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ABSTRACT
The modes of combustion instability of a partially premixed swirl flame were investigated in the current work. The

experimental tests of combustion instability were conducted on a laboratory-scale 25 kW combustor. To identify the
characteristics of combustion instability in the premixed combustor, acoustic mode analysis was performed based on the
three-dimensional thermoacoustic model, which was developed by inhomogeneous wave equation coupling with Flame
transfer function (FTF). The FTF for characterizing the response of flame to the acoustic disturbance was simulated by
CFD/system identification method. It was shown that the acoustic mode and dominant frequency was accurately
predicted at 141.2 Hz by the proposed model when the FTF was considered, which was quite close to the experimental
result of 139.2 Hz. The growth rates and frequencies of main modes of combustion oscillations were also presented and
discussed. Later, the effects of the combustion chamber length on the oscillation modes were analysed when the
additional length of chamber increased from 0.2 m to 1.0 m. It was found that the frequencies of main modes decreased
when the length of chamber increased, while the growth rate of modes exhibited the different behaviours, and the
dominant mode of the combustion system transformed from the second-order mode to the third-order mode.

INTRODUCTION
To meet the low fuel consumption and strict requirement of NOx emissions, the lean premixed combustion

technology is becoming popular on the modern aeroengines and gas turbines combustor, but operating in a premixed
mode at low equivalence ratios enhances the flame sensitivity to flow perturbations and increases the risk of combustion
instability [1,2]. The combustion instability, also named thermoacoustic instability, comes from the coupling between the
pressure fluctuations and unsteady fluctuations of the heat release in the combustion chamber [3,4]. The earliest
thermoacoustic oscillation phenomenon was discovered by Higgins, and Rayleigh firstly gave a theoretical explanation of
the thermoacoustic phenomena in 1878 [5]. When the combustion instability occurs, the combustion chamber device and
even the whole power equipment system may vibrate violently and emit huge noises at the same time, which will affect
the normal operation of system and reduce its life.

Various methods have been developed to predict the combustion instability in the combustors. The computational
fluid dynamics (CFD) methods can effectively reveal the combustion reaction, turbulence, heat transfer process and
acoustic wave transmission in a combustion system. However, considering the dynamical scales that are related to fluid
dynamic phenomena and kinetic chemistry, the resolution of time and space step needs to be quite fine [6-8]. In other
words, facing with a real combustion system, it will cost enormously to investigate the combustion instability by CFD
simulations.

The low-order acoustic network models are proposed to predict the combustion instability in the combustion system
[9-11]. In this method, each component of the combustor, a subsystem model, is regarded as an acoustic element, and the
whole system is modelled as an acoustic network of these elements. Those subsystem models relate the acoustic field at
the interfaces across the subsystem. Subsequently, the dynamics of whole acoustic system can be solved by connecting

http://www.gpps.global


2

those local element models. The low-order acoustic network models can be used to evaluate the acoustic eigenmodes of
the combustion instantly of the system. However, it cannot model the propagation of the acoustic waves adequately for
the combustion systems with the complex three-dimensional geometries.

If the acoustic fluctuation is relatively small by comparing with the mean flow, another analytical model can be used
to analyze the combustion instability of the combustion system. The acoustic mode at a low Mach number flow can be
modelled by a three-dimensional Helmholtz solver, which allows to take the combustor in a real combustion system with
a complex geometry into the modelling. The response of flame to the velocity fluctuation can be coupled into the
Helmholtz solver by introducing the flame transfer function (FTF), which represents the correlations between the velocity
and heat release rate fluctuation [12-13]. Notably, such analytical model costs much fewer computing resources than the
unsteady CFD simulations. Therefore, for an acoustic mode in a real unstable combustion system, the pressure
distribution, oscillation frequency and growth rate can be estimated by such method when the combustion instability
occurs.

In order to overcome the limitations of low-order acoustic networks for a premixed combustor with complicated
geometry and save the computing resources, a three-dimensional thermoacoustic model is developed in this work. The
proposed model couples the inhomogeneous wave equation with a source term expressed as the response of flame to the
perturbation. The mathematic model is solved by the finite element method in the frequency domain. The flame transfer
function (FTF) simulated by CFD/system identification method is used to characterize the response of flame to the
acoustic disturbance. To identify the characteristics of combustion instability in the partially premixed swirl combustor,
acoustic mode analysis is performed based on the proposed model. The roles of FTF on the acoustic mode are also
evaluated by comparing with the experimental results. The effects of chamber length on the combustion instability are
performed.

EXPERIMENTAL SETUP
The schematic diagram of the partially premixed swirl burner used in this work is shown in Fig. 1. The structure of

the combustor is developed from a full premixed combustion chamber developed by Komarek and Polifke [14]. As
presented in Fig. 1, the whole system mainly consists of plenum, premix section and combustion chamber. The
combustion chamber is a rectangular stainless-steel cube in a size of 868 mm × 144 mm × 144 mm. An axial swirler is
settled at the entrance of combustor chamber, and the vane angle of the cyclone is set as 45 degree in order to make the
swirl number at 1. The gas is injected to the premixed section through 8 small holes in a diameter of 2 mm, which are
uniformly distributed along the axial direction of the gas pipeline. Then, the gas is mixed with the air in the premixed
section and enter into the combustion chamber through the swirler. Three piezoelectric transducers (KISTLER 6021A,
sampling frequency is 6.4 kHz) arranged on the burner wall are used to measure the pressure of the plenum, premixed
section and combustion chamber, respectively. A Testo 480 gas analyzer is arranged near the outlet to measure the
concentrations of flue gas containing O2, CO, CO2 and NOx, and the K-type thermocouples and the S-type thermocouples
are separately placed at outlet and flame zone to measure the distributions of temperature. Two mass flowmeters are used
to monitor the flow rate of the gas and air.

Figure 1 Schematic diagram of the partially premixed swirl combustor.
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(b)

Figure 2 (a) Simplified 3D model built for the numerical simulations; (b) Flame location in the
partially premixed combustor assumed in the mathematic model.

MATHEMATIC MODELLING
The hybrid method proposed here makes a Helmholtz solver combined with FTF, for the analysis of the propagation

of the acoustic wave in 3D domains of the premixed section, burners and combustion chamber. Several assumptions are
made for the development of mathematic model: the fluid is regarded as an ideal gas; the influences of heat transfer,
thermal diffusivity and viscosity are neglected; the flow velocity is considered negligible compared with the speed of sound.
Based on these assumptions, considering the fluctuation of heat release rate, the inhomogeneous wave equation can be
presented as:
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where c is the sound velocity, γ is specific heats, �� is the mean density, �t is the pressure oscillation, �t is the
oscillation of the heat release per unit volume, the apostrophe means a perturbation, and the overbar denotes a time
average value. The Fourier transform is used to transform the wave equation from time domain into frequency domain
[15], and the Eq. (2) can be obtained:
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where ω is complex angular frequency, which includes a real part about the oscillation frequency and an imaginary part
about a growth rate. If the growth rate is positive, the pressure oscillation will increase rapidly, meaning an unstable
system. Using flame transfer function (FTF), the fluctuation of heat release rate q t can be connected with the velocity
fluctuations ut:

�t���� � � �� t � ����

�t � ���
, (3)

where �� t is the total fluctuation of heat release, ��� is the mean value of total heat release, �t is the velocity fluctuation,
�� is the mean velocity. According to the different response characteristics of flame to the velocity fluctuations, the
nonlinear FTF is introduced, which is also called the flame description function (FDF):

� �� �t � �� t����

�t���
� � �� �t ��� �� �t , (4)

where � �� �t is the gain under different frequencies and velocity fluctuations, and � �� �t is the phase
representing the lags of flame response.

The flame gain and phase behaviour are obtained by CFD/system identification (SI) method in this work. At first,
the SST turbulence model is used to calculate the steady status of the partially premixed combustor; then, in order to get
the quasi-steady condition, a transient CFD calculation on the combustor is conducted with a stable setting of inlet
velocity. Based on the simulation results, through adding discrete random binary signals (DRBS) into the inlet velocity,
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the response of the flame to the excitation of inlet velocity can be obtained. More details can be referred in our previous
work [16].

Since the swirl premixed flame is relatively compact, the length of flame is much short comparing to the
wavelength. Hence, the flame can be regarded as a flame sheet as shown in Fig. 2 (b), which can be described by the
Dirac function:
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�
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The relationship between the heat release per unit volume and the total release rate is given as follows:
�t ��� � �� t � � � � u . (6)

Supposing that the mean flow is ignored, the pressure fluctuations and the velocity fluctuations can be coupled by
using the momentum conservation equation:

��t
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Transforming the Eq. (7) into the frequency domain, we can get:
��u� � �

��
∇��=0. (8)

Using Eq. (4), (6), (8), the Eq. (2) becomes
��

���
�� � ��∇ � �

��
∇�� �� ���

�����
� � � u ���

��
� �� �t ��� �� �t ��� . (9)

The numerical model is built by using the Pressure Acoustic Physics Interface of the Acoustics Module in
COMSOL Multiphysics. The code, based on a Finite Element Method (FEM) is able to analyze the complex eigenvalue
problem in the frequency domain for the thermoacoustic instability in the three-dimensional combustor.

In order to accurately evaluate the effects of the real combustion process on the acoustic mode, the information of
flow fields used in the COMSOL framework are introduced from the steady RANS simulations. The distributions of
temperature (thermal power rate at 22.7 kW, equivalence ratio at 0.55) calculated by RANS simulations are shown in the
Fig.3. The data of temperature filed is imported to COMSOL to calculate the sound speed and density of gas.

The geometric model used in this work is shown in the Fig. 2 (a). The entrance of the pre-mixing chamber is set as
the impedance boundary, because porous material is placed at entrance in order to strengthen the air and gas mixing, and
the absorption coefficient is set to 0.06 which is calculated by the material properties of porous material. The outlet of the
combustion chamber is set as the soft boundary condition, which is describe as a pressure node p = 0 pa. The remaining
boundaries are set as the hard wall condition.

Figure 3 Contours of temperature distribution by RANS when the thermal power rate is at 22.7 kW
and equivalence ratio is 0.55.
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Figure 4 Mesh generation of the 3D geometry model.

RESULTS AND DISCUSSION
Firstly, the mesh independence study is conducted to eliminate the numerical errors that could be brought by the

quality of mesh generation. Three kinds of meshes setting in coarse, medium and fine are examined by comparing the
acoustic mode of the combustor in the cold state. The results of eigenfrequency of the first five acoustic modes are listed
in Table 1. It can be found that the number of meshes in current three cases doesn’t show obvious effects on the acoustic
modes of the combustor. Therefore, to save the computational cost, the coarse mesh in number of 88830 is selected for
the current study. Meanwhile, it can meet the requirement that there are at least 6 elements per wavelength to make sure
the accuracy of the prediction results.

Table 1 Predictions of main acoustic modes under various settings of mesh number.

Meshes number 88830 132734 191621
Mode 1 frequency/Hz 56.86 56.85 56.85
Mode 2 frequency/Hz 98.32 98.31 98.313
Mode 3 frequency/Hz 304.23 304.22 304.23
Mode 4 frequency/Hz 505.71 505.70 505.70
Mode 5 frequency/Hz 637.11 637.06 636.99

Figure 5 The FFT analysis of pressure waves measured in the combustion chamber under different
thermal power rates and equivalence ratios.

Experimental tests are performed under three thermal power rates from 18.2 kW, 22.7 kW to 27.3 kW and six
equivalence ratios from 0.55 to 1.0. Accordingly, the Reynolds number (Re) in the mixing section varies from 6223 to
16241. The frequencies and amplitudes of the pressure signal measured from the combustion chamber under all the
operating conditions are shown in Fig. 5. To investigate the acoustic mode of the partially premixed combustor, the case
with the thermal power rate of 22.7 kW and the equivalence ratio of 0.55 will be selected in current work.

Fig. 6 shows transient screenshots of density distribution and volume average heat release rate in an oscillation
period by CFD simulation using scale adaptive simulation (SAS) turbulence model, which is a hybrid method of RANS
and LES. The FTFs calculated through CFD/ SI method of various working conditions are shown in the Fig. 7, where
both the gain and phase of the flame response to the acoustic disturbances are presented.
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Figure 6 Contours of (a) density distribution and (b) volume average heat release rate in an
oscillation period when the thermal power rate is at 27.3 kW and equivalence ratio is 0.7.

Figure 7 Flame transfer function simulated by CFD/SI method.
To evaluate the effects of FTF on acoustic mode of the current combustion system, the sound pressure distributions

under the first four acoustic modes without FTF are firstly presented in Fig. 8 (a). It can be found that the longitudinal
mode is in dominant in the current combustion system. The sound pressure distribution along the z-axis is presented in
Figs. 7 (b)-(e). It can be seen that the first four acoustic modes are the quarter-wavelength mode, three-quarter-
wavelength mode, five-quarter-wavelength mode and seven-quarter-wavelength mode, respectively. The
eigenfrequencies of four modes are 57.67Hz, 188.23Hz, 562.23Hz and 647.85 Hz. Coupling the wave equation with FTF
as given at Eq. (9), the sound pressure distribution shows some differences as drawn in Fig. 9. The pattern of pressure
distribution of each mode is showed in Fig. 9 (a). The first and second modes are mostly similar with the cases when the
FTF is not considered, while the third and fourth modes show significant differences. The eigenfrequencies of the
combustion system change to 71.1Hz, 141.4Hz, 398.4Hz and 475.7Hz, respectively. It can be concluded that the
distribution of acoustic pressure is significantly affected by coupling the flame response into the wave equation.

The eigenfrequency and growth rate of different acoustic modes are examined when the FTF is considered, and the
results are presented in Fig. 10. By comparing the growth rate at each frequency, the second acoustic mode is supposed
as the dominant mode, and its eigenfrequency is about 141.4 Hz, revealing the frequency of oscillations occurred in the
system. This is almost consistent with the main frequency at 139.2Hz of pressure oscillation measured by experiments
when the thermal power rate is 22.7 kW and the equivalence ratio is 0.55 as shown in Fig. 5. It confirms that the
thermoacoustic model in the presence of FTF developed in this work can predict well the acoustic mode and main
frequency of combustion instability in the partially premixed combustor.

To evaluate the influence of combustion chamber length on the acoustic mode, a series of numerical simulations are
conducted on the basis of the proposed thermoacoustic model. When the increment of existing chamber length sets from
0.2 m, 0.4 m, 0.6 m, 0.8 m to 1 m, the variations of acoustic modes of the combustion system are shown in Fig. 11. It can
be found that changing the length of the chamber has little effect on the growth rate of first-order mode but makes a
significant impact on the second and third-order mode of the system.

As the length of chamber increases, the eigenfrequencies of the second-order mode and third-order mode gradually
decrease, however, the growth rate of the second-order mode decreases to a negative value while the growth rate of the
third-order mode continues to increase to a larger positive one. It means the third-order mode will become the dominant
mode, and its eigenfrequency will become the frequency of oscillations in the current combustion system. It reveals that
with the combustor length increasing, the acoustic mode of the combustor can be significantly affected.

(a)
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Figure 8 (a) Contours of sound pressure and (b)-(e) pressure wave distribution along the z-axis at
Mode 1, Mode 2, Mode 3 and Mode 4 without FTF.

Figure 9 (a) Contours of sound pressure and (b)-(e) pressure wave distribution along the z-axis at
Mode 1, Mode 2, Mode 3 and Mode 4 in the presence of FTF.

Figure 10 The frequency and growth rate at different modes of combustion instability.

Figure 11 Effects of the increment of chamber length on the mode of combustion instability: (a)
frequency and (b) growth rate.

(a)

The increment of chamber length/m The increment of chamber length/m
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CONCLUSIONS
In current work, investigations on the acoustic modes of combustion instability were conducted on a partially

premixed swirl combustor. A three-dimensional thermoacoustic model was developed based on the wave equation
coupling with the FTF, and solved by a finite element method solver named COMSOL Multiphysics. The FTF of the
premixed swirl combustor was obtained by the CFD/system identification method. The fields of sound speed and density
were calculated by the RANS simulations for the acoustic mode calculations.

To evaluate the effects of response of flame, the eigenfrequency and acoustic pressure distribution of each mode
were solved and compared in the presence of FTF or not. From the results, it was found that the eigenfrequency and the
patterns of acoustic mode were significantly affected by the response of flame to the acoustic fluctuation. When the FTF
is combined into the acoustic simulation, the dominated frequency at the second-order mode of combustion oscillations
was predicted at 141.2 Hz, which exhibited a good agreement with the experimental result of 139.2Hz. However, in the
absence of FTF, the dominated frequency was about 188.2 Hz and showed a big difference with the experimental test. It
was indicated that the current developed thermoacoustic model combining the FTF possessed the capacity on predicting
the acoustic mode and frequency of combustion instability very well in the partially premixed swirl combustor.

A further study about the influence of combustion chamber length on the acoustic mode was also conducted. As the
length of the chamber increased, the eigenfrequency of the second-order mode and third-order mode both gradually
decreased, and the growth rate of the second-order mode decreased from the positive to the negative value, while the
growth rate of the third-order mode increased to the positive one. The dominant mode of system transformed from the
second-order mode to the third-order mode, which indicated that the length of combustion chamber played an important
role the mode of combustion instability in current combustion system.
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