, T1 is a relatively higher 
temperature and T2 is the highest temperature. Again, it needs to 
make it clear that T0, T1 and T2 are not constant values but 
varying with the modulation of the bias flow Mach number, just 
as an example shown in Fig.3. 
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Table 1. Operation conditions for boundaries of rigid wall and 
acoustic liner without tunable bias flow 

Case# Vt, slm Ф Wc, kw 
1 40 0.60~0.90 1.32~1.93 
2 50 0.60~0.90 1.65~2.41 
3 60 0.60~0.90 1.98~2.89 
4 70 0.60~0.90 2.31~3.37 
5 80 0.60~0.90 2.64~3.85 

 
 
Table 2. Operation conditions for boundary of acoustic liner 
with tunable bias flow 

Case# Vt, 
slm 

Ф Vbias, 
slm 

Tbias, 
℃ 

Wc, 
kw 

6 50 0.70 0~200 T0,T1,T2 1.91 
7 60 0.67 0~200 T0,T1,T2 2.20 
8 80 0.65 0~200 T0,T1,T2 2.85 

 
 

 
FIGURE 3. Example: variation of bias flow temperature (-
○-:T0, -◆- :T1, -▲-: T2)  with Mach number. 
 
 
THE BURNER ACOUSTIC MODES 

The main resonant modes of the burner should be 
identified, which is helpful to understand experimental 
phenomena. The commercial software COMSOL Multiphysics 
is used to calculate the acoustic eigen-frequencies and the mode 
shapes of the combustion system. Bulk flow, unsteady flame and 
damping effects are ignored in calculation but a temperature 
jump condition is set at the inlet of combustion chamber. Since 
the burner is made of steel and there will be heat dissipation 
through the wall, , the temperature is decreased from the flame 
zone to the outlet of the combustion chamber. Here the 
temperature distribution in the model is assumed to be linearly 
decreased along the axis of the chamber at downstream of the 
flame but keep constant at the upstream, i.e., Tgas=1400-y*1200 

for y>0 and Tgas =300 K for y<0, where y=0 is the position of 
the chamber inlet. The calculated results are shown in Fig.4. It 
can be found that the M1 mode is the Helmholtz mode of the 
system. For M1 mode, the upstream plenum with a contraction 
channel is just like as a Helmholtz resonator, in which the 
pressure amplitude is almost spatially uniform. The profile of the 
M2 mode in the chamber is similar to a quarter wave, so this 
mode is called the quarter wave mode or 1/4-wave mode (The 
length of the combustion chamber is approximately equal to the 
1/4 wavelength).The quarter wave mode is a common 
combustion instability mode in literatures [2, 39]. Analogously, 
the third mode is the 1/2-wave mode. 

 
 

 
FIGURE 4. The first three acoustic modes simulated by 
COMSOL. Subfigure (a) is the temperature condition for 
calculation. The highest temperature is near the chamber inlet 
with 1400K and lowest temperature is at the chamber outlet with 
800K; Subfigure (b) and (c) are the acoustic pressure 
distributions of the first three modals along the burner axis: 
M1=96.3 Hz, M2=320.9 Hz, M3=851.1 Hz.  
 
 
EXPERIMENTAL RESULTS 

This study focuses on evaluating the performance of the 
acoustic liner on suppressing the self-excited longitudinal 
thermoacoustic modes. In the following the combustion 
instability map of the combustor with rigid wall will be given 
firstly. Then the results of acoustic liner without bias flow will 
be shown, and the effects of the bias flow on the combustion 
instabilities will be introduced at last. All results are deduced 
from the acoustic pressure data measured by the pressure sensor. 
Fast Fourier Transform method (FFT) is used to extract the 
characteristic frequencies and the corresponding amplitudes. 
Within the scope of present study, eigen-frequencies beyond 
500Hz were not detected in all experiments, then all of the 
following analyses focus on frequencies below 500 Hz. 
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FIGURE 5. The 3D view of rigid wall experiment results: amplitude-frequency diagram (FFT) under different flow conditions and 
different equivalent ratios. Subfigures of (a) – (e) are the results of Vt = 40, 50, 60, 70 and 80 slm, respectively. 
 

 

 
FIGURE 6. Results of rigid boundary: modal frequencies (subfigures a, b and c) and amplitudes (subfigures d, e, and f) vs. equivalence 
ratio under different total volume flow rates. 
 
 
Rigid wall 

The results of the rigid boundary are shown in Fig.5 and 
Fig.6. The data of the tests under five volume flow rates (Vt =40, 
50, 60, 70 and 80slm) are obtained. At each flow condition, the 
equivalence ratio is adjusted from 0.60~0.90. It can be found that 
three main frequencies can be identified in the FFT spectrum. At 
low volume rates, e.g., 40 and 50slm, only two main frequencies 
can be extracted: the first is around 100 Hz with a small 
amplitude and the second is about 300Hz with a large amplitude, 
respectively. At larger flow rates, e.g., 70, 80 and 90slm, a new 
instability mode around 200 Hz is observed for Ф=0.75, Vt=70 
slm and Ф=0.70, Vt =80, 90 slm. As shown in the previous 
section, the pressure oscillation of 100 Hz is the Helmholtz 

instability mode of the system, and the  frequency around 300 
Hz corresponds to the 1/4-wave mode of the combustion 
chamber. The instability mode of 200 Hz is most probably the 
intrinsic thermoacoustic (ITA) mode. From the calculated results 
in the previous section, we can find that the 200 Hz oscillation 
is not an acoustic eigen-mode of the system. Moreover, in the 
following we can also find that the amplitudes of the 200 Hz-
mode with acoustic liner are larger than that of rigid wall. It 
means that the 200 Hz mode becomes more unstable when 
acoustic reflection coefficient is reduced. In addition, the 
frequency of 200Hz-mode does not change significantly with 
and without acoustic liner. The above phenomenon is highly 
similar to the feature of the intrinsic thermoacoustic instability 
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FIGURE 7. The 3D view of experiment results of the passive acoustic liner: amplitude-frequency diagram (FFT) vs. equivalence ratio 
under different volume flow rates. Subfigures of (a) – (e) are the results of Vt = 40, 50, 60, 70 and 80 slm, respectively. 
 
 

 

 
FIGURE 8. Results of passive acoustic liner: modal frequencies (subfigures a, b and c) and amplitudes (subfigures d, e and f) vs. 
equivalence ratio (Ф) under different volume flow rates. 
 

 
mode (ITA mode), which has been shown by Hoeijmakers et 
al.[40] and Silva et al.[41]. 

From the experimental results, it can be observed that the 
frequency of each mode grows with the increase of Ф and Vt. 
This is probably because that the frequency of thermoacoustic 
instability is generally effected by the temperature ratio across 
the flame [42], which is dominated by Ф. Additionally, the flame 
would be shorter as the flame speed is enhanced by the increase 
of Ф, thus the time delay would reduce. As is well known that 
the time delay would cause a shift of resonant frequency[43]. Vt 
also have effects on the resonant frequencies. On the one hand, 
the modulation of Vt changes the time delay between velocity 
perturbation and unsteady heat release rate. On the other hand, 

for a fixed equivalence ratio, the combustion power would grow 
and the percentage of heat loss from the metal wall would reduce 
with the increase of Vt, which would increase the average gas 
temperature in the combustion  chamber. It can be also found 
that the adjustment of Ф or Vt will cause mode switch. As Vt is 
60 slm, the quarter wave mode at Ф=0.75 switches to the 
intrinsic thermoacoustic mode at Ф=0.80. When Vt is 70 slm, the 
quarter wave mode at Ф=0.70 switches to the ITA mode at Ф= 
0.75, and both the ITA mode and the 1/4-wave mode exist as Ф 
increases further. Under the flow rate of 80 slm, ITA mode 
switches to a dual-mode (ITA mode & 1/4-wave mode) at 
Ф=0.75. In addition, under the relatively larger volume flow 
rate, there are some frequencies with weak amplitudes, which 
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should be the harmonic or subharmonic components of the 
dominant frequencies. 

In short, the modal frequency are increased and mode 
switching would occur with the increase of Ф or Vt. The 
amplitude of the quarter wave grows first and then reduces with 
Ф, however, the trend with Vt is not obvious. On the contrary, 
the ITA mode would arise as Ф≥ 0.75 for 50 slm, Ф≥ 0.80 for 
60slm, Ф≥ 0.75 for 70slm and Ф≥ 0.70 for 80 slm and the 
frequency increased with the increase of Ф in most cases. 

 
Acoustic liner without tunable bias flow  

After the characteristic of the thermoacoustic instabilities 
under the rigid boundary is investigated, an acoustic liner is 
specially designed. Results of the experiment about acoustic 
liner without tunable bias flow are shown in Figs.7 and 8. 

Compared with the rigid wall results in Figs.5 and 6, the 
three main frequencies still appear as shown in Figs.7 and 8. 
With the effects of the acoustic liner, it can be found that the 
frequency shift of ITA mode is relatively small compared with 
the rigid wall results, however, the frequencies of Helmholtz 
mode and 1/4-wave mode is significantly different from the rigid 
wall results. For the ITA mode (especially the first mode), it has 
been found that the modification of the acoustic reflection 
coefficient of the system boundary have small effects on the 
frequencies[41]. However, for the Helmholtz and quarter wave 
mode, as the impedance of the boundary is changed, the effects 
of the acoustic liner on these modes are significant.  

The amplitude of each mode varies significantly comparing 
to that of the rigid boundary. Firstly, the amplitude of Helmholtz 
mode is enhanced after the acoustic liner is set. It indicates that 
the acoustic liner is unable to suppress the instability of the 
Helmholtz mode. Even worse, it becomes more unstable as 0.65
≤Ф≤0.75. For the Helmholtz mode, the pressure fluctuation is 
small in the combustor, hence, the sound absorption is weak. On 
the other hand, the oscillation frequency is indeed changed by 
the acoustic liner, which probably changes the flame response, 
i.e., the amplitude and the time delay of the flame transfer 
function. Therefore, we observed in the experiment that the 
instabilities of Helmholtz mode are enhanced by the acoustic 
liner. It shows that badly control effects will be obtained for the 
Helmholtz mode if the acoustic liner is introduced at the 
downstream region of the combustor. Secondly, the ITA mode 
is triggered at the condition of Vt =50 slm & Ф=0.90, whereas it 
is stable in the rigid wall combustor. For Vt =60 slm, the ITA 
mode vanishes when the equivalence ratio is larger than 0.80. 
When Vt =70 slm and 80 slm, the amplitudes of the ITA mode 
is approximately 1.6 times as that of the rigid wall . This means 

that the ITA mode became more unstable with the increase of 
the acoustic absorption coefficient. This is consistent with the 
characteristic of the intrinsic mode that had been studied in [15]. 
At last, it can be clearly see that the 1/4-wave mode is effectively 
suppressed by the acoustic liner to a relatively lower amplitude 
for Ф≤0.70 at all volume flow rates, and for Ф>0.70 ,Vt=70 slm 
and 80slm, the instabilities are even completely controlled. It 
means that a good control effect can be obtained for the 1/4-wave 
mode when the acoustic liner is set at the downstream of the 
combustor.  

Conclusions can be drawn from the results that the acoustic 
liner can successfully weaken the longitudinal thermoacoustic 
mode, i.e. the quarter wave mode; When Ф is in the range of 
0.65~0.75, the Helmholtz mode becomes more unstable after the 
acoustic liner is set at the downstream of the flame. The ITA 
mode would also be more unstable. 
 
Acoustic liner with tunable bias flow  

The performance of the acoustic liner without bias flow has 
been analyzed above. It shows that the 1/4-wave thermoacoustic 
mode could be effectively cut down but the Helmholtz mode 
seems to be more unstable after the acoustic liner was put on 
when 0.65≤Ф≤0.75. For further research, the bias flow rate and 
temperature are adjusted respectively to investigate the influence 
of the bias flow on combustion instabilities.  
 

 

 
FIGURE 9. The temperature conditions (-○- :T0, -◆- :T1, -▲-: 
T2) vs. the Mach number of the tuneable bias flow. 
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FIGURE 10. The 3D view of experiment results (FFT) of the tunable acoustic liner: The corresponding operating conditions of 
subfigures (a)~(c):T0 , T1 and T2 at Vt =50 slm, Ф=0.70, subfigures (d)~(f):T0 , T1 and T2 at Vt =60 slm, Ф=0.67, subfigures (g)~(i): 
T0 , T1 and T2 at Vt =80 slm, Ф=0.65. Here the T0, T1 and T2 at different flow conditions can be found in Fig. 9.   

 
 

 

 
FIGURE 11. The values of f2/f1 extracted from Fig.10. The f1 is the first peak and the f2 is the second peak in the FFT spectrum 
shown in Fig.10. Temperature conditions: -○- :T0, -◆- :T1, -▲-: T2. 
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Figure 10 depicts the eigen-frequencies and the 
amplitudes of the combustion instabilities with the effects of 
the acoustic liner with bias flow. Compared with rigid wall 
results, it can be found that the instability of 1/4-wave mode 
is weakened by the acoustic liner, even bias flow Mach 
number is zero. In order to study the effect of bias flow on the 
1/4-wave mode oscillation, three operating conditions are 
selected at Vt =50 slm & Ф=0.70, Vt =60 slm & Ф=0.67 and 
Vt =80slm & Ф=0.65. The results are extracted from Fig.10 
and presented in Fig.12. Under the condition of Vt =50 slm & 
Ф=0.70 & Tbias=T0 (subfigure (a) and (b) in Fig.12), the 
amplitude of the 1/4-wave mode reduces by about 87% (from 
about 106 Pa to 14 Pa) as the bias flow Mach number is 
increased from 0 to 0.0158. Meanwhile, the oscillation 
frequency decreases from 251 Hz to 245 Hz. Under the 
condition of Vt =60 slm & Ф=0.67 & Tbias=T0 (subfigure (c) 
and (d) in Fig.12), the amplitude reduces by 91% when the 
bias flow Mach number is increased from 0 to 0.0164 (from 
106Pa to 10Pa), and the frequency changes from 254 Hz to 
243 Hz. When Vt =80 slm (subfigure (e) and (f) in Fig.12), the 
amplitude is decreased by 71% (115.5 Pa to 32.5 Pa) when the 
flow Mach number is increased from 0 to 0.0212, and the 
frequency changes from 268 Hz to 249 Hz. In conclusion, the 
quarter wave mode is almost completely attenuated with a 
small bias flow rate for a low Vt. However, at a higher Vt, only 
as the bias flow Mach number is increased to a large value, the 
amplitude of the combustion oscillation can be suppressed to 
a low level.  

Figure 10 also shows that the Helmholtz mode can be 
triggered by increasing the bias flow Mach number. Here the 
conditions of Vt =50 slm & Ф=0.70 and Vt =60 slm & Ф=0.67 
are chosen to analyze this phenomenon since the SNR is too 
large in other cases to get a clear conclusion. The amplitudes 
and the corresponding frequencies in the range of 90~145 Hz 
are extracted and shown in Fig.13. It can be seen that the 
frequency decreases first and then increases with the increase 
of the bias flow Mach number. In fact, the frequency of the 
first peak with vanishingly small amplitude corresponds to the 
subharmonic mode of the 1/4-wave mode and the frequency 
of the second peak with very small amplitude corresponds to 
the second harmonic mode of the Helmholtz mode, as shown 
in Fig.11. Some points with large deviation from f2/f1=2 
should be caused by the high signal-to-noise ratio due to at 
least one of the two amplitudes is very small. We can find that 
both the frequency and the amplitude of the Helmholtz mode 
increase with the increase of bias flow Mach number, while 
the 1/4-wave mode is almost completely suppressed in these 
two cases. In the case of Vt =50 slm & Φ=0.70, as the bias 
flow Mach number increases from 0.0054 to 0.0483,  the 
amplitude  increases from about 8 Pa to 100 Pa, and the 
frequency grows from 114.3Hz to about 126Hz. In the case of 
Vt =60 slm & Φ=0.67, the amplitude increases from 16 Pa to 
90Pa and the frequency changes from 123 Hz to 131 Hz. The 
results show that the frequency of Helmholtz mode increases 
with the bias flow Mach number. If the frequency of a 
thermoacoustic mode is changed, the response (phase and 
amplitude) of the unsteady heat release rate may also be 
changed, therefore, the coupling between flame and the 

acoustic waves may be enhanced. As a result, the combustion 
instabilities of Helmholtz becomes stronger. 

 

 
FIGURE 12. Frequencies and amplitudes of the 1/4-wave 
mode vs. bias flow Mach number. Subfigures (a) and (b): Vt 
=50 slm, Ф=0.70; Subfigures (c) and (d): Vt =60 slm, Ф=0.67; 
Subfigures (e) and (f): Vt =80 slm, Ф=0.65. Temperature 
conditions: -○- :T0, -◆- :T1, -▲-: T2.   
 

 
FIGURE 13. Frequencies and amplitudes of the Helmholtz 
mode vs. bias flow Mach number. Subfigures (a) and (b): Vt 
=50 slm, Ф=0.70; Subfigures (c) and (d): Vt =60 slm, Ф=0.67. 
Temperature conditions: -○- :T0, -◆- :T1, -▲-: T2. 
 

It has been found that the bias flow of the acoustic liner 
can trigger the Helmholtz mode, and the amplitude would 
grow with the increase of the bias flow Mach number. In order 
to suppress such unstable modes, in the following, we expect 
to enhance the dissipation effects of the acoustic liner by 
heating the bias flow. Three temperature conditions (Fig.9) 
with T0, T1 and T2 of the bias flow are used in the experiments. 
The results are shown in Fig.10 and Fig.13. For the condition 
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of Vt =50 slm & Φ=0.70 (subfigure (a) and (b) in Fig.13), 
when the bias flow temperature is increased from T0 to T1, the 
amplitude of oscillation does not change significantly, but the 
frequency is increased by a small value. As the temperature is 
further raised to T2, the amplitude decreases significantly. For 
the condition of Vt =60 slm & Φ=0.67(subfigures (c) and (d) 
of Fig.13), when the bias flow temperature is increased from 
T0 to T1 and then to T2, the amplitude of Helmholtz mode also 
reduces significantly. However, as the Mach number is larger 
than 0.04, the increase of damping effects is not significant 
when the temperature is raised from T1 to T2. Nevertheless, 
the experimental results shows that the control effects of the 
acoustic liner can be enhanced by heating the bias flow. 

 
CONCLUSIONS 

In present work, the effects of acoustic liner with bias 
flow are experimentally investigated in a premixed swirl 
combustor. 

Three groups of experiments have been carried out. 
Firstly, the combustion instabilities under the rigid wall 
boundary are investigated for different total flow rates and 
equivalence ratios. Three Unstable modes are observed in the 
experiments, i.e., Helmholtz mode, 1/4 wave mode and ITA 
mode. The mode switch can be found with the variation of 
total flow rate and the equivalence ratio. Secondly, the 
performance of an acoustic liner is studied. The combustion 
instability of the 1/4-wave mode is significantly weakened. 
Thirdly, the effects of bias flow in the acoustic liner is 
investigated. Results show that the quarter wave mode 
oscillations can be effectively suppressed by increasing the 
bias flow rate. However, the instability of Helmholtz mode is 
triggered with the increase of the bias flow. The possible 
mechanism is that the frequency of Helmholtz mode is 
changed with the variation of the bias flow Mach number. The 
response of the flame is not the same for different frequency. 
Therefore, the coupling between unsteady heat release and 
acoustic wave of Helmholtz mode may be enhanced with the 
increase of the bias flow Mach number. In order to suppress 
the unstable Helmholtz mode, the bias flow is heated, which 
can enhance the viscous dissipation effect. Results show that 
the unstable Helmholtz mode is effectively suppressed when 
the temperature of bias flow is increased. 

Overall, the investigation shows that the acoustic liner 
has significant effects on the combustion instabilities of 
traditional modes. Even Helmholtz mode is triggered to be 
unstable in the present experiments, it can be suppressed with 
the increase of the bias flow temperature. However, such a 
control method have little effects on the intrinsic 
thermoacoustic instabilities.  
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