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ABSTRACT 

Perforated liners with bias flow are efficient and robust in 

damping acoustic waves as well as cooling combustor walls in 

combustion systems. And many analytical models with the 

superiority of being physically clear and time-costless have 

been developed to describe the acoustic response of perforated 

liner with bias flow. Considering that the issue of perforated 

liners lined in both the inner and outer walls of the annular 

combustor is important. In this paper, we have applied transfer 

element method to describe the acoustics in the lined section 

that is influenced by both of the outer and inner perforated 

liners, and established the eigenvalue problem combined with 

appropriate matching and boundary conditions. It was found 

that the locations of the perforated liners are crucial to the 

control effect. In particular, when the homogeneous perforated 

liners nearly take up the whole length of the combustion 

chamber, the control effect is insignificant. This is mainly due 

to the fact that when the length of the perforated liner with 

backing cavity is equal to the combustion chamber, the mode 

shape in the backing cavity is similar to that in the combustion 

chamber at the longitudinal resonance frequency, leading to 

unconspicuous pressure fluctuation difference across the 

perforated plates that is responsible for the damping process. 

Moreover, we found that by splitting the perforated liner 

axially into two individual liners, the control effect was 

improved. 

INTRODUCTION 

With more stringent environmental requirements for 

aero-engines, the adoption of lean premixed and prevaporized 

(LPP) combustors that have low xNO  emissions becomes a 

mainstream in modern aero-engines. However, this kind of 

engine is more susceptible to combustion instability that is a 

result of coupling between unsteady heat release and acoustic 

waves. This may make the combustor suffer severe damage 

immediately and end up with disastrous failure. Therefore, 

significant work has been devoted to the study on the 

mechanism and control methods of combustion instabilities 

(Lieuwen, 2005; Poinsot, 2017). Worth and Dawson (Worth, 

2013) studied the global flame dynamics and self-excited 

azimuthal mode of a model annular combustor with emphasis 

on the effect of flame separation distances on the instability 

characteristics and flame dynamics. Bourgouin and co-

workers (Bourgouin, 2013) designed a laboratory scale 

annular combustor, and reported the flame dynamics in the 

observed longitudinal and azimuthal unstable modes.   

In order to minimize damages resulting from the 

combustion instability, perforated liners are very popular in 

practical applications (Eldredge and Dowling, 2003; Zhao, 

2015). In particular, perforated liners with bias flow take 

effect by allowing cooling air through the combustor walls to 

prevent the combustor walls from burning out, and 

additionally, damping acoustic waves by conversion of 

acoustic energy into vortical motions at the edges of the plates' 

holes (Howe, 1979; Jing and Sun, 1999) in modern 

combustion systems. Eldredge and Dowling (Eldredge and 

Dowling, 2003) carried out both of theoretical and 

experimental investigations on the effectiveness of a 

cylindrical perforated liner with mean bias flow in its 

absorption of planar waves in a duct. For the consideration of 

the interactions between the perforated liner and the other 

components in the combustor, it is a desirable and meaningful 

attempt to put the perforated liner in a thermoacoustic system, 

analysing the instability of the system including the 

interactions between the perforated liners and acoustic waves 

emitted by the unsteady heat release with analytical methods. 
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The present research concerns mainly on the effects of 

perforated plates with backing cavity on controlling 

combustion instability theoretically. We have applied transfer 

element method (TEM) (Sun et al., 2008, Wang and Sun, 

2011) to describe the interactions between the perforated 

liners lined in both inner and outer walls of an annular 

combustion chamber and acoustics in the pipe. In the next 

section, the model that consists of pressure fluctuation 

description and matching conditions, will be briefly 

introduced. Then, some calculation results about the control 

effects of perforated liners are presented, following which the 

improvement technique of the single perforated liner that 

occupies the whole length of the chamber is given. Lastly, 

conclusion is made. 

MODEL 

The geometry to be investigated in the present work is a 

simplified premixed annular combustor that consists of 20 

premixers and one combustion chamber. The plenum before 

the premixers, which is often decoupled with the combustion 

chamber in eigen mode calculations, is ignored for simplicity.  

The simplified annular combustor is totally asymmetric, and 

the half section view of the geometry is shown in Figure 1. On 

both of the inner and outer walls of the combustion chamber, 

two perforated plates with backing cavities are respectively 

installed. 

 

 
Figure 1 (Color online) Illustration of the half section view of 

the geometry of the simplified annular combustor. 

 

The length and diameter of the premixer are respectively 

denoted by pL  and pD . The inner and outer radii of the 

combustion chamber are respectively denoted by 
iR  and 

oR . The Mach number of the bias flow is denoted by 
bM . 

And the depth of the inner and outer backing cavity are 

represented by i

cD  and o

cD . The flames are assumed to be 

modelled by flame plane and located just the exit of the 

premixers, as shown in Figure 1. 

The premixers are so thin that the acoustic waves inside 

can be described by plane waves: 
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where p  represents the pressure, and u  the velocity. The 

prime denotes the fluctuation component, and overline the 

mean component. 1NP  and 1NP  respectively denote the 

complex amplitudes of downstream and upstream propagating 

waves,   the complex angular frequency. N  denotes the 

sequence number of the premixers from 1 to 20. 
1  and 

1c  

are the mean density and sound speed in the premixers, 

respectively. 
1U  is the mean flow velocity in the premixers. 

In the present work, we neglect the convective terms such 

as the vorticity and entropy waves. The acoustic waves in the 

combustor with rigid wall boundary condition are three-

dimensional which satisfy the wave equation: 
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where 
2c  denotes the mean sound speed in the combustor. 

By using separation of variables method, the pressure 

fluctuation component is obtained 
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where   is the eigenfunction of the annular combustion 

chamber. m  and n  are circumferential and radial mode 

numbers, correspondingly. mnk   are the axial wavenumbers 

of downstream and upstream propagating acoustic waves. The 

axial acoustic velocities of the rigid wall sections can be 

obtained according to the momentum equation, the detailed 

description of the waves in the rigid-wall sections can be 

referred in Ref. (Zhang et al., 2017). 

The acoustic waves in the lined section can be described 

by transfer element method (TEM) (Sun et al., 2008, Wang 

and Sun, 2011), the acoustic waves are described as a sum of 

incident waves with rigid wall boundary condition and 

disturbance waves radiated by the perforated plates. More of 

this idea can be referred in Ref (Namba and Fukushige, 1980; 

Sun et al., 2008). In the present work, the response of the 

perforated plates with bias flow is described by the Rayleigh 

conductivity. More details can be found in Ref. (Eldredge and 

Dowling, 2003). 

The inlet boundary condition for the premixers can be set 

up as (Akamatsu and Dowling, 2011): 

 
1 1 , 0,N Nu p x     (5) 

where   is a constant determined by the discharge 

coefficient of the premixers. 

The outlet of the combustor is choked, and can be 

approximated to be a closed end when the Mach number is 

low, then we obtain the outlet boundary condition for the 

annular combustion chamber: 

 4 .0, p cu x L L     (6) 

Since the Mach number is low, the momentum 

conservation across the interface of the premixers and the 

combustion chamber can be approximated to 

    1 2 , , , , ,N p Np p x r L R     (7) 

We suppose that the combustion zone is nearly isobaric, 

the combustion flame is compact and takes place at the exit of 
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the premixers. Then the energy conservation across the 

combustion flame can be reduced to 
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By virtue of orthogonality of the eigenfunctions of the 

annular combustion chamber and asymmetry of the geometry, 

Eq. (8) is multiplied by the weighting function to separate the 

azimuthal mode M  to be investigated 
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To obtain one individual circumferential mode m for 

investigation. By integrating Eq. (8) over a tiny distance dx , 

we have 
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where 
pL  and 

pL  denote axial locations just after and 

before the premix duct outlet, respectively. The square 

brackets denote the area integration. We simply adopt the 

flame transfer function that has been used in Ref. (Eldredge 

and Dowling, 2003). The unsteady heat release generated by 

the flame after each premixer can be represented by 

 1

1

ˆ
ˆ N

N f N

u
q k q

U
  ， (11) 

where fk  is the gain of the flame transfer function, it is 

assumed to be unity in the present study. ˆ
Nq  denotes the 

complex amplitude of the unsteady heat release of the N-th 

premixer. 

For the matching conditions at the leading edge and 

trailing edge of the perforated liners, since the Mach number 

in the chamber is very low, it is reasonable to assume the 

continuity of acoustic pressure and velocity  
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Till now, the matching conditions for the geometrical 

model in Figure 1 have been presented through Eqs. (5), (6), 

(7), (10), (12) and (13). With the unknown amplitudes of 

1NP , 1NP , 2mnP , 2mnP , 3mnP , 3mnP , 4mnP  and 4mnP . It can 

be represented by the equation 

 ,XP 0  (14) 

where X  is the coefficient matrix of the equations, and P  

denote the unknown amplitudes. Then the eigenfrequency and 

modeshape can be obtained by solving 

 det 0.X  (15) 

RESULTS AND DISCUSSION 

In this section, the effects of the perforated liners on 

controlling of the combustion instability are theoretically 

studied by the present model. Emphasis remains on the impact 

brought by the variation of the length of the perforated liners. 

Acoustic energy is also considered to both validate of the 

eigenvalue calculation and figure out the characteristics of 

acoustic absorption processes. The pressure and mass flux in 

the premixers are respectively set to be 4 MPa and 50 kg/s. 

The temperature in the premixers is taken to be 600 K, and 

raised to be 2000 K in the combustor. The length and diameter 

of the premixer are 0.06 m and 0.045 m, respectively. The 

mean area and length of the combustion chamber are 0.3 m2 

and 0.3 m, respectively. The depth of the inner and outer 

backing cavity is set to be 0.03 m. The default geometrical 

parameters of the perforated plates are shown in Table 1. 

 

Table 1. Geometrical parameters for the perforated plates. 

Parameters Symbols Values 

Perforation ratio   0.02 

Thickness of perforated plate 
wt  

30.8 10  m 

Diameter of the aperture d  32 10  m 

Mach number of the bias flow 
bM  0.005 

 

The control effects were checked by examining the 

eigenfrequencies obtained by solving Eq. (15). The real part 

of the complex eigenfrequency represents the natural 

frequency of the system, while the negative imaginary part the 

growth rate. We only present the results of the first 

longitudinal and azimuthal mixed mode (Mode 1L1A, where 

"L" stands for longitudinal and "A" stands for azimuthal). The 

natural frequency and growth rate as well as the total acoustic 

energy flux gained versus the length of the perforated liners 

are shown in Figure 2. The total energy gained is denoted by

tE , which accounts for all the components in the combustor 

that can be calculated by the equation given in Ref. (Morfey, 

1971), 

  *1
ˆ ˆRe ,

2
n n nN p v pv    (16) 

where "*" denotes the conjugate, and the pointy brackets 

denote the time-mean value. 

 
 (a) (b) 

Figure 2. (Color online) Mode 1L1A; Lc1=0.01 m, L=0.14 m; 

(a) Natural frequency against the length of perforated liners; 

(b) growth rate and total acoustic energy flux against the 

length of perforated liners. 

 

It is observed that when the length of the perforated plates 

reaches a value that is about 0.14 m, the control effect is the 

best, and then becomes worse as the length keeps increasing. 

Take " L =0.14 m" and " L =0.28 m" for example, the mode 

shape and acoustic velocity oscillations as well as the acoustic 

energy flux absorption by the perforated plates per unit area 

are shown in Figure 3 and Figure 4, respectively. "
ie " and "

oe " respectively denote the acoustic energy flux absorption by 

the inner and outer perforated plates per unit area, and can be 

calculated using Eq. (16). 3p̂   represents the complex 

amplitude of the pressure fluctuation in the combustion 

chamber in the lined section, while ˆ o

dp  and ˆ i

dp  

respectively represent the values in the outer and inner 



4 

backing cavities. Comparison of Figure 3 and Figure 4 shows 

that when L=0.28 m, which means that the perforated plates 

nearly takes up the whole combustion chamber, the pressure 

mode shape in the backing cavities is nearly the same with that 

in the combustion chamber, leading to very small acoustic 

velocity oscillations that results in a small quantity of acoustic 

energy flux absorption. In the next subsection, it is presented 

that when the long perforated plates with backing cavities, 

with length of 0.28 m, are axially split into two individual 

perforated plates with backing cavities, the control effect will 

be improved. 

 

 

 
 (a) (b) 

Figure 3. (Color online) Mode 1L1A; Lc1=0.01 m, L=0.14 m. 

(a) Pressure mode shape in the combustor as well as in the 

backing cavities; (b) amplitudes of acoustic velocities and 

acoustic energy flux absorption per unit area at the perforated 

plates. 

 

 
 (a) (b) 

Figure 4. (Color online) Mode 1L1A; 
1cL =0.01 m, L =0.28 

m. (a) Pressure mode shape in the combustor as well as in the 

backing cavities; (b) amplitudes of acoustic velocities and 

acoustic energy flux absorption per unit area at the perforated 

plates. 

 

Aiming at improving the control effect of the perforated 

liner when it is needed to occupy the whole simplified 

combustion chamber, we developed a technique by splitting 

the single backing cavity into two unconnected cavities with a 

rigid wall placed in the centre of the original backing cavities. 

As shown in Figure 5, the control effect is dramatically 

improved. The mechanism behind this is that the rigid wall 

inserted provides the backing cavities pressure anti-nodes that 

makes differences between the pressure oscillations in the 

main chamber and backing cavities larger, which is key to the 

acoustic damping the perforated plates. This can be seen in 

Figure 6. 

 

 
Figure 5. (Color online) Natural frequency and growth rate as 

well as the total acoustic energy flux gained for the two cases: 

the "Single" one and "Split" one. 

 

 
 (a) (b) 

Figure 6. (Color online) Mode 1L1A; 
1cL =0.01 m, L =0.14 

m. (a) Pressure mode shape in the combustor as well as in the 

backing cavities; (b) amplitudes of acoustic velocities and 

acoustic energy flux absorption per unit area at the perforated 

plates. 

 

CONCLUSION 

In the present paper, we presented the theoretical 

calculations using TEM regarding the control effects of 

perforated liners on combustion instabilities. We found that 

the inclusion of the perforated plates with bias flow is helpful 

to the suppression of combustion instabilities on the condition 

that enough difference of pressure oscillations across the 

perforated plates is guaranteed. Specifically, when the 

perforated plates with backing cavities occupies the whole 

length of the combustion chamber, which is necessary for 

cooling purpose, the control effect will become insignificant. 

For this case, it can be dramatically improved by splitting the 

single backing cavity into two unconnected cavities with a 

rigid wall placed in the centre of the original backing cavities. 
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