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Abstract 

Energy transfer from heat to sound is unwanted in many propulsion systems, including gas turbines and rocket 
motors. However, it is favorable in some practical applications, such as thermoacoustic heat engines or cooling 
systems. The present work considers an experimental investigation of self-sustained thermoacoustic oscillations in a 
swirling combustor. Both subcritical and supercritical Hopf bifurcations are found to occur in this swirling 
combustor.  In the presence of the subcritical bifurcation, a small change in the equivalent ratio leads to a sudden/hard 
jump from steady state to large amplitude limit cycle oscillations. The experimental study sheds lights on the heat-to-
sound conversion process.  In addition to increase the heat-to-sound energy conversion, an innovative water-involved 
heat exchanger is designed and experimentally implemented on the swirling combustor.  By doing this, self-excited 
thermoacoustic oscillations are found to be intensified. The present work opens up a new applicable way to amplify 
thermoacoustic oscillations in swirling combustion systems.   
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1.  Introduction 
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The phenomenon of thermoacoustic instability occurs in many propulsion systems [1, 2], such as gas 
turbines and rocket motors. It is characterized by large-amplitude thermoacoustic oscillations. Due to the 
fact that the intensified oscillations may result in unacceptable noise, overheating to the combustor wall 
and structure vibration, they are unwanted in such combustion systems [3, 4]. Generally, thermoacoustic 
instability is caused by the coupling between the unsteady heat release and acoustic pressure [5-7]. 
However, the specific transition from the steady state to instability is still unknown. Thus it is important to 
estimate the operating conditions corresponding to the occurrence of thermoacoustic instabilities.   

As the critical system parameter varies, the onset of thermoacoustic instability can take place via a 
supercritical (soft) or subcritical bifurcation (hard) [8, 9]. Supercritical transition to instability can achieve 
a consistent growth in the amplitude of the thermoacoustic oscillation as the critical system parameter 
varies. More importantly, the asymptotic behavior for a given system parameter does not rely on the initial 
condition. However, in the case of subcritical Hopf bifurcation, there is a hysteresis region for a range of 
parameter values.  In this region, two stable states coexist: one is steady state and the other is stable limit 
cycle oscillation. The unstable limit cycle serves as a boundary basin to separate the two stable states.  At 
this moment, thermoacoustic system is sensitive to the initial condition and external perturbation. Certain 
amount of perturbation may incur a transition from the stable operation to large-amplitude oscillations 
[10]. Furthermore, if the thermoacoustic system is operated near the critical bifurcation point, a trivial 
perturbation can lead to a jump to large-amplitude oscillation. Stable operation [11, 12] is one of the main 
requirements for gas turbine combustors. Therefore better understanding of nonlinear dynamics of such 
complex systems is significantly important and it motivates the present experimental investigation.  

However, such large-amplitude oscillations are desirable in thermoacoustic engines [13] or cooling 
systems.  The efficient heat-to-sound conversion [14, 15] attracts people’s attention significantly in some 
practical energy applications, such as prime mover, refrigerator [16] and mixture separation.  When 
unsteady heat transfers from a high temperature source to a low temperature one, an acoustic sound can be 
generated. Then the generated acoustic pressure can be utilized to produce electrical power via 
piezoelectric generator [17, 18], cooling power, and heating in a sustainable ways. Based on such energy 
conversion mechanism, many heat sources can be utilized or recycled, such as solar energy and industrial 
waste heat [19].  Compared with the internal combustion engines, thermoacoustic engines have no moving 
parts and are ‘pistonless’.  It mainly achieves the conversion of thermal energy to mechanical work by 
sound waves through compressing and expanding the working inertia gas. Therefore, thermoacoustic 
engines can achieve high reliability and durability.  Such thermoacoustic heat engine with high efficiency 
is beneficial to fuel saving and environmental protection. In order to increase the efficiency of the heat-to- 
sound conversion, an innovative configuration is proposed in the present work to enhance the 
thermoacoustic oscillation.  

In this work, the self-sustained thermoacoustic oscillations in a swirling combustor are experimentally 
investigated.  The effect of equivalent ratio at different inlet velocities is conducted with no heat 
exchanger added.  Then at the fixed equivalent ratio, the effect of the proposed heat exchanger in the 
swirling combustor is evaluated.  

2.  Experimental setup 

Experiments are performed in a swirling combustor. The combustion is operated at atmospheric 
pressure. Fig. 1 shows the schematic of the test facility employed in the present work. The swirling 
combustor has one acoustically open end and one closed end.  The overall length of the chamber L is 800 
mm. The generic swirling burner consists of 8 straight vanes attached to a central bluff body, as shown in 
Fig. 1(b). The vane angles are of 65o relative to the incoming air stream. The flame is anchored in the 
bottom swirling burner, as show in Fig. 1(c). Air is supplied by a high-volume rotary-screw compressor 
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while the methane is supplied from a pressured cylinder.  The Methane flow rate is controlled and 
measured by MC Standard Series Mass Flow Controller. Pressure transducer is placed in the middle of 
the combustor to measure acoustic pressure signals. It is connected to the side branch along the 
combustor, with semi-infinite line technique used to obtain thermal insulation without distortion from 
acoustic reflections. The pressure data is acquired by the data acquisition system (NI USB-6343) with a 
sampling rate of 5 kHz. The heat exchanger consists of a soft mental tube. By wrapping the heat 
exchanger around the combustor surface and injecting cool water into the tube, the heat transfer can be 
achieved from the combustor surface to the heat exchanger.   

 

Fig. 1 The schematic of the swirling combustor 

3.  Experimental results and discussion 

Firstly nonlinear dynamic behaviour of the swirling combustor with no heat exchanger is investigated.  
Fig. 2 shows the exemplary time series of the acoustic pressure in the swirling combustion. Unstable 
behaviour can be easily recognized by the large-amplitude thermoacoustic oscillations.  Fig. 3 plots the 
dependence of the oscillatory amplitude upon a system parameter (equivalent ratio) at different inlet 
velocities u.  As shown in Fig. 3(a) for small inlet velocity (u=6 l/min), when the supplied equivalent ratio 
increased to a certain value (around ϕ=1.0), an unambiguous sound is generated. The transition to 
instability is not abrupt but consistent.  In the opposite variation of equivalent ratio, the intensity of sound 
will be gradually decreased and finally vanishes. While for moderate inlet velocity (u=50 l/min), the 
transition process shows a significantly different variation from Fig. 3(a). From Fig. 3(b), it can be seen 
that no intermediate process occurs. The oscillatory amplitude initially remains almost constant at low 
equivalent ratio, and then grows rapidly once the equivalence ratio exceeds a critical value and finally 
levels off.  On the way back with the decrease of the equivalent ratio, the intensity of the tone is reduced 
gradually first and then abruptly drop to the silence.  Both super- and sub-critical bifurcation are observed 
in this swirling combustor.  
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Fig. 2 Exemplary time evolution of acoustic pressure for stable and unstable system response 
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Fig. 3 The bifurcation diagram of the thermoacoustic system in the phase plane of (ϕ, Pressurerms) at different operating conditions: (a) 
inlet velocity u=6 l/min (b) inlet velocity u=50 l/min 

Then the heat exchanger is wrapped round the swirling combustor and its effect on the thermoacoustic 
oscillation is studied.  Fig. 4(a) shows the time evolution of system response when the heat exchanger is 
activated.  It can be seen that the system mainly undergoes three stages. In the first stage with no heat 
exchanger, there is a thermoacoustic oscillation with small amplitude around 200 Pa. Once the heat 
exchanger is triggered, after a short-time transition process in stage (2), the thermoacoustic system finally 
generates a louder sound with oscillatory amplitude around 300 Pa. It is clearly shows that by 
implementing the heat exchanger, the thermoacoustic oscillation in the swirling combustor is enhanced.  
     The effect of heat exchanger’s location xd/L on the oscillatory amplitude is examined in Fig. 4(b). The 
red line records the acoustic pressure with no heat exchanger. The blue line shows the acoustic pressure 
when the heat exchanger is added. The difference between the two cases is obtained by the shaded grey 

(a) (b) 
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area. It can be seen the enhanced effect is comparatively significant when the heat exchanger is placed 
closer to end of the combustor chamber  
 

0 0.5 1 1.5 2 2.5
-600

-400

-200

0

200

400

600

Time (s)

Pr
es

su
re

 (P
a)

(1) (2) (3)

0.2 0.3 0.4 0.5 0.6 0.7 0.8
250

260

270

280

290

300

310

320

xd/L
Pr

es
su

re
rm

s

 

 

Difference
without heat exchanger
with heat exchanger

 

Fig. 4 (a) Time evolution of the thermoacoustic system when the heat exchanger is added, as xd/L=0.8, u=50 l/min, ϕ=1.2; (b) 
Dependence of oscillatory amplitude on the location of the heat exchanger xd/L. 

Conclusions 

In this work, experimental investigation of thermoacoustic oscillations in a swirling combustor is 
conducted. Both subcritical and supercritical Hopf bifurcations are found to occur in this swirling 
combustor as the equivalent ratio changes at different inlet air flow velocities.  When the thermoacoustic 
system undergoes the subcritical bifurcation, a small change in the equivalent ratio leads to a sudden/hard 
jump from steady state to large amplitude limit cycle oscillations.  In addition, an innovative water-
involved heat exchanger is developed and implemented on the swirling combustor to change the mean 
temperature distribution along the axial direction. Experimental results show that the amplitude of self-
excited thermoacoustic oscillations is increased by the proposed approach.  Finally, it has been found that 
the amplification of thermoacoustic oscillations becomes more apparent, when the heat exchanger is 
placed closer to the end of the combustor. 
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